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Check Out the Web Resource!

You will notice a reference throughout this version of Biomechanics of Sport and
Exercise, Third Edition, to a web resource. This resource is available to supplement
your e-book.

The web resource takes select end-chapter problems from the textbook and
provides a sequence of hints to guide you through the problems, helping you to
develop your skills and gain confidence working through biomechanical problems.

Follow these steps to purchase access to the web resource:

1.
2.
3.

4,

Visit http://tinyurl.com/PurchaseMcGinnisWR.

Click the Add to Cart button and complete the purchase process.

After you have successfully completed your purchase, visit the textbook’s
website at www.humankinetics.com/BiomechanicsOfSportAndExercise.
Click the third edition link next to the corresponding third edition book
cover.

Click the Sign In link on the left or top of the page and enter the e-mail
address and password that you used during the purchase process. Once you
sign in, your online product will appear in the Ancillary Items box. Click on
the title of the web resource to access it.

After you have entered your key code the first time, you will never have to
enter it again to access this product. Once unlocked, a link to your product
will permanently appear in the menu on the left. All you need to do to access
your web resource on subsequent visits is sign in to
www.HumanKinetics.com/BiomechanicsOfSportAndExercise and follow the
link!

Click the Need Help? button on the textbook’s website if you need assistance
along the way.
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Th'S febeOOk WAS written to intro-

duce undergraduate students to the field of sport and
exercise biomechanics. The text is primarily intended
for undergraduate students majoring in kinesiology,
exercise science, or physical education, but it is suitable
for students in other human movement fields as well.
Most of the examples and applications appearing in the
book are from sport or exercise, but examples from clini-
cal and everyday human movement activities have also
been included. No matter what human movement field
readers are interested in, knowledge of mechanics will be
valuable to them in their work. Many human movement
professionals’ only formal instruction in the mechanics of
human movement occurs during a single undergraduate
course in kinesiology or biomechanics. This book was
developed with this constraint in mind. The goal of the
book and its ancillary materials is to present an introduc-
tion to the biomechanics of human movement in a clear,
concise, user-friendly manner.

This third edition is an improvement over the previous
edition in a number of ways. Photos and select figures
have been updated. New material has been added, includ-
ing new sport examples, new sample problems, and
discussion of new technologies used by researchers in
quantitative biomechanical analysis. Review questions
and problems have been added to many chapters, and
many problems have been enhanced with new diagrams
to help students visualize the mechanics of real-world
scenarios.

Also new to this edition is the inclusion of video
motion analysis software along with the book. With the
purchase of a new textbook, students receive a license
and instructions to download an educational version of
the motion analysis software MaxTRAQ, along with
number of video clips. Chapters 2, 3, 4, and 6 include
exercises that require use of the MaxTRAQ software to
measure kinematic variables in the various video clips
that accompany the soft-
ware. The software can also
be used to analyze human
movement in video clips
recorded and supplied by
the user, and chapter 16

eBoo

available at
your campus bookstore
or HumanKinetics.com

oreface

includes an exercise in which students can record and
analyze their own video clip.

The organization of the book remains intact. The
introductory chapter provides an introduction to biome-
chanics, which includes justifications for the study of
biomechanics. It also includes an overview of the organi-
zation of mechanics and an introduction to measurement
systems. The rest of the book is divided into three parts.

Part I concerns external biomechanics, or external
forces and their effects on the body and its movement.
Rigid-body mechanics with applications to human move-
ment is the primary topic of this part of the text. Mechan-
ics is one of the most difficult topics for undergraduate
students of human movement to understand, so this is the
most important and largest part of the book. The order
of presentation of topics in this part differs from that in
most other biomechanics texts. Chapter 1 presents the
concepts of force and static equilibrium. With forces as
the example, this chapter also introduces vector addition
and resolution. The trigonometry used to add and resolve
forces is also explained. Chapter 2 discusses linear motion
and its description. This chapter includes equations that
describe the motion of an object undergoing constant
acceleration and their application to describing projectile
motion. Chapter 3 presents the causes of linear motion
and introduces Newton’s three laws of motions, as well
as the conservation of momentum principle. Chapter 4
discusses mechanical work and energy principles and also
the mechanical work done by muscles. Torque, moment
of force, and center of gravity are introduced in chapter
5 preceding a discussion of angular kinematics in chapter
6. The causes of angular motion are presented in chapter
7, along with the angular analogs to Newton’s three laws
of motion. Part I concludes with a discussion of fluid
mechanics in chapter 8.

Part II concerns internal biomechanics, or internal
forces and their effects on the body and its movement.
This part begins with a discussion of the mechanics of
biological materials in chapter 9. Stress and strain are
introduced in this chapter, along with various concepts
of material strength. Overviews of the skeletal system,
muscular system, and nervous system control are then
presented in chapters 10, 11, and 12.

vii
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Preface

Part IIT deals with the application of biomechanics.
Commonsense methods of applying biomechanics to the
analysis of sport or human movement skills are presented
in the first three chapters of this part. The first of these
chapters, chapter 13, presents procedures for completing
qualitative biomechanical analyses to improve technique.
Chapter 14 presents a method of qualitative biomechani-
cal analysis to improve training. A qualitative procedure
for identifying active muscle groups in phases or parts of
movements is emphasized in this chapter. Chapter 15 is
an examination of how qualitative biomechanical analysis
can be used to help understand the causes of injury. This
chapter was written by Steven McCaw. Chapter 16 is the
concluding chapter of the book. It gives an overview of
the technology used in conducting quantitative biome-
chanical analyses.

Throughout the book, and especially in part I, the
objective has been to allow students to discover the prin-
ciples of mechanics for themselves. Common activities
are observed, and explanations for these activities are then
developed. The resulting explanations reveal the underly-
ing mechanical concepts. This discovery process requires
more active participation by the reader, but it results in a
better understanding of the subject matter.

What makes this book unique among biomechanics
textbooks is its order of presentation. In most under-
graduate biomechanics textbooks, functional anatomy
is presented before mechanics. This textbook presents
mechanics first. Bones and ligaments are the structural
elements that support the human body. Muscles are the
motors that move this structure. Understanding how the
forces exerted by bones and ligaments support the body,
and how the forces and torques produced by muscles do
work to move the body’s limbs, requires a knowledge of
forces and their effects. Mechanics is the study of forces
and their effects. Thus mechanics should precede the
study of the musculoskeletal system.

This book is also unique in its order of presentation
of mechanical topics. The mechanics section of most
biomechanics textbooks begins with linear kinematics
and then deals with linear kinetics, angular kinematics,
and finally angular kinetics. This book introduces forces
before presenting linear kinematics. Because forces are
the causes of changes in motion and forces are in equi-
librium if no changes in motion occur, it makes sense to
define and understand forces before discussing motion.

This is especially true if projectile motion and the equa-
tions for projectile motion are discussed under linear
kinematics. Since projectile motion is influenced by the
force of gravity, an understanding of this force should
precede discussion of the effects of the force. Similarly,
torques are introduced before the discussion of angular
kinematics.

Since mechanics uses equations to describe relation-
ships or to define quantities, some knowledge of math-
ematics (primarily algebra) is necessary. I have tried to
write the book in such a way that even students with
weak math skills can succeed in learning biomechanics.
However, success in learning the material will come more
easily to those who are better prepared mathematically.

Appendix A lists the principal units used for mechani-
cal quantities in the International System of Units, as well
as prefixes and the conversions to customary units used
in the United States.

Each chapter of this book includes elements intended
to help the reader learn the material. Each chapter begins
with a list of objectives and an opening scenario lead-
ing to questions that readers can answer after reading
and understanding the material presented in the chapter.
Practical examples of concepts are integrated into the text
throughout each chapter. Sample problems are presented,
and the step-by-step procedures for solving them are
illustrated. Problems and review questions appear at the
end of each chapter to test the reader’s understanding
of the material presented. More problems and review
questions have been added to this edition. Answers to
problems and most of the review questions appear in
appendix B. Finally, the educational version of the video
motion analysis software MaxTRAQ and accompanying
video clips are included with this new edition. Exercises
that require the use of this software appear at the ends
of chapters 2, 3, 4, 6, and 16, and the solutions to these
exercises appear in appendix B. These video analysis
problems may more clearly illustrate principles presented
in each chapter.

Throughout the text, I have tried to explain and illus-
trate the concepts as clearly as possible and in such a way
that you, the reader, are actively involved in discovering
them. Still, you might find that some of the material is
challenging. Occasionally, you might find yourself dis-
tracted or confused while reading. Don’t give up! Your
effort will be worthwhile.
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Student Resources

Students, visit the free student web resource at[www. |
HumanKinetics.com/BiomechanicsOfSportAndExercise.
The web resource takes select end-chapter problems from
the textbook and provides a sequence of hints to guide
you through the problems, helping you to develop your
skills and gain confidence working through biomechani-
cal problems. It also provides downloadable PDF copies
of all end-chapter questions and problems. Problems that
are worked through in the web resource are marked with
the web resource icon:

In addition, with the purchase of a new textbook you
will receive access to the MaxTRAQ motion analysis
software. To access and download this software, visit
|www.motionanalysisproducts.com/Books/PM-BSE-R3.|
[html|If you have purchased a used book or e-book, you
may purchase the software separately at the MaxTRAQ
site. The MaxTRAQ software is compatible with Win-
dows operating systems only. For more on MaxTRAQ,
see the section “How to Use MaxTRAQ.”

Instructor Resources

The instructor guide, test package, and image bank
are free to course adopters and are accessed at[www.]

| HumanKinetics.com/BiomechanicsOfSportAndExercise. |

Instructor Guide

Specifically developed for instructors who have adopted
Biomechanics of Sport and Exercise, Third Edition, the
instructor guide includes chapter summaries, objectives,
and outlines, plus lecture ideas and sample outlines, stu-
dent activities, and teaching tips. The instructor guide also
includes PDFs that show the mathematical and graphic
work done to arrive at the correct answer for each of
the end-chapter review problems. These can be used as
teaching aids or for evaluating student work.

Test Package

The test package includes a bank of over 380 questions
created especially for Biomechanics of Sport and Exer-
cise, Third Edition. Various question types are included,
such as true-or-false, fill-in-the-blank, essay and short
answer, and multiple choice. The test package is available
for download in three different formats: Rich Text (.rtf),
Respondus, and Learning Management System (LMS).

Image Bank

New for the third edition, the image bank includes most
of the illustrations, photos, and tables from the text,
sorted by chapter. These are provided as separate files
for easy insertion into lecture presentations and other
course materials, providing instructors with the flexibility
to create customized resources.
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Now TO use Vax ] [RAK)

Several chapters in i book
include activities that use MaxTRAQ Educational 2D
software. MaxTRAQ Educational (ME) is a download-
able software module that allows you to track and analyze
human movement, distance, and angles in video clips.
ME operates only under Windows operating systems
(Windows XP, Windows Vista, and Windows 7).

To use ME to complete the activities in this text, you
will need to download the software, install it on your
computer, and enter a key code to activate it. If you have
purchased a new print book, you may enter the code
provided on the blue letter bound into the front of the
text. If you have purchased a used book or e-book, you
will need to purchase the MaxTRAQ Educational 2D
software directly from the MaxTRAQ site and your key
code will be sent to you via e-mail.

To download the software, go tojlwww.motionanalysis|

| products.com/Books/PM-BSE-R3.html] If you have
purchased a new book, click on the New Books link
under Book Downloads—MaxTRAQ Educational to
download the software installer. If you have purchased
a used book or e-book, you can click on the Used Books
link to purchase a copy of the software.

After you have saved the MaxTRAQ installer to a
folder on your computer, double-click it to install the
software. See How to Install MaxTRAQ Educational at
www.motionanalysisproducts.com/Books/PM-BSE-R3}

| htm] for more information. The first time you open the
program, a License window will appear. Click on Enter
Key at the lower left. Carefully enter the key code that
came with this book or the code you were sent via e-mail
(cut and paste the code) if you purchased the software
access separately. Once you have entered your key code,
access is provided for one year.

Tips for Using MaxTRAQ Educational 2D

e The software download for this book includes 12
video clips created by the author. When you down-
load the software, these video clips are saved to
your local disk at Program Files\Motion Analysis\
MaxTRAQP\VideoFiles. You may also use the
MaxTRAQ software to analyze other video clips
that are saved in .avi format.

e A tutorial video and guidance on using the

video files are available at www.motionanalzsiﬂ

[products.com/Books/PM-BSE-R3.htm]. See the

links in the lower-right corner under Short Tutori-
als and Tours. The video shows several versions
of MaxTRAQ. Follow along with the manual
tracking version.

The video clips provided with the software
require different deinterlacing settings. Follow
the instructions at the beginning of each set of
exercises to set the deinterlacing options for the
video clip used.

To view a video clip, open it using File—Open,
then use the player buttons in the center bottom
of the screen. The buttons to the left and right
of the center Stop button advance or rewind the
video one frame at a time. You will use these a
lot as you complete the exercises. Also note that
you can adjust the brightness and contrast of a
video if needed to improve visibility.

Note that the frame rate of the video clips varies.
The frame rate is shown to the lower right of the
MaxTRAQ screen in hertz (Hz). Hertz are cycles
per second, so a frame rate of 30 Hz equals 30
frames per second (fps). For some of the video
clips, MaxTRAQ does not recognize the true
frame rate and the exercise will instruct you in
doing a conversion.

The software functions you will use the most to
complete the exercises in this text are setting the
scale, digitizing points on the subject, and calcu-
lating the changes in the x and y coordinates of
the points as the subject moves.

* To set the scale, open a video, then go to
View—Tools and select Show Scale. Next,
click on Tools in the top menu bar and Se-
lect Scale. In the window that pops up, en-
ter the length of a known reference in the
video (for the video clips included with the
software, see the exercise instructions for
the length to enter). Click OK and then use
the mouse to left-click each end point of
the known distance in the frame (for exam-
ple, two points known to be 500 cm apart
on a wall). When you click the first point,
nothing will appear on the screen, but
when you click the second, a scale will ap-
pear. To hide the scale, go to View—Tools
and uncheck Show Scale.

Xi
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How to Use MaxTRAQ

To digitize points on the subject, use the
arrows for Number of Points on the right
side of the MaxTRAQ screen to select the
number of points you will need to digitize
in any single frame of video (often this
will be only one). Click the Digitize but-
ton in the right-hand column, then posi-
tion the cursor over the spot on the video
that you want to digitize and left-click the
mouse button. To digitize points in sub-
sequent frames of video, just advance the
video, position the cursor over the spot on
the video, and left-click again. Repeat this
in each frame and for each point that you
want to digitize.

To improve the accuracy of your digi-
tizing, you can enlarge the video image
around the point you wish to digitize. Po-
sition the cursor near the point and right-
click the mouse. Select Zoom and then
Point Zoom in the windows that appear.
To zoom back out to regular view, right-
click, select Zoom, and Point Zoom again.
To adjust the magnification of the Point
Zoom, select Tools—Options on the top
menu bar. In the window that appears, se-
lect General from the choices on the left,

then set the Point Zoom Magnification un-
der the first option in the right side of the
window. It is recommended that you use
Point Zoom when digitizing the ends of
the reference measure.

e For each digitized point, the coordinates
along the x (horizontal) and y (vertical)
axes will be displayed next to the point in
that order (x, y). To show or hide these co-
ordinates, go to View—Point Markers and
check or uncheck Show Coordinates.

e If you make a mistake when creating a
scale or digitizing a point, you can right-
click the element and select Delete Scale
or Delete Point to remove it.

e If you are digitizing more than one point
in a frame, make sure that the point you
want to digitize next (point 1, point 2, and
so on) is highlighted in the right column
before you click to set the location of that
point.

For many questions, it may be best to begin by
working with your professor or a fellow student
who has successfully used the software. If you
need further advice, send questions or inquiries
via e-mail to support @motionanalysisproducts.
com.



NTroducTion
Why Study Biomechanics?

objectives

When you finish reading this introduction, you
should be able to do the following:

* Define biomechanics
* Define sport and exercise biomechanics

e Identify the goals of sport and exercise
biomechanics

® Describe the methods used to achieve the
goals of sport and exercise biomechanics

e Be somewhat familiar with the history
and development of sport and exercise
biomechanics

¢ Define mechanics
¢ Outline the organization of mechanics

e Define length and the units of measure-
ment for length

e Define time and the units of measurement
for time

e Define mass and the units of measure-
ment for mass

© Lukas Blazek | Dreamstime.com



You are watching the Olympic Games on television when you see a high jumper
successfully jump over a crossbar set more than a foot above his head. The
technique he uses looks very awkward. He approaches the bar from the side,
and when he jumps off the ground he turns his back toward the bar. His head

and arms clear the bar first; he then arches his back and finally kicks his legs out
and up to get them over the bar. He lands in the pit in an ungainly position: on
his shoulders and back with his legs extended in the air above him. You think to
yourself, How can he jump so high using such an odd-looking technique? Certainly,
there must be another technique that is both more effective and more graceful
looking. Biomechanics might provide you with some insights to answer this and
other questions you have about human movement.

Wh 01- |S your motivation for studying

biomechanics? What can you gain from learning about
biomechanics? How will a working knowledge of biome-
chanics assist you in your future endeavors? Will the time
you spend learning about biomechanics be worthwhile?
You should consider these questions before investing a
lot of time learning about biomechanics.

If you are like most readers of this book, you are prob-
ably an undergraduate student majoring in kinesiology,
physical education, exercise science, or another human
movement science. If so, your answer to the question
“Why study biomechanics?” may be that you are enrolled
in arequired course in biomechanics for which this is the
required text. You are studying biomechanics to earn a
required credit so that you can graduate. If this is your
answer, and for the majority of readers this may be true,
you are probably unable to answer the other questions
because you do not have enough prior knowledge of
biomechanics to know how it can benefit you. So let me
give you some reasons for studying biomechanics. This
may provide you with some intrinsic motivation to get
started on the task of learning about biomechanics.

You are probably planning a career as a physical
education teacher, coach, or some other physical activity
specialist; and you probably are or have been active as
a participant in one or more sports or fitness activities.
Suppose a student or athlete asks you, "Why do I have
to do this skill this way?" or "Why isn't this technique
better?" (see figure I.1). Perhaps you have even asked
such questions yourself. Was the coach or teacher able
to answer your questions? Were these questions asked
of you? Could you answer them? Traditional teaching
and coaching methods tell you what techniques to teach

or coach, whereas biomechanics tells you why those
techniques are best to teach or coach. A good knowledge
of biomechanics will enable you to evaluate techniques
used in unfamiliar sport skills as well as to better evaluate
new techniques in sports familiar to you.

=) Perhaps the best outcome of study-
ing and using biomechanics will be
improved performances by your
athletes or the accelerated learning
of new skills by your students.

BUT, COACH,
I LIKE TO
HOLD THE BAT

Figure .1 Studying biomechanics will help you under-
stand why some sport techniques work and some don't.



Athletic training and physical therapy students, as well
as other students of sports medicine, will also benefit
from a knowledge of biomechanics. A good knowledge
of biomechanics will help in diagnosing the causes of
an injury. It can provide the mechanical basis for taping
techniques, braces, and orthotic devices. An understand-
ing of biomechanics may also guide therapists in their
prescriptions for rehabilitation and indicate to exercise
specialists what exercises may be dangerous for certain
individuals.

What Is Biomechanics?

What is this science that promises so much? Before
going any further, we should agree on a definition of
the word biomechanics. What is biomechanics? How
have you heard this word used by others? How have you
used this word? Your immediate response may be that
biomechanics has something to do with determining the
best techniques used by athletes in various sport skills.
Indeed, some biomechanists are involved in such work,
and we just highlighted technique evaluation as a primary
reason for studying biomechanics. But biomechanics
encompasses much more than that.

Let's look in the library for clues to the definition.
Several journals have the word “biomechanics” or a
derivation of it in their title. These include the Journal
of Biomechanics, the Journal of Biomechanical Engi-
neering, the Journal of Applied Biomechanics, Sports
Biomechanics, Clinical Biomechanics, Applied Bionics
and Biomechanics, and Computer Methods in Biome-
chanics and Biomedical Engineering. Looking through
the tables of contents of these journals, we find that the
Journal of Applied Biomechanics and Sports Biomechan-
ics contain numerous articles about sport biomechanics,
such as "Upper-limb kinematics and coordination of
short grip and classic drives in field hockey," "Hydrody-
namic drag during gliding in swimming," "Effects of bat
grip on baseball hitting kinematics," "The influence of
the vaulting table on the handspring front somersault,"
and “Biomechanics of skateboarding: Kinetics of the
Ollie.” These articles support our sport-related defini-
tion of biomechanics. However, a look through the other
journals reveals a broad range of topics that at first may
appear unrelated, such as "Regional stiffening of the
mitral valve anterior leaflet in the beating ovine heart,"
"Biomechanical model of human cornea based on stromal
microstructure,” "Simulation of pulmonary air flow with a
subject-specific boundary condition," and "Strain-energy
function and three-dimensional stress distribution in
esophageal biomechanics." There's even an article titled
"Biomechanics of fruits and vegetables." From these titles
we can deduce that biomechanics is not limited to sport;
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it is not even limited to human activities; indeed, it is
not even limited to animal activities! The range of titles
indicates that biomechanics could include not only the
study of the movement of an athlete, but also the study
of the airflow in the athlete’s lungs and the strength of
the athlete's tissues.

Let's return to the word itself and examine it directly
for clues about its definition. The word biomechanics can
be divided into two parts: the prefix bio- and the root word
mechanics. The prefix bio- indicates that biomechanics
has something to do with living or biological systems.
The root word mechanics indicates that biomechanics
has something to do with the analysis of forces and their
effects. So it appears that biomechanics is the study of
forces and their effects on living systems. This comes
very close to the definition of biomechanics presented
by Herbert Hatze in 1974: "Biomechanics is the study
of the structure and function of biological systems by
means of the methods of mechanics" (p. 189). This is a
much broader field of study than you may have at first
thought. The study of the structure and function of plants
as well as animals is encompassed by the definition of
biomechanics.

=) Biomechanics is the study of forces
and their effects on living systems.

What Are the Goals
of Sport and Exercise
Biomechanics?

Now let's focus on our specific topic of interest in bio-
mechanics. Biomechanics includes the study of all living
things, plant and animal; animal biomechanics includes
only animals as subjects of study; human biomechanics
includes only humans; and sport and exercise biome-
chanics includes only humans involved in exercise and
sport. We might define sport and exercise biomechan-
ics as the study of forces and their effects on humans in
exercise and sport.

Performance Improvement

The ultimate goal of sport and exercise biomechanics is
performance improvement in exercise or sport. A sec-
ondary goal is injury prevention and rehabilitation. This
secondary goal is closely related to the first and could
almost be considered part of the primary goal, because
an uninjured athlete will perform better than an injured
athlete. Well, how do biomechanists work toward achiev-
ing these goals?

3
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:) The ultimate goal of sport and exer-
cise biomechanics is performance
improvement in exercise or sport.

Technique Improvement

The most common method for improving performance
in many sports is to improve an athlete's technique. This
is highlighted here as one motivation for studying bio-
mechanics, and it is probably what you thought of when
asked how a biomechanist goes about trying to improve
an athlete's performance.

The application of biomechanics to improve technique
may occur in two ways: Teachers and coaches may use
their knowledge of mechanics to correct actions of a
student or athlete in order to improve the execution of a
skill, or a biomechanics researcher may discover a new
and more effective technique for performing a sport skill.
In the first instance, teachers and coaches use qualita-
tive biomechanical analysis methods in their everyday
teaching and coaching to effect changes in technique.
In the second instance, a biomechanics researcher uses
quantitative biomechanical analysis methods to discover
new techniques, which then must be communicated to the
teachers and coaches who will implement them.

Let's look at a simple example of the first case. As a
coach, suppose you observe that your gymnast is having
difficulty completing a double somersault in the floor
exercise. You might suggest three things to the gymnast
to help her successfully complete the stunt: (1) jump
higher, (2) tuck tighter, and (3) swing her arms more
vigorously before takeoff. These suggestions may all
result in improved performance and are based on bio-
mechanical principles. Jumping higher will give the
gymnast more time in the air to complete the somersault.
Tucking tighter will cause the gymnast to rotate faster
due to conservation of angular momentum. Swinging
the arms more vigorously before takeoff will generate
more angular momentum, thus also causing the gymnast
to rotate faster. In general, this is the most common type
of situation in which biomechanics has an effect on the
outcome of a skill. Coaches and teachers use biomechan-
ics to determine what actions may improve performance.

=) Coaches and teachers use biome-
chanics to determine what actions
may improve performance.

The second general situation in which biomechanics
contributes to improved performance through improved
technique occurs when biomechanics researchers develop
new and more effective techniques. Despite the common

belief that new and revolutionary techniques are regularly
developed by biomechanists, such developments are rare.
Perhaps the reason is that biomechanics as a discipline
is a relatively new science. The much more common
outcome of biomechanics research is the discovery of
small refinements in technique. One example of biome-
chanics research that did greatly affect the technique and
performances in a sport occurred in swimming in the late
’60s and early ’70s. Research done by Ronald Brown and
James "Doc" Counsilman (1971) indicated that the lift
forces acting on the hand as it moved through the water
were much more important in propelling a swimmer
through the water than previously thought. This research
indicated that rather than pulling the hand in a straight
line backward through the water to produce a propulsive
drag force, the swimmer should move the hand back and
forth in a sweeping action as it is pulled backward to
produce propulsive lift forces as well as propulsive drag
forces (see figure 1.2). This technique is now taught by
swimming teachers and coaches throughout the world.

Other examples of sports in which dramatic changes
in technique produced dramatic improvement in per-
formance include javelin throwing, high jumping, and
cross-country skiing. In 1956, before the Summer Olym-
pic Games in Melbourne, Felix Erasquin, a 48-year-old
retired discus thrower from the Basque region of Spain,
experimented with an unconventional way of throwing
the javelin. Erasquin had experience in barra vasca, a
traditional Basque sport that involved throwing an iron
bar called a palanka. A turn was used to throw the palanka,
and Erasquin incorporated this turn in his innovative jav-
elin throwing technique. Rather than throwing using the
conventional technique—over the shoulder with one hand
from a run—Erasquin held the javelin with his right hand
just behind the grip. The tip of the javelin pointed down
to his right, and the tail was behind his back and pointed
upward. During the run-up, Erasquin spun around like a
discus thrower and slung the javelin from his right hand,
which guided the implement. To reduce the frictional
forces acting on the javelin as it slid through his hand, it
had been dunked in soapy water to make it slippery. The
outstanding results achieved by Erasquin and others with
this technique attracted international attention. Several
throwers using this “revolutionary” technique recorded
throws that were more than 10 m beyond the existing
javelin world record. Officials at the International Ama-
teur Athletic Federation (IAAF), the governing body for
track and field, became so alarmed that they altered the
rules for the event, and this unconventional technique
became illegal (see figure 1.3). None of the records set
with the Spanish technique were recognized as official
world records.
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Figure 1.3 Current IAAF rules require athletes to throw the javelin over the shoulder with one hand.

In 1968, most world-class high jumpers used the strad- to jump 7 ft 4 1/4 in. (2.24 m). The technique became
dle technique (figure I.4a). But at the Olympics in Mexico known as the Fosbury Flop (figure 1.40). Its advantages
City, the gold medalist in the high jump used a technique over the straddle technique were its faster approach run
few had ever seen. Dick Fosbury, an American from and its ease of learning. No biomechanics researcher

Oregon State University, used a back layout technique had developed this technique. Fosbury achieved success
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Figure 1.4 Before 1968, most high jumpers used the straddle technique (a); but after 1968, many switched to the
Fosbury Flop technique (b), the technique used by almost all elite high jumpers today.



with it in high school and continued using and jumping
higher with it despite its dramatic differences from the
conventional straddle technique. His successes led others
to adopt it, and now all world-class high jumpers use the
Fosbury Flop.

In the late *70s, Bill Koch, an American cross-country
skier, began experimenting with a new skating technique
he had observed marathon skiers using in Europe. The
technique he experimented with was much different
from the traditional diagonal stride skiing technique in
which cross-country skiers moved their skis parallel to
each other in set tracks. In the 1976 Olympic Games in
Innsbruck, Austria, Koch surprised the world by winning
a silver medal in the 30K cross-country skiing event.
More surprising were his performances in the 1982 to
1983 season, when he became the first American ever to
win the World Cup. Koch used the skating technique in
achieving this title. By the mid-1980s, the skating tech-
nique was used by virtually all elite Nordic ski racers.
Beginning with the 1992 Winter Olympics, there were
separate competitions for traditional (diagonal stride) and
freestyle (skating) cross-country skiing.

With the exception of the swimming example, these
examples of new and dramatically different techniques
leading to improved performances all happened without
the apparent assistance of biomechanics. Maybe this is
evidence of the skill of teachers, coaches, and athletes.
Through repeated observation, trial and error, and pos-
sibly some application of mechanical principles, they
have successfully developed excellent techniques for
performing skills in most sports without the assistance of
biomechanical researchers. But perhaps these improved
techniques would have been developed sooner if more
teachers and coaches had a working knowledge of bio-
mechanics.

Equipment Improvement

How else can biomechanics contribute to performance
improvement? What about improved designs for the
equipment used in various sports? Shoes and apparel
constitute the equipment used in almost every sport. The
equipment worn may have an effect on the performance,
either directly or through injury prevention. Can you think
of any sports in which improvements in apparel or shoes
have changed performances? What about swimming, ski
jumping, and speed skating?

Let’s look at swimming to see how swimsuit design
has changed performances in that event. A hundred
years ago swimmers competed in woolen swimsuits, and
women’s suits had skirts. The wool was replaced by silk
and then by synthetic fibers, and the skirt disappeared
as swimsuit manufacturers made their swimsuits slicker
and more hydrodynamic. Perhaps the most dramatic
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advance in swimsuit design occurred in February 2008
when Speedo introduced its LZR Racer swimsuit. The
Speedo LZR Racer was designed by Speedo scientists
and engineers to minimize muscle vibration and reduce
drag with compression panels that streamlined the shape
of the swimmer. The LZR swimsuits had polyurethane
panels and no stitched seams. Within six weeks of its
introduction, 13 world records were set by swimmers
wearing the Speedo LZR Racer. At the 2008 Beijing
Olympic Games, swimmers wearing the Speedo suits
set 23 world records and won more than 90% of all the
gold medals in swimming.

Besides shoes and apparel, many sports require the
use of some sort of implement as well. Think of sports
in which an implement is used. How have changes in
implements changed performances in these sports? What
about bicycling, skiing, tennis, golf, pole vaulting, javelin
throwing? Lighter and better-designed implements have
not only contributed to improved performances by elite
athletes in these sports; they have contributed to improved
performances by recreational participants as well.

Let's examine javelin throwing as an example of a
sport in which a basic application of mechanics to the
equipment design changed the event dramatically. In
1952, Frank "Bud" Held made the United States Olympic
team in the javelin. At the 1952 Olympics in Helsinki, he
placed ninth behind his American teammates, who won
the gold and silver medals. Upon returning to the United
States, Bud met with his brother, Dick Held, who had
some engineering expertise, and together they designed
and built a more aerodynamic javelin. The increased
surface area of their new javelin gave it more lift, caus-
ing it to "fly" farther. In 1953, Bud Held used one of his
javelins to break the existing world record for the javelin
throw. The Held brothers were not biomechanists, but
their knowledge of mechanics enabled them to improve
the design of the javelin. The records continued to be
broken as others began using the Held javelin. In 1955,
the IAAF implemented rules that limited the size of the
javelin so that further increases in its surface area and
lift were constrained. Before 1953, the world record in
the javelin was 258 ft 2 3/8 in. (78.70 m), set in 1938.
With the use of modern aerodynamic javelins based on
the Held design, the world record in the event eventually
progressed to 343 ft 10 in. (104.80 m), in 1984. In 1986,
the IAAF effectively reduced the distance of the men’s
javelin throw by again changing the rules governing con-
struction of the javelin. The new specifications prevented
the javelin from "sailing" so far. Despite this attempt to
limit performances, by 1990 the world record with the
new javelin rules exceeded 300 ft (91.44 m); and by the
turn of the century, the record was 323 ft 1 in. (98.48 m).
In 1999, the IAAF implemented similar changes to the

7



Infroduction

8

rules governing the construction of the women’s javelin.
These are examples of application of mechanics to limit
performance in a sport.

The rules makers in many sports, including such
popular sports as golf, tennis, cycling, and baseball,
regulate the designs of the equipment used in their sports
to keep the sports challenging. In spite of these efforts,
recent innovations in equipment design have had major
impacts on the record books in recent Olympic Games.
A number of world records were set in speed skating at
the 1998 Winter Olympics in Sapporo, Japan, when the
“klap” skate made its first widespread appearance. During
that year, world records were set in all but one of the 10
long-track speed skating events (men and women). The
Speedo LZR swimsuit had a similar effect on the swim-
ming events in the 2008 Olympic Games in Beijing as
described previously; however, FINA (Fédération Inter-
nationale de Natation), the international governing body
for the sport of swimming, revised its rules regarding
swimsuits in 2009 and again in 2010, and the Speedo

Figure .5 Use of the Speedo LZR Racer swimsuit con-
tributed to the numerous world records set by swimmers
in the 2008 Summer Olympic Games.

© Faugere/DPPI-SIPA/Icon SMI

LZR Racer may no longer be worn in FINA-sanctioned
events (see figure 1.5).

Training Improvement

How else can biomechanics contribute to improved
performance in sports and physical activities? What
about training? Biomechanics has the potential to lead
to modifications in training and thus improvements in
performance. This application of biomechanics can occur
in several ways. An analysis of the technique deficiencies
of an athlete can assist the coach or teacher in identifying
the type of training the athlete requires to improve. The
athlete may be limited by the strength or endurance of
certain muscle groups, by speed of movement, or by one
specific aspect of his technique. Sometimes the limita-
tion is obvious. For example, a gymnast attempting an
iron cross maneuver requires tremendous strength in
the adductor muscles of the shoulder (see figure 1.6).
A mechanical analysis of the maneuver would reveal

Figure 1.6 A male gymnast's ability to perform an iron
cross maneuver may be limited by the strength of his
shoulder adductor muscles.

© Stephen Bartholomew/Action Plus/Icon SMI



this, but it is already obvious to gymnastics coaches and
observers. In other sport skills, the strength requirements
may not be so obvious.

= An analysis of the technique defi-
ciencies of an athlete can assist the
coach or teacher in identifying the
type of training the athlete requires
to improve.

Consider the sport of pole vaulting. High school-age
boys and girls learning this event often reach a plateau
in their performances. A common technique deficiency
among beginning pole-vaulters involves the athlete's
movement on the pole. The vaulter does not get the hips
above the head or hands during the later stages of the
vault. This prevents the vaulter from achieving an inverted
position, and the heights the vaulter clears are modest.
This flaw is easily identified by the coach or teacher, but
despite repeated instructions to the vaulter about getting
the hips up, the vaulter is still unable to correct this flaw
in technique. Why? Many young vaulters do not have
the shoulder extensor strength required to swing upside
down into an inverted position. A biomechanical analy-
sis of this flaw in the vaulter's technique would reveal
that greater shoulder extensor strength is required. The
coach or teacher could then devise a training program
that would strengthen the vaulter's shoulder extensor
muscles enough that she could complete this aspect of
the vault successfully.

Figure skating provides another example of how
biomechanical analysis can lead to changes in training
and ultimately performance improvement. Training
camps for junior female skaters held at the U.S. Olympic
Training Center in Colorado Springs in the mid-1980s
included biomechanical analyses of the skaters attempt-
ing double and some triple jumps. Many of the skaters
who attempted triple twisting jumps were unsuccessful.
An initial analysis revealed that some were unsuccessful
in the triples because they were not bringing their arms in
tight enough to cause them to spin faster while they were
in the air (see figure 1.7). Further biomechanical analysis
revealed that they were unable to bring their arms in tight
enough or quickly enough due to inadequate strength in
their arm and shoulder musculature. After their training
programs were modified to include upper body strength
training to increase arm and shoulder strength, several of
the skaters were able to complete triple jumps success-
fully in subsequent training camps.

One final example of a simple biomechanical analy-
sis that revealed deficiencies in training occurred in
cross-country skiing in the late 1970s. An analysis of
an international competition included timing skiers over
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Figure .7  Successfully completing triple jumps in figure
skating requires strong arms and shoulders.

specific sections of the course. The results of this analysis
indicated that the American skiers were just as good as
the race leaders on the flat and downhill sections of the
course, but they were losing on the uphills. This result
encouraged the coaches to allocate more training time to
uphills and place more emphasis on perfecting the uphill
skiing techniques of the skiers.

Injury Prevention
and Rehabilitation

Some believe that injury prevention and rehabilitation
should be the primary goal of sport and exercise bio-
mechanics. Biomechanics is useful to sports medicine
professionals in identifying what forces may have caused
an injury, how to prevent the injury from recurring (or
occurring in the first place), and what exercises may assist
with rehabilitation from the injury. Biomechanics can
be used to provide the basis for alterations in technique,
equipment, or training to prevent or rehabilitate injuries.

© Chris Keane/lcon SMI
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—) Some believe that injury prevention
and rehabilitation should be the
primary goal of sport and exercise
biomechanics.

Techniques to Reduce Injury

Gymnastics provides an example of how biomechanics
may aid in reducing injury. Research funded in part by the
United States Olympic Committee and the United States
Gymnastics Association is concerned with the impact
forces that gymnasts experience when landing from
stunts and the strategies they use to reduce these forces
(McNitt-Gray 1991; McNitt-Gray, Yokoi, and Millward
1993; McNitt-Gray, Yokoi, and Millward 1994). Judges
award higher points to gymnasts who "stick" their land-
ings. But such landings may involve greater and more
dangerous impact forces. These impact forces are the
cause of overuse injuries in many gymnasts. A landing in
which the gymnast flexes at the knees, hips, and ankles
may reduce the impact forces, but it also results in a lower
score. One outcome of this research was a rule change
allowing for landing strategies that reduced these impact
forces without penalty to the gymnast's score.

Tennis elbow (lateral epicondylitis) is an overuse
type of injury that afflicts many novice tennis players.
Biomechanics research has revealed that one cause of
tennis elbow is overexertion of the extensor carpi radialis
brevis muscle (Morris, Jobe, and Perry 1989). Several
biomechanists (Blackwell and Cole 1994; Riek, Chap-
man, and Milner 1999) have implicated faulty technique
during backhand strokes as a possible reason for the
overexertion. Tennis players who maintain a neutral wrist
position through ball impact during a backhand stroke
are less likely to develop tennis elbow than those with
flexed wrists.

Equipment Designs fo Reduce Injury

An example of biomechanics affecting the design of
sport equipment to reduce injury involves the running
shoe industry. Following Frank Shorter's marathon gold
medal in the 1972 Olympics, the United States expe-
rienced a running boom. Unfortunately, this boom in
participation was accompanied by a boom in running-
related injuries. The increase in injuries led runners to
become more sophisticated in their selection of running
shoes. Thus a boom in biomechanics research on running
and running shoes began in the 1970s. An annual shoe
ranking published in Runner's World magazine included
results of biomechanical tests conducted on the shoes at
a university biomechanics laboratory. Some of the shoe
companies hired biomechanists as consultants, and some
funded biomechanics research in other university biome-

chanics laboratories. In 1980, Nike established the Nike
Sport Research Laboratory to further the development of
athletics and athletic shoes by means of studies in bio-
mechanics, exercise physiology, and functional anatomy.

Running shoes available in the early 1970s were too
stiff for many inexperienced runners, and impact injuries
such as shinsplints and stress fractures became common.
Shoe manufacturers responded to this by producing softer
shoes. However, the softer shoes did not provide as much
stability or control as the harder shoes; and as a result,
ankle, knee, and hip joint injuries increased among run-
ners. Biomechanics research sponsored by various shoe
companies has led to many of the features offered in
modern running shoes, which provide stability as well as
cushioning. These improvements have resulted in fewer
running injuries.

Sport and exercise biomechanics can lead to perfor-
mance improvement and may aid in injury prevention
and rehabilitation through improvements in technique,
equipment design, and training. Most of the examples
in the previous sections illustrate how biomechanics can
play a role in performance improvement. A few of the
examples, such as the technique changes in the javelin
throw, high jump, and cross-country skiing, demonstrate
that radically different and improved techniques occur
in sport without the apparent assistance of biomechan-
ics researchers. In fact, there are very few examples of
biomechanics contributing to the development of new
techniques or equipment to improve performance. Why?
The answer may be that the people who can most affect
sport techniques—the teachers, coaches, and athletes—
for the most part are not knowledgeable in biomechanics;
but their constant trial-and-error motivation allows them
to stumble upon improved techniques. As more teachers,
coaches, and athletes become exposed to biomechanics,
improvements in techniques may occur more rapidly.
Sport and exercise biomechanics is still a relatively
young field, though. The population of practicing sport
biomechanists is too small to effect changes in many
sports. When the technique changes described earlier
for the javelin and high jump occurred, the number of
people with a knowledge of biomechanics was very
small. In fact, before 1960, the word biomechanics was
used by only a handful of people. A brief review of the
history of sport biomechanics can give us more insight
into why biomechanics has not had the impact on sport
that it seems capable of.

The History of Sport
Biomechanics

The history of sport biomechanics is partly the history
of kinesiology. The word kinesiology was first used in



the late 19th century and became popular during the 20th
century, whereas the word biomechanics did not become
popular until the 1960s. The roots of the word kinesiol-
ogy give its definition as the study of movement, but in
its present-day usage, kinesiology is defined as the study
of human movement.

An individual course in kinesiology was a required
part of the undergraduate curriculum in physical edu-
cation at many American schools for most of the 20th
century. The major content of such a course was usually
applied anatomy with some mechanics and possibly
physiology thrown in. Usually this was the only course
in which a future coach or physical education teacher
received any exposure to mechanics. In many instances,
with the emphasis on applied anatomy, the amount of
mechanics the future practitioner was exposed to was
not enough to be of much practical use.

Researchers concerned with the biomechanics of
human movement were active throughout the 20th
century, although the mechanics of human and animal
motion have intrigued scientists since at least the time
of Aristotle (see De motu animalium [in Smith and Ross
1912]). In the last decades of the 19th century, Etienne
Jules Marey wrote Le Mouvement ([1895] 1972), in which
he described the use of a variety of devices, including
cameras and pressure-sensitive instruments, to measure
and record forces and motions produced by man (and
animals) in a variety of activities. His well-instrumented
"biomechanics" laboratory was the precursor to modern
biomechanics and exercise physiology laboratories.

> The mechanics of human and animal
motion have intrigued scientists since
at least the time of Aristotle.

An early example of sport and exercise biomechanics
research appeared in The Baseball Magazine in 1912.
The publishers commissioned a study to determine the
speed of a baseball pitched by Walter Johnson. At that
time, Johnson was the "king of speed pitchers." Although
biomechanics is now thought of as a relatively new field
of study, the prelude to the article in The Baseball Maga-
zine stated, "The Baseball Magazine makes an excursion
into an absolutely new field of scientific investigation
in its study of the National Game" (Lane 1912, p. 25).

Archibald V. Hill conducted studies of the mechanics
and energetics of sprinting in the 1920s (cited in Braun
1941). This work was continued by Wallace Fenn in the
1930s (cited in Cureton 1939). Although he was more
well known as an exercise physiologist, Thomas Cureton
also wrote about the mechanics of swimming (1930) and
various track and field skills in the 1930s (Cureton 1939).
He also described techniques for analyzing movements
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in sport using motion picture cameras (Cureton 1939).
During this time, Arthur Steindler wrote one of the first
"biomechanics" textbooks (1935). The 1940s saw World
War II, and research in the biomechanics of sport was
not a priority. In 1955, the book Scientific Principles of
Coaching by John Bunn was published. This was one of
the first texts to emphasize the mechanics rather than the
anatomical aspects of human movement in sports.

By the 1960s, use of the term biomechanics became
popular, and more people were involved in sport and
exercise biomechanics research. In 1967, the First Inter-
national Seminar on Biomechanics was held in Zurich,
Switzerland. The majority of papers presented at this
conference dealt with the mechanics of human move-
ment. This seminar was a success, and international
conferences on biomechanics have been held every two
years since then. In 1968, the Journal of Biomechanics
was first published. Several papers in the first volume of
this journal dealt with sport biomechanics. During the
1960s, several graduate programs in biomechanics were
established within physical education departments, and
a few of these programs offered doctoral degrees.

In 1973, the International Society of Biomechanics
was formed, followed closely by formation of the Ameri-
can Society of Biomechanics in 1977. Sport and exercise
biomechanists were involved in the formation of each
of these organizations, although the membership of the
societies included scientists with a variety of interests.
In the early 1980s, the International Society of Biome-
chanics in Sport was formed to represent the interests of
sport biomechanists. In 1985, the International Journal
of Sports Biomechanics began publication, and in 1992 it
changed its name to the Journal of Applied Biomechan-
ics. The most recent journal to exclusively feature sport
biomechanics articles is Sport Biomechanics, whose first
issue appeared in 2002.

Research in sport and exercise biomechanics
increased steadily throughout the last few decades of
the 20th century and into the 21st century. The number
of people involved in sport and exercise biomechanics
also increased tremendously during this time. One reason
for this boom has been the advent of the modern digital
computer, which allows for easier data collection and
analysis from the high-speed film or video cameras and
electronic force-measuring platforms used in biomechan-
ics research. Without a computer, the time required to
compute measurements accurately from film data and
do quantitative biomechanical research was grossly
excessive, accounting for the dearth of research in sport
and exercise biomechanics before the 1960s. Anatomical
research was not as difficult to complete, and thus courses
in kinesiology were weighted toward applied anatomy.
With the increase in sport and exercise biomechanics

11
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research in the last three decades, the content of many
kinesiology courses has been reexamined, and mechan-
ics is covered more thoroughly now. Many kinesiology
courses have been renamed as biomechanics courses.

We began this section on the history of sport biome-
chanics by asking why biomechanics has not had the
impact on sport that it seems capable of. The answer
seems clearer now. Biomechanics and education in
biomechanics have not been in existence long enough
to have had a great impact yet. But as more sport and
exercise professionals (including you) learn and under-
stand biomechanics, its impact will be more noticeable.
Before learning more about biomechanics, you should
become familiar with mechanics and the measurement
system used in biomechanics.

The Organization
of Mechanics

Our study of sport and exercise biomechanics necessitates
a knowledge of mechanics. Within our definition of bio-
mechanics, we briefly defined mechanics as the analysis
of forces and their effects. A more complete definition
may be that mechanics is the science concerned with the
effects of forces acting on objects. The objects we are
concerned with in sport and exercise biomechanics are
humans and the implements they may be manipulating
in sport and exercise.

— Mechanics is the science concerned
with the effects of forces acting on
objects.

Mechanics may be divided into several branches (see
figure 1.8): rigid-body mechanics, deformable-body
mechanics, fluid mechanics, relativistic mechanics, and

quantum mechanics. In rigid-body mechanics, objects
are assumed to be perfectly rigid. This simplifies the
analyses. In deformable-body mechanics, the deformation
of objects is considered. These deformations complicate
the analyses. Fluid mechanics is concerned with the
mechanics of liquids and gases. Relativistic mechanics
is concerned with Einstein’s theory of relativity, and
quantum mechanics is concerned with quantum theory.
Each branch of mechanics is best suited for describing
and explaining specific features of our physical world.
Rigid-body mechanics is best suited for describing and
explaining the gross movements of humans and imple-
ments in sport and exercise, so the concepts of rigid-body
mechanics will be important in our study of sport and
exercise biomechanics. Because some sport and exercise
activities occur in fluid environments, we will also learn
some concepts of fluid mechanics. Most of part I of this
book (chapters 1 through 8) deals with concepts of rigid-
body mechanics, with chapter 8 giving a brief overview
of fluid mechanics.

In rigid-body mechanics, the objects being investi-
gated are assumed to be perfectly rigid; that is, they do
not deform by bending, stretching, or compressing. In
describing and explaining the gross movements of the
human body and any implements in sport and exercise,
we will consider the segments of the human body as
rigid bodies that are linked together at joints. In reality,
the segments of the body do deform under the actions of
forces. These deformations are usually small and don’t
appreciably affect the gross movements of the limbs or
the body itself, so we can get away with considering the
body as a system of linked rigid bodies. Repeated small
deformations may lead to overuse injuries, however,
so we will discuss the deformations of the tissues of
the human body in chapter 9, which covers one part of
deformable-body mechanics, the mechanics of biologi-
cal materials.

Rigid-
body
mechanics

Deformable-
body
mechanics

Fluid
mechanics

Relativistic
mechanics

Quantum
mechanics

Figure 1.8 The branches of mechanics.




Rigid-body mechanics is subdivided into statics, or
the mechanics of objects at rest or moving at constant
velocity, and dynamics, or the mechanics of objects in
accelerated motion (see figure 1.9). Dynamics is further
subdivided into kinematics and Kinetics. Kinematics
deals with the description of motion, whereas kinetics
deals with the forces that cause or tend to cause changes
in motion. Our first exploration into biomechanics is con-
cerned with statics. The discussion of forces in the next
chapter covers many of the principles of statics. Before
we can proceed, though, you must first understand some
fundamental concepts of mechanics.

Basic Dimensions
and Units of Measurement
Used in Mechanics

Mechanics is a quantitative science, and therefore so is
biomechanics. We want to describe human movement
and its causes in a quantitative manner. If something is
quantifiable, certain aspects of it are measurable and can
be expressed in numbers. To measure something, we must
have some common units of measurement. But first, let’s
think about what we want to measure in biomechanics.
Suppose we are observing a football player (in Ameri-
can football) returning a kickoff. What terms might we
use in describing his runback? We may talk about his
position on the field—where did he catch the ball, and
where was he tackled? How far did he run? How long
did it take him to run that far? How fast was he? In what
directions did he run? If you were an opposing player, you
might also be interested in how big he is and what it will
feel like when you tackle him. Some of the mechanical
terms we might use in our description are speed, inertia,

Rigid-
body
mechanics

Statics

Intfroduction

power, momentum, force, mass, weight, distance, veloc-
ity, and acceleration. (You may not be familiar with some
of these terms. If you don’t know what they mean, don’t
worry about it now; they’1l all be defined in this or future
chapters.) Now let’s sort through our descriptions and try
to figure out what basic dimensions we need to describe
the parameters we’ve listed.

Length

One basic dimension we may want to measure is length.
We need some measurement of length to describe the
position of the player on the field and how far he ran.
So length is used to describe the space in which move-
ment occurs. Length is also an important dimension in
many other sports. It is the most important dimension in
sports such as shot putting or high jumping, where how
far or how high is the actual measure of performance.
In other sports, length may not be the actual measure of
performance, but it may be a critical component. How
far a golfer can drive the ball off the tee is one way of
determining success in golf. How far a batter can hit the
ball is one determinant of success in baseball. Stride
length in running is one component that determines a
runner’s velocity.

Length is also an important dimension when we con-
sider the anthropometry of athletes. An athlete’s height
may be one determinant of success in sports such as
basketball or high jumping. Similarly, the length of the
implements used may affect performance in sports such
as golf, baseball, lacrosse, and pole vaulting. Finally,
length may be a dimension of the sport specified by the
rules of the activity, such as the length and width of a
football field or playing court, the height of a basket, or
the length of a race.

Dynamics

Kinematics

Figure 1.9 The branches of rigid-body mechanics.

Kinetics
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Length is an important dimension, but how do we
measure it? You are probably most familiar with the
length measures of inches, feet, yards, or miles if you
are an American student. But as scientists, we should be
using the Systéme International d’Unités (International
System of Units) or SI units. There are many systems of
measurement, but the International System is by far the
most widely used and is internationally recognized. This
measurement system is based on the metric system. The
SI unit of measurement for length is the meter, abbrevi-
ated as m, which is about 3.28 ft or 39 in. One foot is
about 0.3048 m. Other units for length are the centimeter
(cm) and inch (in). There are 2.54 cm in an inch and 100
cm in a meter. For longer distances, lengths are often
measured in kilometers (km) or miles. There are 1000
m in a kilometer and 1.609 km in a mile.

Time

Time is another basic dimension we may have used to
describe aspects of the ball carrier’s run in our football
example. Time is an important dimension of performance
in almost all sports. In sports that involve races, time is the
performance measure. The athlete with the shortest time
from start to finish wins the race. In other sports, time is
an important determinant of success. A goalie’s reaction
and movement times in large part determine her suc-
cess in hockey, lacrosse, team handball, and water polo.
Similar situations exist for athletes in tennis, racquetball,
squash, and handball when they are attempting to return
the ball. Time may also be a dimension specified by the
rules of the activity, such as game time, time to begin a
play in American football, time-outs in basketball, time
in the penalty box in hockey, and time to initiate a throw
or jump in track and field.

Time can be measured in seconds, minutes, hours,
days, weeks, months, years, and so on. All of these units
of measure are based on the second, which is the SI unit
of measure for time, so we will use the second as our
unit of measure for time. We will abbreviate second as s.

We now have the basic dimensions required for
motion to occur: space and time—space to move in
and time during which to move. With measurements of
time and length, we can describe motion completely. If
we consider some of the descriptors we used to char-
acterize the motion of the running back in the football
example, many of them involved some measure of time
and length. Speed and velocity, for instance, are derived
from length and time and are expressed as some unit of
length per unit of time. Acceleration is also derived from
length and time measures. It is expressed as some unit of
length per unit of time multiplied by itself, or squared.
(If you don’t know the definition of speed, velocity, or

acceleration, don’t worry; these terms will be clearly
defined in chapter 2.)

Some of the descriptors used in our football example
were not really descriptors of the motion of the running
back, but rather of some aspects of the running back him-
self. These included the terms momentum, power; force,
inertia, mass, and weight. What are the basic dimensions
used in these descriptors?

Mass and Inertia

What quality of the football running back makes it dif-
ficult for him to start running and difficult for a tackler to
stop him from running? Something about the size of the
football player affects how difficult it is to start or stop
his motion. In mechanics, we refer to the property of an
object to resist changes in its motion as inertia. You may
have heard this word before or maybe even used it. Think
about how you used it. You probably used “inertia” to
indicate that something had a resistance or a reluctance to
change what it was doing. This is close to the mechanical
definition of inertia, but we must specify that the change
being resisted is a change in motion.

How is inertia measured? Let’s look at another example.
Who is more difficult to start or stop moving, an Olympic
shot-putter or an Olympic gymnast? Obviously, the shot-
putter is more difficult to move. That athlete has more
inertia. So, apparently, a larger object has more inertia
than a smaller object. But what do we mean by larger?
Well, maybe it’s the weight of the object that determines
its inertia. Not exactly—it is true that heavier objects have
more inertia, but weight is not the measure of inertia. Mass
is the measure of inertia, whereas weight is the measure
of the force of gravity acting on an object. On the moon,
the Olympic shot-putter would weigh less than he does on
earth, but he would still be just as difficult to start or stop
moving horizontally, so his mass is the same as on the earth.

:) Mass is the measure of inertia,
whereas weight is the measure of the
force of gravity acting on an object.

How important is mass in sport and exercise? Let’s
think about sports in which the athlete may have to
change the motion of something. The athlete may have
to change the motion of an implement such as a ball or
racket; change the motion of another athlete, as in football
or judo; or change the motion of his own body or body
parts. So the mass of the implement or athlete or body part
has a great effect on the execution of the performance,
because the mass of the object to be moved or stopped
determines how much effort is required to get the object
to move or to stop the object from moving.



The kilogram is the SI unit of measurement for mass.
You may have used the kilogram as a measure for weight
as well. Mechanically speaking, describing something as
weighing a certain number of kilograms is incorrect. In
the SI system, the kilogram is a unit of measure for mass,
not weight. Because weight is the force of gravity acting
on an object, the unit of measure for weight is the unit of
measure for force. Force and its units of measurement are
further described and defined in the next chapter, but its
units of measurement can be derived from the dimensions
of length, time, and mass. The kilogram is the SI unit of
measure for mass and is abbreviated as kg. One kilogram
weighs 2.2 pounds. One kilogram is 1000 grams.

We have now defined the three basic dimensions
used in the SI system of measurement as length, time,
and mass. Correspondingly, the three basic SI units of
measurement are the meter, the second, and the kilogram.
All other mechanical quantities and all other SI units used
in mechanics can be derived from these three dimensions
and their units of measurement. Tables showing the basic
dimensions and their ST units, as well as prefixes used in
the SI system, are included in appendix A. In the United
States, the three basic dimensions commonly used are
length, time, and force (rather than mass). The units of
measurement for these are the foot, the second, and the
pound. Conversions between the SI units of measure-
ment and other units of measurement, including those
commonly used in the United States, are presented in
appendix A.

Summary

Biomechanics is the study of forces and their effects on
living systems, whereas sport and exercise biomechan-
ics is the study of forces and their effects on humans

Intfroduction

in exercise and sport. Biomechanics may be a useful
tool for physical educators, coaches, exercise scientists,
athletic trainers, physical therapists, and others involved
in human movement. Application of biomechanics may
lead to performance improvement or the reduction and
rehabilitation of injury through improved techniques,
equipment, or training.

Biomechanics is a relatively new term that became
popular only in the 1960s. Biomechanical studies of
human movements were reported throughout the 20th
century. In the late 1960s and early 1970s, professional
societies devoted to biomechanics began meeting, and
journals devoted to biomechanics appeared. The advent
and widespread use of electronic digital computers made
biomechanical research more feasible throughout the
1970s and 1980s.

Sport and exercise biomechanics is concerned pri-
marily with that branch of mechanics called rigid-body
mechanics. Statics and dynamics are the subdivisions of
rigid-body mechanics. Kinematics and kinetics are the
further subdivisions of dynamics.

The fundamental dimensions used in mechanics are
length, time, and mass. The SI units of measurement
for these dimensions are the meter (m) for length, the
second (s) for time, and the kilogram (kg) for mass. All
the other dimensions we will be using in biomechan-
ics are derived from these three fundamental units. We
now have knowledge of the basic dimensions used in a
mechanical analysis of human movement. Carrying out
such an analysis may be difficult at this point, however.
In the chapters that follow, you will learn techniques that
will make the mechanical analysis of human movements
easier. Before you can do that, though, you need to have
a better understanding of forces—the topic of the next
chapter.

KEY TERMS

biomechanics (p. 3)
dynamics (p. 13)
inertia (p. 14)
kinematics (p. 13)
kinesiology (p. 10)

kinetics (p. 13)
mass (p. 14)

mechanics (p. 12)
rigid-body mechanics (p. 12)

sport and exercise
biomechanics (p. 3)

statics (p. 13)

weight (p. 14)
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REVIEW QUESTIONS
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Explain the difference between biomechanics and kinesiology.

In what ways will biomechanics be useful to you in your career?

Give an example of how a physical education teacher might use biomechanics.
Give an example of how a coach might use biomechanics.

Give an example of how an athletic trainer might use biomechanics.

Give an example of how a physical therapist might use biomechanics.

Give an example of how a personal trainer might use biomechanics.

What are the goals of sport and exercise biomechanics?

What are the methods for achieving the goals of sport and exercise biomechanics?

What professional societies are specifically concerned with biomechanics?

. What technology contributed to the growth of biomechanics in the 1970s?

What are the three basic dimensions in mechanics?

. What are the SI units for the three basic dimensions used in mechanics?

PROBLEMS

1. What is your height in meters?

® =N W

10.
11.
12.
13.

14.

15.

What is your mass in kilograms?

. The largest athlete at the 2012 London Olympics was judo athlete Ricardo Blas Jr. from Guam.

He weighed 480.5 pounds. What was his mass in kilograms?

In the Winter Olympic sport of curling, the rock’s mass is 18 kg. What is the rock’s weight in
pounds?

If you run a mile, how many meters have you run?
How many yards are there in a 400 m track?
How much longer is a 25 m pool than a 25 yd pool?

In 1993, Javier Sotomayor of Cuba set the high jump world record by clearing a height of
2.45 m. How high is that in feet and inches?

How much does a 100 kg mass weigh in pounds?

A marathon is 26 miles 385 yd. How many kilometers is this?
How many miles in 100 km?

How many centimeters in 1 yd?

The distance from goal line to goal line in an American football field is 100 yards. How many
meters is this?

The mass of an official basketball for women is 567 grams. How much does a women’s basket-
ball weigh in pounds?

A FIFA-approved size 5 soccer ball must have a circumference of 68.5 to 69.5 cm and a mass
of 420 to 445 grams.

a. What is the circumference in inches of a FIFA-approved size 5 soccer ball?

b. How much does a FIFA-approved size 5 soccer ball weigh in pounds?
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External Biomechanics

External Forces and Their Effects
on the Body and Its Movement

The movements of the body as
a whole are determined by the external
forces that act on the body. Part | concerns
these forces and the effects of these forces
on the body and its motion. Almost all of
this part of the book is devoted to rigid-
body mechanics and its applications to
human movement. Part | includes eight
chapters. The first four chapters deal with
linear kinematics and kinetics. Chapters 5
through 7 cover angular kinematics and
kinetics. Part | concludes with a discussion
of fluid mechanics in chapter 8. |
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chapter |

Forces

Maintaining Equilibrium or Changing Motion

objectives

When you finish this chapter, you should be able to do the following:

Define force

Classify forces

Define friction force

Define weight

Determine the resultant of two or more forces

Resolve a force into component forces acting at right angles to each other

Determine whether an object is in static equilibrium, if the forces acting on the object are known

Determine an unknown force acting on an object, if all the other forces acting on the object are
known and the object is in static equilibrium




A gymnast mainains a precarious position on one foot during a balance beam
routine. A rock climber clings by his fingertips to the face of a cliff. A cyclist is

motionless on her bicycle at the start of a race. A diver is supported only by his
toes on the edge of the diving board before executing a back dive. What are the
forces that act on each of these athletes? How do the athletes manipulate these
forces in order to maintain balance? The information presented in this chapter

provides you with the knowledge you need to answer these questions.

A'I- eve ry | N S'I-CI n'l- throughout our lives,

our bodies are subjected to forces. Forces are important
for motion because they enable us to start moving, stop
moving, and change directions. Forces are also important
even if we aren’t moving. We manipulate the forces acting
on us to maintain our balance in stationary positions. To
complete a biomechanical analysis of a human move-
ment, we need a basic understanding of forces: how to
add them to produce a resultant force, how to resolve
forces into component forces, and how forces must act
to maintain equilibrium.

What Are Forces?

Simply defined, a force is a push or a pull. Forces are
exerted by objects on other objects. Forces come in pairs:
The force exerted by one object on another is matched
by an equal but oppositely directed force exerted by the
second object on the first—action and reaction. A force is
something that accelerates or deforms an object. In rigid-
body mechanics, we ignore deformations and assume
that the objects we analyze do not change shape. So,
in rigid-body mechanics, forces do not deform objects,
but they do accelerate objects if the force is unopposed.
Mechanically speaking, something accelerates when it
starts, stops, speeds up, slows down, or changes direction.
So a force is something that can cause an object to start,
stop, speed up, slow down, or change direction.

= Simply defined, a force is a push or
a pull.

Our most familiar unit of measurement for force is
the pound, but the SI unit of measurement for force is
the newton, named in honor of the English scientist and
mathematician Isaac Newton (we’ll learn more about him
in chapter 3). The newton is abbreviated as N. One newton
of force is defined as the force required to accelerate a
1 kg mass 1 m/s?, or algebraically as follows:

1.ON = (1.0 kg)(1.0 m/s?) (1.1)

One newton of force is equal to 0.225 1b of force, or 1
Ib equals 4.448 N. You may remember the story of Isaac
Newton’s discovery of gravity when an apple fell on his
head. This story is probably not true, but it provides a
good way to remember the size of a newton. A typical
ripe apple weighs about 1 N.

Think about how to describe a force. For instance, sup-
pose you want to describe the force a shot-putter exerted
on a shot at the instant shown in figure 1.1. Would describ-
ing the size of the force provide enough information about
it to predict its effect? What else would we want to know
about the force? Some other important characteristics of
a force are its point of application, its direction (line of
action), and its sense (whether it pushes or pulls along
this line). A force is what is known as a vector quantity.
A vector is a mathematical representation of anything
that is defined by its size or magnitude (a number) and
its direction (its orientation). To fully describe a force,
you must describe its size and direction.

If we want to represent a force (or any other vector)
graphically, an arrow makes a good representation. The
length of the arrow indicates the size of the force, the
shaft of the arrow indicates its line of application, the
arrowhead indicates its sense or direction along that line
of application, and one of the arrow’s ends indicates the
point of application of the force. This is a good time to
emphasize that the point of application of the force also
defines which object the force is acting on (and thus
defines which of the pair of forces—action or reaction—
we are examining).

In this chapter and the next three chapters, we’ll sim-
plify rigid body mechanics even further by assuming that
the rigid bodies we analyze are point masses or particles.
The objects we’ll examine are not really point masses
or particles—they have a size and occupy space—but in
analyzing the objects as particles, we’ll assume that all
the forces acting on these objects have the same point of
application. Given these assumptions, the dimensions



and shape of the objects do not change the effect of the
forces acting on the object.

Classifying Forces

Now let’s consider the different types of forces and how
they are classified. Forces can be classified as internal
or external.

Internal Forces

Internal forces are forces that act within the object or
system whose motion is being investigated. Remember,
forces come in pairs—action and reaction. With internal
forces, the action and reaction forces act on different
parts of the system (or body). Each of these forces may
affect the part of the body it acts on, but the two forces
do not affect the motion of the whole body because the
forces act in opposition.

=) Internal forces are forces that act
within the object or system whose
motion is being investigated.

Force acting
on shot-putter

,

|
. \
Force acting )/

on shot

Figure 1.1 The forces acting on a shot-putter and a
shot at the instant before release.

Forces

In sport biomechanics, the objects whose motion we
are curious about are the athlete’s body and the imple-
ments manipulated by the athlete. The human body is a
system of structures—organs, bones, muscles, tendons,
ligaments, cartilage, and other tissues. These structures
exert forces on one another. Muscles pull on tendons,
which pull on bones. At joints, bones push on cartilage,
which pushes on other cartilage and bones. If pulling
forces act on the ends of an internal structure, the internal
pulling forces are referred to as tensile forces, and the
structure is under tension. If pushing forces act on the
ends of an internal structure, the internal pushing forces
are referred to as compressive forces, and the structure
is under compression. Internal forces hold things together
when the structure is under tension or compression.
Sometimes the tensile or compressive forces acting on a
structure are greater than the internal forces the structure
can withstand. When this happens, the structure fails
and breaks. Structural failure in the body occurs when
muscles pull, tendons rupture, ligaments tear, and bones
break.

We think of muscles as the structures that produce
the forces that cause us to change our motion. Actually,
because muscles can produce only internal forces, they
are incapable of producing changes in the motion of the
body’s center of mass. It is true that muscle forces can
produce motions of the body’s limbs, but these motions
will not produce any change in motion of the body’s
center of mass unless external forces are acting on the
system. The body is able to change its motion only if it
can push or pull against some external object. Imagine a
defensive player in basketball jumping up to block a shot
(see figure 1.2). If she has been fooled by the shooter and
jumps too early, she can’t stop herself in midair to wait
for the shooter to shoot. The only external force acting on
her in this case is gravity. She needs to touch something
to create another external force to counteract the force
of gravity. So she has to get her feet back on the ground.
Then she can push against the ground and create an
external reaction force that causes her to jump up again.
The ground provides the external force that causes the
change in motion of the basketball player.

Internal forces may be important in the study of exer-
cise and sport biomechanics if we are concerned about
the nature and causes of injury, but they cannot produce
any changes in the motion of the body’s center of mass.
External forces are solely responsible for that.

External Forces

External forces are those forces that act on an object
as a result of its interaction with the environment sur-
rounding it. We can classify external forces as contact
forces or noncontact forces. Most of the forces we think
about are contact forces. These occur when objects are
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Figure 1.2 A basketball player cannot change her
motion once she has jumped into the air.

touching each other. Noncontact forces are forces that
occur even if the objects are not touching each other.
The gravitational attraction of the earth is a noncontact
force. Other noncontact forces include magnetic forces
and electrical forces.

> External forces are those forces
that act on an object as a result of
its interaction with the environment
surrounding it.

In sports and exercise, the only noncontact force we
will concern ourselves with is the force of gravity. The
force of gravity acting on an object is defined as the
weight of the object. Remember that we defined 1 N of
force as the force that would accelerate a 1 kg mass 1 m/s?.
If the only force acting on an object is the force of the
earth’s gravity, then the force of gravity will accelerate
the object. This is the case when we drop something (if
the force of air resistance can be ignored). Scientists have

precisely measured this acceleration for various masses
at various locations around the earth. It turns out to be
about 9.81 m/s? (or 32.2 ft/s?) downward no matter how
large or small the object is. This acceleration is called
gravitational acceleration or the acceleration due to
gravity and is abbreviated as g.

—) Weight is the force of gravity acting
on an object.

Now let’s see if we can figure out the weight of some-
thing if we know its mass. If a 1 N force accelerates a
1 kg mass 1 m/s?, then how large is the force that would
accelerate a 1 kg mass 9.81 m/s?? Another way of asking
this question is, How much does 1 kg weigh?

7N = (1 kg)(9.81 m/s?) = Weight of 1 kg = Force of
gravity acting on 1 kg

If we solve this equation, we find that 1 kg weighs
9.81 N. On the earth, mass (measured in kilograms) and
weight (measured in newtons) are proportional to each
other by a factor of 9.81. The weight of an object (in
newtons) is its mass (in kilograms) times the acceleration
due to gravity (9.81 m/s?), or,

= W=mg 1.2)
where

W = weight (measured in newtons),
m = mass (measured in kilograms), and
g = acceleration due to gravity = 9.81 m/s>.

To estimate the weight of something, multiplying its
mass by 9.81 m/s?> may be difficult to do in your head. For
quick approximations, let’s round 9.81 m/s? to 10 m/s?
and use that as our estimate of the acceleration due to
gravity. This will make things easier, and our approxi-
mation won’t be too far off because our estimate of g is
only 2% in error. If more accuracy is required, the more
precise value of 9.81 m/s? should be used for g.

Contact forces are forces that occur between objects
in contact with each other. The objects in contact can
be solid or fluid. Air resistance and water resistance are
examples of fluid contact forces, which are further dis-
cussed in chapter 8. The most important contact forces
in sport occur between solid objects, such as the athlete
and some other object. For a shot-putter to put the shot,
the athlete must apply a force to it, and the only way
the athlete can apply a force to the shot is to touch it. To
jump up in the air, you must be in contact with the ground
and push down on it. The reaction force from the ground
pushes up on you and accelerates you up into the air.
To accelerate yourself forward and upward as you take
a running step, you must be in contact with the ground
and push backward and downward against it. The reac-



tion force from the ground pushes forward and upward
against you and accelerates you forward and upward.

Contact forces can be resolved into parts or compo-
nents—the component of force that acts perpendicular to
the surfaces of the objects in contact and the component
of force that acts parallel to the surfaces in contact. We
call the first component of contact force a normal contact
force (or normal reaction force), where normal refers to
the fact that the line of action of this force is perpendicular
to the surfaces in contact. During a running step, when
the runner pushes down and backward on the ground, the
normal contact force is the component of force that acts
upward on the runner and downward on the ground. The
second component of the contact force is called friction.
The line of action of friction is parallel to the two surfaces
in contact and opposes motion or sliding between the sur-
faces. So when the runner pushes down and backward on
the ground during a running step, the frictional force is the
component of force that acts forward on the runner and
backward on the ground (see figure 1.3). The frictional
force is the component of the contact force responsible
for changes in the runner’s horizontal motion. Frictional
forces are primarily responsible for human locomotion,
so an understanding of friction is important.

Friction

The frictional force just described is dry friction, which
is also referred to as Coulomb friction. Another type of
friction is fluid friction, which develops between two
layers of fluid and occurs when dry surfaces are lubri-
cated. The behavior of fluid friction is complicated; and
because fluid friction occurs less frequently in sport,
we will limit our discussion to dry friction. Dry friction
acts between the nonlubricated surfaces of solid objects

Friction force

Normal contact force

Figure 1.3 Normal contact force and friction force
acting on a runner’s foot during push-off.

Forces

or rigid bodies in contact and acts parallel to the contact
surfaces. Friction arises as a result of interactions between
the molecules of the surfaces in contact. When dry friction
acts between two surfaces that are not moving relative
to each other, it is referred to as static friction. Static
friction is also referred to as limiting friction when we
describe the maximum amount of friction that develops
just before two surfaces begin to slide. When dry friction
acts between two surfaces that are moving relative to each
other, it is referred to as dynamic friction. Other terms for
dynamic friction are sliding friction and kinetic friction.

Friction and Normal
Contact Force

Try self-experiment 1.1 to see how friction is affected by
normal contact force.

Self-Experiment 1.1

Let's do some experimentation to learn more about fric-
tion. Place a book on a flat horizontal surface such as a
desk or tabletop. Now push sideways against the book and
feel how much force you can exert before the book begins
to move. What force resists the force that you exert on the
book and prevents the book from sliding? The resisting
force is static friction, which is exerted on the book by
the table or desk. If the book doesn't slide, then the static
friction force acting on the book is the same size as the
force you exert on the book, but in the opposite direction.
So, the effects of these forces are canceled, and the net
force acting on the book is zero. Put another book on top
of the original book and push again (see figure 1.4). Can
you push with a greater force before the books begin to
move? Add another book and push again. Can you push
with an even greater force now? As you add books to the
pile, the magnitude (size) of the force you exert before
the books slide becomes bigger, and so does the static
friction force.

How did adding books to the pile cause the static
friction force to increase? We increased the inertia of the
pile by increasing its mass. This shouldn’t affect the static
friction force, though, because there is no apparent way
an increase in mass could affect the interactions of the
molecules of the contacting surfaces. It is these interac-
tions that are responsible for friction. We also increased
the weight of the pile as we added books to it. Could this
affect the static friction force? Well, increasing the weight
would increase the normal contact force acting between
the two surfaces. This would increase the interactions of
the molecules of the contacting surfaces, because they
would be pushed together harder. So it is not the weight
of the books that caused the increased static friction
force, but the increase in the normal contact force. If
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Figure 1.4 Adding books to the stack increases static
friction between the bottom book and the table.

we measured this normal contact force and the friction
force, we would find that the friction force is proportional
to the normal contact force. As one increases, the other
increases proportionally. This is true for both static and
dynamic friction.

In self-experiment 1.1, the friction force was hori-
zontal and the normal contact force was a vertical force
influenced by the weight of the books. Is friction force
only a horizontal force? Is the normal contact force
always vertical and related to the weight of the object
that friction acts on? Try self-experiment 1.2 to answer
these questions.

Self-Experiment 1.2

Now try holding the book against a vertical surface, such
as a wall (see figure 1.5). Can you do this if you push
against the book only with a horizontal force? How hard
must you push against the book to keep it from sliding
down the wall? What force opposes the weight of the
book and prevents the book from falling? The force of
your hand pressing against the book is acting horizontally,
so it can't oppose the vertical force of gravity pulling
down on the book. The force acting upward on the book
is friction between the book and the wall (and possibly
between the book and your hand). The force you exert
against the book affects friction since the book will slide
and fall if you don't push hard enough. Again we see
that friction is affected by the normal contact force—the
contact force acting perpendicular to the friction force
and the contact surfaces.

:) Friction force is proportional to the
normal contact force and acts per-
pendicular to it.

Friction and Surface Area

What else affects friction? What about surface area? Let’s
try another experiment (self-experiment 1.3) to see if

|
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Figure 1.5 Friction force between the book and the
wall and between the book and your hand is enough to
hold the book up.

increasing or decreasing surface area in contact affects
friction force.

Self-Experiment 1.3

Does surface area of contact affect friction? Take a hard-
back book and lay it on a table or desk. (It's important
that you use a hardback book.) Push the book back and
forth across the table and get a feeling for how large the
dynamic and static friction forces are. Try to exert only
horizontal forces on the book. Now, try the same thing
with the book standing on its end (as in figure 1.6). Use
a rubber band to hold the book closed, but don't let the
rubber band touch the table as you're sliding the book. Are
there any noticeable differences between the frictional
forces you feel with the book in its different orientations?
Try it with another hardback book.

With the different orientations in self-experiment 1.3,
the surface areas in contact between the book and table
varied dramatically, but friction did not change notice-
ably. In fact, dry friction, both static and dynamic, is not
affected by the size of the surface area in contact. This
statement is probably not in agreement with your intu-
itions about friction, but you have just demonstrated it
to yourself. If that isn’t enough to convince you that dry
friction is unaffected by surface area, let’s try to explain it.



Figure 1.6 A book on its end has a smaller area of
contact with the table. Does this reduced area of contact
affect the frictional force between the book and the table?

Dry friction arises due to the interaction of the mol-
ecules at the surface areas in contact. We have seen that
if we press these surfaces together with greater force, the
interactions of the molecules will be greater and friction
will increase. It makes sense to say that if we increase
the area of the surfaces in contact, we also increase the
number of molecules that can interact with each other,
and thus we create more friction. But if the force pushing
the surfaces together remains the same, with the greater
surface area in contact, this force is spread over a greater
area, and the pressure between the surfaces will be less
(pressure is force divided by area). So the individual
forces pushing each of the molecules together at the con-
tact surfaces will be smaller, thus decreasing the interac-
tions between the molecules and decreasing the friction.
This looks like a trade-off. The increase in surface area
increases the number of molecular interactions, but the
decrease in pressure decreases the magnitude of these
interactions. So the net effect of increasing surface area
is zero, and friction is unchanged.

> Dryfriction is not affected by the size
of the surface area in contact.

Friction and Contacting
Materials

Friction is affected by the size of the normal contact
force, but it is unaffected by the area in contact. What
about the nature of the materials that are in contact? Is
the friction force on rubber-soled shoes different than
the friction force on leather-soled shoes? Let’s try one
more experiment (self-experiment 1.4) to investigate how
the nature of the materials in contact affects the friction
force between them.

Forces

Self-Experiment 1.4

Let’s observe the difference between the frictions of a
book on the table and a shoe on the table. Place the book
on the table and put an athletic shoe on top of it. Push
the book back and forth across the table and get a feeling
for how large the dynamic and static friction forces are.
Now, put the shoe on the table, sole down, and place the
book on top of it. Push the shoe back and forth across
the table and get a feeling for how large the dynamic and
static friction forces are. Which produced larger frictional
forces with the table, the book or the shoe? What changed
between the two conditions? In the two conditions, the
weight and mass of the objects being moved (the shoe
and book) stayed the same. The surface area of contact
changed, but we have determined that friction is unaf-
fected by that. The variable that must be responsible for
the changes in the observed frictional force is the differ-
ence in the type of material that was in contact with the
table. Greater friction existed between the table and the
softer and rougher sole of the shoe than between the table
and the smoother and harder book cover.

One more observation about friction must be made.
When you moved the book back and forth across the
table in the self-experiments, was it easier to get the book
started or to keep the book moving? In other words, was
static friction larger or smaller than dynamic friction? It
was easier to keep the book moving than to get it started
moving, so static friction is larger than dynamic friction.

Let’s summarize what we now know about dry fric-
tion. Friction is a contact force that acts between and
parallel to the two surfaces in contact. Friction opposes
relative motion (or impending relative motion) between
the surfaces in contact. Friction is proportional to the
normal contact force pushing the two surfaces together.
This means that as the normal contact force increases, the
frictional force increases as well. If the normal contact
force doubles in size, the frictional force will double in
size also. Friction is affected by the characteristics of the
surfaces in contact. Greater friction can be developed
between softer and rougher surfaces than between harder
and smoother surfaces. Finally, static friction is greater
than dynamic friction. Mathematically, we can express
static and dynamic friction as

:> F=pR 1.3)
— F,=pR (1.4)
where

F = static friction force,

F,= dynamic friction force,

W = coefficient of static friction,

u, = coefficient of dynamic friction, and
R = normal contact force.
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The coefficient of friction is a number that accounts
for the different effects that materials have on friction.
Mathematically, the coefficient of friction, abbreviated
with the Greek letter mu, is just the ratio of friction force
to normal contact force.

— Mathematically, the coefficient of fric-
tion is the ratio of friction force over
normal contact force.

Friction in Sport and Human
Movement

Friction is an important force in every sport and human
movement. Locomotion requires frictional forces, so the
shoes we wear are designed to provide proper frictional
forces between our feet and the supporting surface. In
most athletic shoes, we want large frictional forces, so
the materials used for the soles have large coefficients of
friction. In some activities, such as dancing or bowling,
sliding is desirable, so the soles of the shoes used for these
activities have smaller coefficients of friction. In snow
skiing, we also want small frictional forces, so we wax the
bottoms of our skis to decrease the coefficient of friction.
In racket sports and other sports involving implements,
large frictional forces are desirable so that we don’t lose
hold of the implement. The grips are made of material
such as leather or rubber, which have large coefficients
of friction. We may even alter the grips to increase their
coefficients of friction by wrapping athletic tape on them,
spraying them with tacky substances, or using chalk on
our hands. Think about the variety of sports you have been
involved in and how friction affects performance in them.
In everyday activities, the friction between footwear and
floors is important in preventing slips and falls.

We now know about several of the various external
forces that can act on us in sport activities; gravity, fric-
tion, and contact forces are the major ones. In most sport
and exercise situations, more than one of these external
forces will act on the individual. How do we add up these
forces to determine their effect on the person? What is a
net force or a resultant force?

Addition of Forces:
Force Composition

The net force acting on an object is the sum of all the
external forces acting on it. This sum is not an algebraic
sum; that is, we can’t just add up the numbers that repre-
sent the sizes of the forces. The net force is the vector sum
of all the external forces. Remember that we define a force
as a push or pull, and that forces are vector quantities.
This means that the full description of a force includes its
magnitude (how large is it?) and its direction (which way

does it act?). Visually, we can think of forces as arrows,
with the length of the shaft representing the magnitude of
the force, the orientation of the arrow representing its line
of application, and the arrowhead indicating its direction
of action along that line. When we add vectors such as
forces, we can’t just add up the numbers representing
their sizes. We must also consider the directions of the
forces. Forces are added using the process of vector addi-
tion. The result of vector addition of two or more forces
is called a resultant force. The vector addition of all the
external forces acting on an object is the net force. It is
also referred to as the resultant force, because it results
from the addition of all the external forces. Now we will
learn how to carry out vector addition of forces.

) The vector addition of all the external
forces acting on an object is the net
force.

Colinear Forces

To begin our discussion of vector addition, let’s start with
a simple case that involves colinear forces. If you look
closely at the word colinear; you may notice that the word
line appears in it. Colinear forces are forces that have
the same line of action. The forces may act in the same
direction or in opposite directions along that line. Now
here’s the situation. You are on a tug-of-war team with
two others. You pull on the rope with a force of 100 N,
and your teammates pull with forces of 200 N and 400
N. You are all pulling along the same line—the line of
the rope. To find out the resultant of these three forces,
we begin by graphically representing each force as an
arrow, with the length of each arrow scaled to the size
of the force. First, draw the 100 N force that you exerted
on the rope. If you were pulling to the right, the force
you exerted on the rope might be represented like this:

100 N

—

Now draw an arrow representing the 200 N force. Put
the tail of this force at the arrowhead of the 100 N force.
Ifitis scaled correctly, this arrow should be twice as long
as the arrow representing the 100 N force.

100 N 200 N

s e

Now draw the arrow representing the 400 N force.
Put the tail of this force at the arrowhead of the 200 N
force. This arrow should be four times as long as the
arrow representing the 100 N force and twice as long as
the arrow representing the 200 N force. Your drawing
should look something like this:



100 N 200N 400 N

B

An arrow drawn from the tail of the 100 N force to the
tip of the 400 N force represents the resultant force, or
the vector sum of the 100 N, 200 N, and 400 N forces, if
we put the arrowhead on the end where it meets the tip
of the 400 N force.

700 N

»
-

If we measure the length of this arrow, it turns out to
be seven times as long as the 100 N force. The resultant
force must be a 700 N force acting to the right. But this
is what we would have found if we added the magnitudes
of the three forces algebraically:

100 N +200 N +400 N =700 N

Does that mean that vector addition and algebraic addi-
tion are the same? No! This is true only when the forces
all act along the same line and in the same direction.

:) When forces act along the same line
and in the same direction, they can
be added using regular algebraic
addition.

Now let’s consider the forces the opposing team exerts
on the rope. That team also consists of three members.
The forces they exert on the rope are to the left and are 200
N, 200 N, and 200 N, respectively. What is the resultant
of these three forces?

200 N 200 N 200 N
e e

600 N

<
<%

We can determine the resultant by graphically repre-
senting the three forces as arrows and connecting the tail
of the first arrow with the tip of the last arrow, as we did
previously. We could also have added the magnitudes of
the forces algebraically, because all three forces acted
along the same line in the same direction.

200N +200 N + 200 N =600 N

Now what is the resultant force acting on the rope as a
result of your team pulling to the right and the opposing
team pulling to the left? In this case, we have the three
forces from your team pulling to the right

100N 200N 400 N

B
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and the three forces from the opposing team pulling to
the left:

200 N 200N 200N

<4+ 44—

These forces are all still colinear because they act
along the same line, the line of the rope in this case. If we
follow the procedure we used before, we add the forces
graphically by lining the vectors up tip to tail. We have
done this for the three forces from your team. The tail
of the 200 N force is lined up with the tip of the 100 N
force, and the tail of the 400 N force is lined up with the
tip of the 200 N force. We have done this for the opposing
team’s forces as well. Now, to add up all of these forces,
we line up the tail of the 200 N force of the opposing
team with the tip of the 400 N force of your team (we also
could have lined up the tail of your 100 N force with the
tip of the 200 N force from the opposing team):

100 N 200N 400 N

» » »
L > >

< < <
~ < ¢

200N 200N 200N

We find the resultant force by drawing an arrow from
the tail of the 100 N force to the tip of the last 200 N
force, with the tip of the arrow at the end lined up with
the tip of the 200 N force and the tail at the end lined up
with the tail of the 100 N force:

100 N 200N 400 N

B

_—

Resultant 200 N 200N 200 N

If we measure the length of this resultant vector, we
see that it is the same length as the 100 N force. The
resultant force is 100 N to the right.

We could have arrived at the same resultant if we
replaced the forces exerted by your team with its 700 N
resultant force to the right and the forces by the opposing
team with its 600 N resultant force to the left.

700 N

>t
L ]

Resultant 600 N

Because all of the forces are acting along the same line,
the resultant force could also be found through algebraic
means. Now, rather than just adding up the forces as we
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did for each team, we must also consider the direction
in which the forces act. Let’s arbitrarily say that forces
acting to the right are positive. Then forces acting to the
left must be considered negative. So the resultant force
acting on the rope as a result of your team pulling on it
to the right and the opposing team pulling on it to the left
can now be determined algebraically by adding up the
positive forces from your team and the negative forces
from the opposing team.

100 N + 200 N + 400 N +
(=200 N) + (=200 N) + (=200 N) = +100 N

Adding a negative number is just like subtracting it,
so we could also write this as

100 N + 200 N + 400 N -
200 N =200 N —200 N =+100 N.

The positive sign associated with our answer of 100
N indicates that the resultant force acts in the positive
direction. We set up our positive direction to the right, so
the resultant force is a force of 100 N to the right.

If forces are colinear, we may add them using vector
addition by graphically representing each force as an
arrow and arranging the force arrows tip to tail. We
determine the resultant force by drawing an arrow from
the tail of the first force to the tip of the last force. This
arrow has its tip at the tip of the last force, and it represents
the resultant force. We may also add colinear forces alge-
braically if we take into account the senses of the forces
on the line along which they act by assigning positive or
negative signs to the magnitudes of the forces. Positive
forces act in one direction along the line, and negative
forces act in the opposite direction along the line.

Concurrent Forces

If forces do not act along the same line but do act through
the same point, the forces are concurrent forces. As long
as we model objects as point masses, the forces acting on

AlVIF PROBLEIV]

these objects will be considered colinear forces if they
act along the same line, and concurrent forces if they
do not act along the same line. It is not until chapter 5,
when we begin modeling objects as true rigid bodies
and not point masses, that the forces we consider can be
nonconcurrent forces.

Now let’s consider a situation in which the external
forces are not colinear but are concurrent. A gymnast is
about to begin his routine on the high bar. He jumps up
and grasps the bar, and his coach stops his swinging by
exerting forces on the front and back of the gymnast’s
torso. The external forces acting on the gymnast are the
force of gravity acting on the mass of the gymnast, a
horizontal force of 20 N exerted by the coach pushing
on the front of the gymnast, a horizontal force of 30 N
exerted by the coach pushing on the back of the gymnast,
and an upward vertical reaction force of 550 N exerted by
the bar on the gymnast’s hands. The gymnast’s mass is 50
kg. What is the net external force acting on the gymnast?

First, how large is the force of gravity that acts on the
gymnast? If you remember, earlier in this chapter we
said that the force of gravity acting on an object is the
object’s weight. What is the gymnast’s weight? Weight
is defined with equation 1.2

W=mg

where W represents weight in newtons, m represents mass
in kilograms, and g represents the acceleration due to
gravity, or 9.81 m/s. For a good approximation, we can
round 9.81 m/s? to 10 m/s* and make our computations
easier. If we want more accuracy, we should use 9.81 m/s?
rather than 10 m/s% So, using the rougher approximation
for g, the gymnast weighs

W = mg = (50 kg)(10 m/s?) = 500 kg m/s = 500 N.

This weight is a downward force of 500 N. We now
have all the external forces that act on the gymnast. A
drawing of the gymnast and all the external forces that
act on him is shown in figure 1.7.

A spotter assists a weightlifter who is attempting to lift a 1000 N barbell. The spotter exerts an 80 N upward
force on the barbell, while the weightlifter exerts a 980 N upward force on the barbell. What is the net

vertical force exerted on the barbell?

Solution

Assume that upward is the positive direction. The 80 N force and the 980 N force are positive, and the 1000
N weight of the barbell is negative. Adding these up gives us the following:

YF = (+80 N) + (+980 N) + (=1000 N) = 80 N + 980 N — 1000 N = +60 N

The symbol, X, that appears before the F in the above equation is the Greek letter sigma. In mathematics
it is the summation symbol. It means to sum or add up all items indicated by the variable following the X.
In this case, ZF means sum all of the forces or add up all of the forces.

The net vertical force acting on the barbell is a 60 N force acting upward.



550 N

20N ———» <4— 30N

W=500N

Figure 1.7 Free-body diagram showing the external
forces acting on a gymnast hanging from the horizontal

bar.

Now we can begin the process of determining the
resultant of these forces. Just as we did with the colinear
forces, we can represent each force graphically with an
arrow, scaling the length of the arrow to represent the
magnitude of the force, orienting the arrow to show its
line of application, and using an arrowhead to show its
sense or direction. As with the colinear forces, if we line
up the forces tip to tail, we can find the resultant. Let’s
do that. First, draw the 20 N horizontal force acting to
the right. Now draw the 550 N upward force so that its
tail begins at the head of the 20 N force. Draw the 30 N
horizontal force to the left so that the tail of this force
begins at the head of the 550 N force. Draw the 500 N
downward force of gravity so that the tail of this force
begins at the head of the 30 N force. You should now have
a drawing that looks something like figure 1.8.

30N
B A
=z zZ
o o
o w0
Yo [To]
4
—
20N

Figure 1.8 Graphic representation of all forces acting
on the gymnast.

Forces
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The head of the 500 N downward force and the tail of
the 20 N horizontal force do not connect. The resultant of
the four forces can be represented by an arrow connect-
ing the tail of the 20 N horizontal force (the first force
in our drawing) with the head of the 500 N downward
force (the last force in our drawing). Figure 1.9 shows the
construction of the resultant force. This resultant force
is directed from the tail of the 20 N horizontal force to
the head of the 500 N downward force. The resultant is
thus directed upward and slightly to the left. The size of
the resultant force is indicated by the length of its arrow.
Using the same scale that was used to construct the other
forces in figure 1.9, we can estimate that the magnitude
of the resultant force is about 51 N.

If we describe the direction of the resultant force as
“upward and slightly to the left,” we haven’t provided a
very precise description. Can the direction of the force
be described with more precision than that? We could
describe the angle that the force makes with a vertical line
or a horizontal line. Measuring clockwise from a vertical
line, this force is about 11° from vertical. This angular
description is much more precise than the description of
the force as “upward and slightly to the left.”

If vertical and horizontal forces act on a body, we
can add forces graphically, as we did to determine the
resultant force. Is there any way we can determine the
resultant force without using graphical means? Is there a
mathematical technique we can use? Let’s again consider
the four forces acting on the gymnast. Horizontally, there
are two forces acting: a 20 N force to the right and a 30
N force to the left. Vertically, there are also two forces
acting: a 500 N force downward and a 550 N force
upward. Can we just add up all of these forces algebra-
ically? If we did, we would have

20N +30N+500 N + 550 N =1100 N.

This is much different than what we determined
graphically. Maybe we need to consider the downward
forces as negative and the forces to the left as negative.
Using this method, we have

20N+ (-30N) + (-500 N) + 550 N =
20N-30N-500N+550 N =40 N.

This is much closer to the graphical result, but it still
is not correct. We also don’t know in which direction the
resultant acts. Let’s try one more method. Consider the
horizontal and vertical forces separately and determine
what the horizontal resultant force is and what the verti-
cal resultant force is. Now the problem is similar to the
colinear force problems we solved earlier.

Horizontally, we have a 20 N force acting to the right
and a 30 N force acting to the left. Previously, we arbi-
trarily decided that forces to the right were positive, and
we assigned a negative value to forces that acted to the
left, so the resultant horizontal force is

30N
A
=4 z
o o
o [Te)
Te) 0
Y ro=11°
Resultant
force
=~ 51N
20N

Figure 1.9 Graphic determination of resultant force

acting on the gymnast.



20N+ (-30N)=20N-30N=-10N.

The negative sign associated with this force indicates
that it acts to the left. The resultant horizontal force is 10
N acting to the left.

Vertically, we have a 500 N force acting downward
and a 550 N force acting upward. Let’s call upward our
positive direction and assign a negative value to the
downward force. The resultant vertical force is

(=500 N) + 550 N =+50 N.

The positive sign associated with this force indicates
that it acts in an upward direction. The resultant vertical
force is 50 N acting upward.

Using this method, the resultant force can be expressed
as a 10 N horizontal force acting to the left and a 50 N
vertical force acting upward. Is this equivalent to the 51
N resultant force that acts upward and slightly to the left
at 11° from vertical? How can a 51 N force be equivalent
to a 50 N force and a 10 N force? Add the horizontal
resultant force of 10 N and the vertical force of 50 N
graphically to determine their resultant force. Draw the
forces tip to tail, as shown in figure 1.10.

Now draw the resultant by connecting the tail of the
10 N horizontal force with the tip of the 50 N vertical
force. How does this force compare to the resultant shown
in figure 1.9? They look identical. Measure the resultant
in figure 1.10, and measure the angle it makes with the
vertical. The resultant force is about 51 N and makes an
angle of 11° with vertical. It is identical to the resultant
force shown in figure 1.9. Apparently, a 50 N force and
a 10 N force can be equivalent to a 51 N force.

Trigonometric Technique

Take a closer look at the shape created by the three
forces in figure 1.10. It’s a triangle. In fact, it’s a right
triangle—one of the angles in the triangle is a 90° angle.
The 90° angle is formed between the sides of the triangle
representing the horizontal resultant force and the vertical
resultant force. There are special relationships among the
sides of a right triangle. One of these relates the lengths
of the two sides that make the right angle to the length of
the side opposite the right angle. If A and B represent the
two sides that make up the right angle and C represents
the hypotenuse (the side opposite the right angle), then

A+ B> = 1.5)

This relationship is called the Pythagorean theorem.
For our force triangle, then, we can substitute 10 N for
A and 50 N for B and then solve for C, which represents
the resultant force.

(10N) + (SON) = C2
100 N2 + 2500 N2 = 2

Forces

50 N

10N

Figure 1.10 Vector sum of the net horizontal force and
net vertical force acting on the gymnast.

2600 N*> = C?
C=51N

This gives us an answer identical to what we got when
we actually measured the graphical representation of
the force.

Let’s take another look at the right triangle we ended
up with in figure 1.10. Besides the Pythagorean theorem,
there are other relationships between the sides and the
angles of a right triangle. If we know the lengths of any
two sides of a right triangle, we can determine the length
of the other side and the size of the angle between the
sides as well. Conversely, if we know the length of one
side of a right triangle and the measurement of one of
the angles other than the right angle, we can determine
the lengths of the other sides and the measurement of the
other angle using trigonometry. Trigonometry was not
a prerequisite for using this book, and the intent of this
book is not to teach you trigonometry, but a knowledge
of some of the tools of trigonometry will assist you in
the study of biomechanics.

Basically, what trigonometry tells us is that a ratio
exists among the lengths of the sides of right triangles
that have similar angles. Look at the right triangles in
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figure 1.11. They are all different sizes, but the angles
are all the same, and the sides all change proportionally.
If you lengthened one side of any of these triangles, you
would have to lengthen the other sides as well to keep the
angles of the triangle unchanged. So relationships exist
between the lengths of the sides of a right triangle and
the angles in a right triangle.

These relationships can be expressed as ratios of
one side to another for each size of angle that may exist
between two sides of a right triangle. Here are the rela-
tionships that may be helpful:

opposite side

sin 6=
hypotenuse (1.6)
adjacent side

cos =————— 1.7)
hypotenuse

tan 0 = opposite side (18)

adjacent side

In these equations, 4, which is pronounced “theta,”
represents the angle; opposite refers to the length of the
side of the triangle opposite the angle theta; adjacent
refers to the length of the side of the triangle adjacent
to the angle theta; and hypotenuse refers to the length
of the side of the triangle opposite the right angle. The
term sin refers to the word sine; cos refers to the word
cosine; and tan refers to the word tangent. Any modern
scientific calculator includes the functions for sine, cosine
and tangent. The right triangle in figure 1.12 has these
three sides labeled for you.

An easy technique for remembering these trigonomet-
ric relationships is the following sentence:

opposite side

Some Of His sinf =
hypotenuse
. ) adjacent side
Children Are Having cosf=———
hypotenuse
opposite side
Trouble Over Algebra. tanf=————

adjacent side

The first letter of each of these words matches the first
letter in each of the trigonometric variables listed in the
equations. You may know of other mnemonic devices for
memorizing these relationships.

Equations 1.6, 1.7, and 1.8 can be used to determine
the length of an unknown side of a right triangle if the
length of another side is known and one of the two angles
other than the 90° angle is known. If the angle and the
hypotenuse are known, the opposite side could be deter-
mined using equation 1.6, and the adjacent side could be
determined using equation 1.7.

If the sides of the right triangle are known, then the
inverse of the trigonometric function is used to compute
the angle:

Figure 1.11 Similar right triangles. The triangles are
different sizes, but the corresponding angles of each
triangle are the same.

0 = arcsin [opposue s1dej (1.9)
hypotenuse
( adjacent side j
6 =arccos | ——— (1.10)
hypotenuse
6 = arctan M (1.11)
adjacent side

The arcsine, arccosine, and arctangent functions are
used to compute one of the angles in a right triangle if
the lengths of any two sides are known.

Now let’s go back to the resultant forces acting on the
gymnast in figure 1.10. We used the Pythagorean theorem



Opposite

Adjacent

Figure 1.12 Parts of a right triangle.

to compute the size of the resultant force, 51 N. But in
what direction is it acting? Let’s determine the angle
between the 51 N resultant force (the hypotenuse of the
triangle) and the 10 N horizontal force (the adjacent side).
The 50 N vertical force is the side opposite the angle.
Using equation 1.11 gives the following:

adjacent side

0 = arctan [opposne s1de]

6= arctan(so N) 5
10N = arctan (5)

To determine the angle 6, we use inverse of the tangent
function or the arctangent. On most scientific calculators,
the arctangent function is the second function for the tan-
gent key and is usually abbreviated as tan™" or atan. Using
a calculator (make sure its angle measure is programmed
for degrees rather than radians), we find that

6 = arctan (5) = 78.7°.

The angles in a triangle add up to 180°. In a right
triangle, one angle is 90°, so the sum of the other two
angles is 90°. The other angle in this case is thus 11.3°
(i.e., 90° — 78.7°). This is pretty close to the value we
arrived at earlier using the graphical method when we
measured the angle directly with a protractor.

If forces are concurrent but not colinear, we can add
the forces to determine their resultant by graphically

Forces

representing the forces as arrows and arranging them tip
to tail. The resultant force will be represented by an arrow
drawn from the tail of the first force to the tip of the last
force represented. Alternatively, if the forces are directed
only horizontally or vertically, we can algebraically add
up all the horizontal forces to determine the resultant
horizontal force, then add up all the vertical forces and
determine the resultant vertical force. The size of the
resultant of these two forces can be determined using the
Pythagorean theorem, and its direction can be determined
using trigonometry.

Resolution of Forces

What if the external forces acting on the object are not
colinear and do not act in a vertical or horizontal direc-
tion? Look back at figure 1.1 and consider the forces
acting on a shot during the putting action. Imagine that
at the instant shown, the athlete exerts a 100 N force on
the shot at an angle of 60° above horizontal. The mass
of the shot is 4 kg. What is the net force acting on the
shot? First, we need to determine the weight of the shot.
Using the rough approximation for g, the shot weighs

W=mg = (4 kg)(10 m/s?) =40 N.

Now we can determine the net external force by graph-
ically adding the 40 N weight of the shot to the 100 N
force exerted by the athlete. Try doing this. Your graphic
solution should be similar to figure 1.13. If we measure
the resultant force, it appears to be about 68 N. It acts
upward and to the right at an angle a little less than 45°.

Is there another method we could use to determine this
resultant, as we did with the gymnast problem earlier?
Recall that the external forces acting on the gymnast
were all horizontal or vertical forces. In that problem,
we could just sum the horizontal forces and the vertical
forces algebraically to find the resultant horizontal and
vertical forces. In the shot-putting problem, we have
one vertical force, the shot’s weight, but the force from
the athlete is acting both horizontally and vertically. It is
pushing upward and forward on the shot. Because this
100 N force acts to push the shot both horizontally and
vertically, perhaps it can be represented by two different
forces: a horizontal force and a vertical force.

Graphical Technique

Let’s start by looking at the problem graphically. We want
to represent the 100 N force that acts forward and upward
at 60° above horizontal as a pair of forces. The pair of
forces we are trying to find are called the horizontal and
vertical components of this 100 N force. You are probably
familiar with the word component. Components are the
parts that make up a system. The horizontal and vertical
force components of the 100 N force are the parts that
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The vertical ground reaction force (normal contact force) acting under a runner’s foot is 2000 N, while the
frictional force is 600 N acting forward. What is the resultant of these two forces?

Solution:

Step 1: Draw the forces.

600 N
2000 N 600 N
4>
A
Step 2: Draw the resultant force. Let the two known forces represent two sides
of a box. Draw the other two sides of the box. The resultant force is the diagonal
of this box, with one end at the point of application of the other two forces.
o

2000 N

Step 3: Use the Pythagorean theorem (equation 1.5) to compute the size of the resultant force:
A’+B=C
(2000 N)* + (600 N)? = C*
4,000,000 N* + 360,000 N? = C?
4,360,000 N> = C?
2088 N=C

Step 4: Use the arctangent function (equation 1.11) to determine the
angle of the resultant force with horizontal:

0 = arctan opPos1te s.1de
adjacent side

( 2000 N j
6 = arctan| ———— | = arctan
600 N

=733 o

2088 N

2000 N

600 N



make up or have the same effect as the 100 N force. We
can think of the 100 N force as the resultant of adding the
horizontal and vertical components of this force. Let’s
draw the 100 N force as a vector, as shown in figure 1.14a.

Think about how we graphically determined the resul-
tant of two forces—we lined up the arrows representing

40N
Weight of shot

Figure 1.13 Graphic determination of resultant force
acting on the shot.

Forces

these forces end to end and then drew an arrow from the
tail of the first force arrow to the tip of the last force arrow
in the sequence. This last force arrow we drew was the
resultant. Now we want to work that process in reverse.
‘We know what the resultant force is, but we want to know
what horizontal and vertical forces can be added together
to produce this resultant.

Draw a box around the 100 N force so that the sides
of the box align vertically or horizontally and so that the
100 N force runs diagonally through the box from corner
to corner (see figure 1.145). Notice that the box is actu-
ally two triangles with the 100 N force as the common
side. In each triangle, the other two sides represent the
horizontal and vertical components of the 100 N force.
In the upper triangle, the 100 N resultant force is the
outcome when we start with a vertical force and add a
horizontal force to it. The tail of the vertical force is the
point of application of forces, and we add the horizontal
force to it by aligning the tail of the horizontal force to the
tip of the vertical force. In the lower triangle, the 100 N
force is the outcome when we start with a horizontal force
and add a vertical force to it. The tail of the horizontal
force is the point of application of the forces, and we add
the vertical force to it by aligning the tail of the vertical
force to the tip of the horizontal force. The triangles are
identical, so we can use either one. Let’s choose the lower
triangle. Put arrowheads on the horizontal and vertical
force components in this triangle (see figure 1.14¢). Now
measure the lengths of these force vectors. The horizontal
force component is about 50 N, and the vertical force
component is about 87 N.

=z
N~
[c)
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N

a b c Horizontal component = 50 N

Figure 1.14 Resolution of force exerted by shot-putter. (a) Resultant force. (b) Construction of force triangle. (c)

Resolution into component forces.
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Since we are working with a right triangle, the
Pythagorean theorem (equation 1.5) must apply.

A+ B*=C

For our force triangle, then, we can substitute 50 N for A,
87 N for B, and 100 N for C. Let’s check to see if it works.

(50 N)* + (87 N)* = (100 N)?
2500 N? + 7569 N? = 10,000 N>
10,069 N* = 10,000 N?

Although 10,069 doesn’t exactly equal 10,000, the dif-
ference is less than 1%. That’s pretty close, especially
considering our accuracy in measuring the length of
the force arrows. If the measurement accuracy were
increased, the difference between the two numbers would
become closer to zero.

To complete the original problem, we would include
the 40 N weight of the shot as a downward force. This
would be subtracted algebraically from the 87 N upward
component of the force exerted by the athlete. The result-
ing vertical force acting on the shot would be

(=40 N) + 87 N = +47 N.

A 47 N force acts upward on the shot. We still have the
50 N horizontal component of the force exerted by the
athlete. If we add this to the 47 N vertical force, using the
Pythagorean theorem (equation 1.5), we get

A+ B*=C

(S0NY + (47 Ny =
2500 N? + 2209 N? = C*
4709 N? = C*
C=68.6N

This is close to the answer we got when we used the
graphical technique to solve for the resultant force acting
on the shot in figure 1.13. In this problem, we actually
resolved a force into components, added these compo-
nents to other forces along the same lines, and then added
the resultant component forces back together to find the
net resultant force.

The process of determining what two force compo-
nents add together to make a resultant force is called force
resolution. We resolved a force into its components. The
word resolve sounds like re-solve, which is what we did.
We had the resultant force, and we solved the problem
backward—we re-solved it—to determine the forces
that added together to yield this resultant. But it was all
done graphically. We want a nongraphical technique for
doing this.

Trigonometric Technique

The force triangle we ended up with in figure 1.14c¢ is
aright triangle. Besides the Pythagorean theorem, there
are other relationships between the sides and the angles
of a right triangle. Some of these relationships can be
described by the sine, cosine, and tangent functions,
which were defined by equations 1.6, 1.7, and 1.8. Let’s
see if we can use any of these relationships to resolve the
100 N force that the shot-putter exerts on the shot into
horizontal and vertical components.

First, draw the 100 N force as an arrow acting upward
and to the right 60° above horizontal, as we did in figure
1.14a. Now, just as we did in figure 1.14), draw a box
around this force so that the sides of the box are horizontal
or vertical and the 100 N force runs diagonally through
the box from corner to corner. Let’s consider the lower
of the two triangles formed by the box and the 100 N
diagonal of the box (see figure 1.15). The 100 N force is
the hypotenuse of this right triangle. The horizontal side
of the triangle is the side adjacent to the 60° angle. The
length of this side can be found using the cosine function
defined by equation 1.7:

adjacent side
cos 0= adjacent side

hypotenuse

adjacent side
100 N

cos 60° =

(100 N) cos 60° = adjacent side
= horizontal force component

Using a scientific calculator (make sure its angle
measure is programmed for degrees rather than radians),
we find that the cosine of 60° is 0.500. Substitute this
number for cos 60° in the previous equation:

(100 N) cos 60° = (100 N)(0.500)
= adjacent side = 50 N

The horizontal component of the 100 N force is 50 N.
Now find the vertical component of the 100 N force. The
side of the triangle opposite the 60° angle represents the
vertical component of the 100 N force. We can find the
length of this side by using the sine function defined by
equation 1.6:

opposite side

sin 6=
hypotenuse

opposite side

sin 60 100N

(100 N) sin 60° = opposite side
= vertical force component



86.6 N

(100 N) sin 60°

L

(100 N) cos 60° = 50 N

Figure 1.156 Trigonometric resolution of force into
horizontal and vertical components.

If we compute the sine of 60° with our scientific calcula-
tor, we find that it equals 0.866. Substitute this number
for sin 60° in the last equation:

(100 N) sin 60° = (100 N)(0.866)
= opposite side = 86.6 N

The vertical component of the 100 N force is 86.6 N.

We can now determine the net force acting on the shot
by adding up all the horizontal forces to get the resultant
horizontal force and then adding up all the vertical forces
to get the resultant vertical force. The only horizontal
force acting on the shot is the horizontal component of
the 100 N force. This resultant horizontal force is thus
50 N. Two vertical forces act on the shot: the weight of
the shot acting downward (40 N) and the 86.6 N upward
vertical component of the 100 N force. If we add these
two forces, we get a resultant vertical force of 46.6 N
acting upward. Using the Pythagorean theorem, we can
then find the net force acting on the shot:

(50N)* + (46.6 N)* = C?
2500 N* + 2172 N? = C*
4672 N? = C*
C=684N

The net external force acting on the shot is 68.4 N.

Forces

To complete the problem we need to know the direc-
tion of this net external force. We can use a trigonometric
relationship to determine the angle this net force (68.4
N) makes with horizontal. The force triangle is made up
of the 46.6 N upward force (the opposite side); the 50 N
horizontal force (the adjacent side); and the resultant of
these two forces, the net force of 68.4 N (the hypotenuse).
The angle we are trying to determine is between the net
force and the horizontal force. Let’s use the arctangent
function (equation 1.11) to determine the angle:

0 = arctan opP051te S.lde
adjacent side

(46 6N
6 = arctan
50N

) = arctan (0.932)

0 =43°

The net external force acting on the shot is a force of 68.4
N acting forward and upward at an angle of 43° above
horizontal. This is almost identical to the answer we got
using the graphical techniques.

We now have two ways to resolve a force into its
components. We can do it graphically or through the
use of trigonometric relationships. Resolving forces into
components makes force addition easier, because we just
add up the horizontal forces algebraically to determine
the resultant horizontal force and add up the vertical
forces algebraically to determine the resultant vertical
force. In some instances, we may want to express the net
force acting on an object as a pair of forces: the resultant
horizontal force and the resultant vertical force. Then, if
we were interested in the horizontal motion of the object,
we would be interested only in the horizontal component
of the net force. Likewise, if we were interested in the
vertical motion of an object, we would be interested only
in the vertical component of the net force.

Static Equilibrium

You should now have an understanding of what a net
external force is and how to determine the net external
force acting on an object if all the external forces that act
on the object are known. The techniques you’ve learned
will be useful in our analysis of an object that is at rest
or moving with constant velocity (zero acceleration).
In each of these cases, the external forces acting on the
object are in equilibrium, and they result in a net force
of zero—if the net force wasn’t zero, the object would
be accelerating as a result of the forces. If the object is
at rest, the forces are in equilibrium and the object is
described as being in a state of static equilibrium. The
branch of mechanics dealing with the study of objects in
static equilibrium is called statics.
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The biceps muscle exerts a pulling force of 800 N on the radius bone of the forearm. The force acts at an
angle of 30° to the radius in an anterior and superior direction. How large is the component of this force
that pulls the radius toward the elbow joint, and how large is the component of this force that pulls per-
pendicular to the radius?

Solution:

Step 1: Draw the force and show the angle it makes with the radius.

800/V

30°

Step 2: Draw a box around the force with sides parallel to and perpendicular to the radius. The 800 N force
is the diagonal of the box. Two triangles are formed by the box and the 800 N diagonal. Choose the one
with the side along the radius. This is the force triangle.

)
0
Fy 4%
30°
—<
FX

Step 3: Use the cosine function to compute the force component pulling toward the elbow joint (the side
of the triangle parallel to the radius).

adjacent side
cos 0= adjacent sice

hypotenuse

cos30° = F
800 N

F_= (300 N) cos 30°
F =693 N

Step 4: Use the sine function to compute the force component pulling perpendicular to the radius (the side
of the triangle perpendicular to the radius).

opposite side

sin 6=
hypotenuse
. F
sin30° = —=
800 N

F = (800 N) sin 30°
F =400N



Statics enables us to analyze two types of situations.
In the first situation, we may know that an object, such as
a person, is not moving, but we may want to know what
external forces are acting on the person. An example of
this could be seen in gymnastics. A gymnast’s coach may
want to know how strong a gymnast must be to hold a
certain position, such as an iron cross. A static analysis
of the position would give the coach knowledge of the
forces the athlete would have to withstand to hold that
position. The coach could then test the athlete to deter-
mine if he was strong enough to react to the external
forces whose magnitudes were determined by the static
analysis. In the second situation, we may know what
forces act on the athlete but want to know if these forces
will result in static equilibrium. Let’s use the gymnast
example again. The coach may know how strong the
gymnast is and thus know how large the external forces
are to which the gymnast can react. A static analysis of
the position in question could then be done to determine
whether or not the gymnast’s strength is great enough to
hold that position.

Free-Body Diagrams

Let’s start with a simple situation to test our understand-
ing. A woman in skates is standing still on the ice. The
woman’s mass is 50 kg. What external forces act on her?
Perhaps a picture of the situation would help us visualize
the problem (see figure 1.16a).

One force that we know acts on the woman is the force
of gravity, which is the woman’s weight. Let’s indicate
that in the drawing with an arrow pointing downward
through the woman’s center of gravity. You probably
have some notion of what center of gravity is. We’ll
define it in more specific terms later, in chapter 5. For
now, we’ll say that the center of gravity of an object is
the imaginary point in space through which the force of
gravity acts on that object.

Is weight the only force acting on the woman? If it is,
then the woman should be accelerating downward 9.81
m/s? as a result of this force. Because she isn’t, another
force must be acting that cancels out the effect of the
weight. If you remember our discussion of types of forces
earlier in this chapter, we said that when two objects
touch each other, they may exert forces on each other.
The woman’s skates are touching the ice and exerting a
force on the ice. The ice is exerting a force on the woman
as well. This is the reaction force from the ice. If we drew
an arrow representing this force, it would be an upward
arrow whose arrowhead is just contacting the skates.
But does this arrow represent a force pushing up on the
skates or a force pulling up on the ice? This is confusing.
Because we are concerned only with the forces acting
on the skater, why don’t we just make a drawing of the
skater alone, isolated from the rest of the environment?
Any points where the skater touches something external

Forces

to her are places where external forces may be acting.
This is shown in figure 1.16b. In this drawing, it is clear
that the reaction force from the ice is acting only on the
skater and not on the ice. This type of drawing is called
a free-body diagram. It is a mechanical representation,
in this case, of the skater. The free-body diagram is a
valuable tool for doing mechanical analyses, so we’ll be
using free-body diagrams frequently.

:) In a free-body diagram, only the
object in question is drawn along
with all of the external forces that
act on it.

The free-body diagram of the woman on skates now
shows the two vertical forces that act on the skater: her
weight and the reaction force from the ice. Do any hori-
zontal forces act on her? What about friction? On ice,
friction is very small; and because the skater is not accel-
erating forward or backward, the frictional force under her
skates must be zero. The free-body diagram thus shows
all of the external forces that act on the skater. To draw a
free-body diagram of any situation, the system in question
(in this case, the skater) is isolated from the environment
(in this case, anything that is not the skater), and reaction
forces are drawn as arrows at the points of contact of the
system with the environment. The noncontact force of
gravity is also drawn as an arrow acting downward from
the center of gravity of the system.

Static Analysis

Now that we have shown all the external forces acting on
the skater, we can finish our analysis. If an object is not
moving, it is in static equilibrium. In static equilibrium,
acceleration is zero, and the sum of all external forces
acting on the object is zero. Mathematically, the situation
can be described with an equation:

=D 3F=0 (1.12)

This is the equation of static equilibrium. The term
XF represents the net external force (the resultant of
the external forces) or the vector sum of the external
forces. If the only external forces acting are colinear
forces, as in the situation with the ice-skater, we find the
vector sum of the external forces by simply adding them
algebraically. But the senses of the forces must be taken
into account. The sense of a force or any vector is the
direction in which the arrow of the force or vector points
along its line of action. For vertical forces—forces acting
up or down—Ilet’s give upward forces positive signs and
downward forces negative signs.

Getting back to the analysis, the upward reaction force
that the ice exerts on the skater has a positive sign, but
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Weight

Reaction
force

Figure 1.16 (a) A skater standing on the ice; (b) free-body diagram of the skater.

we don’t know how large the force is yet. That’s what
we want to find out. The downward force of gravity that
acts on the skater has a negative sign because it’s down-
ward. We said that the skater’s mass was 50 kg. What is
her weight? Remember we defined weight, W, with the
equation W = mg, where m represents mass in kilograms
and g represents acceleration due to gravity, or about 10
m/s? downward. So the skater’s weight is

W = mg = (50 kg)(~10 m/s?)
=-500 kg m/s> = —500 N.

We can now write the equilibrium equation for the ice-
skater:

YF=R+(-500N)=R-500N=0

where R represents the reaction force from the ice. Solv-
ing this equation for R gives us the following:

R-500N=0
R-500N+500N=0+500N
R=+500N

The reaction force from the ice is +500 N, exactly equal to
the weight of the skater but acting in the upward direction.
This is true in all situations of static equilibrium where
only two external forces act. The external forces must be
equal in size but act in opposite directions.

Here’s another example. An 80 kg weightlifter has
lifted 100 kg over his head and is holding it still. He and
the barbell are in static equilibrium. What is the reaction
force from the floor that must act on the weightlifter’s
feet? Draw the free-body diagram first. Should the barbell
be included in the free-body diagram of the weightlifter?
Because the problem concerns the reaction force between
the athlete’s feet and the floor, the system can be consid-
ered to be the weightlifter alone or the weightlifter and
the barbell. In both cases, the reaction force occurs at
the boundary between the environment and the system.

First, let’s try this analysis using a free-body dia-
gram of the weightlifter alone (see figure 1.17). Three
external forces act on the weightlifter: (1) the reaction
force from the floor acting upward on the athlete’s feet,
(2) the weight of the athlete acting downward through
the athlete’s center of gravity, and (3) the reaction force
from the barbell acting downward on the athlete’s hands.



Figure 1.17 Free-body diagram of a weightlifter alone.

With only one equilibrium equation, only one unknown
force can be determined, and in this situation we have
two unknown forces: the reaction force from the floor
and the reaction force from the barbell. The magnitude
of the athlete’s weight can be determined because we
know the athlete’s mass. The free-body diagram of the
weightlifter and its equilibrium equation must be used to
determine the reaction force from the floor. So another
equation must be used to determine the other unknown
force, the reaction force from the barbell.

To determine the reaction force from the barbell, a
free-body diagram of the barbell would be useful. The
external forces acting on the barbell are the weight of
the barbell and the reaction force from the hands acting
upward on the barbell. The free-body diagram of the
barbell is shown in figure 1.18.

Forces

W'  Weight of barbell

R' Reaction force

Figure 1.18 Free-body diagram of a barbell.

The weight of the barbell is
W'=mg = (100 kg)(—10 m/s?) = —=1000 N.

Now use the equilibrium equation to determine the reac-
tion force exerted by the hands on the barbell:

YF=R'+(—-1000N)=R'-1000N =0

R'—1000N + 1000 N =0+ 1000 N
R'=+1000 N

The reaction force from the hands is a 1000 N force acting
upward on the barbell. The force exerted by the hands on
the barbell is equal in magnitude but opposite in direction
to the force exerted by the barbell on the hands. Since the
force exerted by the hands on the barbell is 1000 N acting
upward, the reaction force exerted by the barbell on the
hands must be a force of 1000 N acting downward. We
can now solve for the reaction force from the floor. The
weight of the athlete is

W = mg = (80 kg)(~10 m/s?) = —800 N.

Now use the equilibrium equation to determine the reac-
tion force from the floor:

YF =R+ (1000 N) + (-800 N) =R — 1800 N=0
R— 1800 N + 1800 N =0 + 1800 N
R=+1800 N

The reaction force from the floor is an 1800 N force acting
upward on the weightlifter’s feet.

Now let’s consider the athlete and the barbell as a
system. In the free-body diagram, include the barbell.
The free-body diagram is shown in figure 1.19.

What external forces are shown in the free-body
diagram as acting on this system? The vertical reaction
force from the floor acting upward on the athlete’s feet
is one. This is the force whose magnitude we want to
determine. The other forces are the noncontact forces of
gravity that act vertically downward through the center of
gravity of the athlete and through the center of gravity of
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W'=1000 N

W=2800N

Figure 1.19 Free-body diagram of weightlifter with
barbell.

the barbell. We have already computed these gravitational
forces as the weight of the athlete, 800 N, and the weight
of the barbell, 1000 N. We can now use the equilibrium
equation to determine the reaction force from the floor:

YF =R+ (~800 N) + (~1000 N) = R — 1800 N =0
R—1800 N + 1800 N = 0 + 1800 N
R=1800N

The reaction force from the floor is a force of 1800 N
acting upward on the weightlifter. This force is exactly
equal to the combined weight of the athlete and the bar-
bell. Representing the athlete and the barbell as the system

in a free-body diagram was a less complicated way of
solving this problem, because the reaction force between
the hands and the barbell did not have to be computed.

Let’s try one more problem. Brian, a 200 kg strong-
man competitor, is competing in the truck pull event in a
strongman competition. Brian wears a harness attached
to a cable, and the cable is attached to a truck and trailer.
Brian is also using his hands to pull on a rope that is
attached to an immovable object in front of him. Brian
is attempting to move the truck, but it hasn’t yet started
moving and neither has Brian. Brian is in a state of static
equilibrium. Brian pulls forward and slightly upward on
the cable with a force of 2200 N acting at an angle of
14° above horizontal. Brian also pulls on the rope with
a horizontal force of 650 N. How much force does the
ground exert against Brian’s feet?

First, draw a free-body diagram of Brian and show the
external forces acting on him (see figure 1.20). Show the
force of gravity, or weight, acting on Brian. How large is
this force? Let’s be more precise now and use 9.81 m/s?
as our value for g.

W = mg = (200 kg)(-9.81 m/s?) = 1962 N

Now show the force that the cable from the truck
exerts against Brian. We know that the force Brian exerts
on the cable is 2200 N, but what is the force exerted by

W =mg
=1962 N

Figure 1.20 Free-body diagram showing external
forces acting on a strongman attempting to pull a truck.



the cable on Brian? Remember that forces come in pairs,
and the forces are equal in size but opposite in direction.
The force the cable exerts against Brian is 2200 N, but
it pulls backward and slightly downward at angle of 14°
below horizontal.

Now show the force that the rope exerts against Brian.
We know that Brian pulls back on the rope with a force
of 650 N, but what is the force exerted by the rope on
Brian? Again, remember that forces come in pairs, and
the forces are equal is size but opposite in direction. The
force the rope exerts against Brian is also 650 N, but it
pulls forward on Brian in the horizontal direction.

Are any other forces acting on Brian? What about
the ground reaction force? This force should be pushing
upward and forward on Brian. We don’t know the exact
direction of this force, only its general direction. Rather
than drawing this force as one force on the free-body
diagram, let’s represent the force with its horizontal and
vertical components—friction force (F ) and normal
contact force (R ), respectively. Are any other external
forces acting on Brian? No. In this situation, horizontal
and vertical forces are acting as well as the force from
the cable, which doesn’t pull straight horizontally or
vertically but at an angle.

A neat trick to simplify a problem like this is to use
two equilibrium equations: one to represent the horizontal
component of the net external forces and another for the
vertical component of the net external forces. In other
words, if there is no horizontal acceleration, this means
that the sum of all the horizontal forces must be zero; and
if there is no vertical acceleration, this means that the sum
of all the vertical forces must be zero. The equilibrium
equation (equation 1.12)

XF=0

becomes two equilibrium equations—one for horizontal
forces,

—) IF.=0, (1.13)

and one for vertical forces,

—J EF=0, (1.14)
where

2F = Net horizontal force = Horizontal compo-
nent of the net external forces and

ZF = Net vertical force = Vertical component of
the net external forces.

But, before we can make use of these equations in
our strongman problem, we have to make sure all of the
forces in the free-body diagram have been resolved into
horizontal and vertical components. All of the forces in

Forces

the free-body diagram shown in figure 1.20 are horizontal
or vertical with the exception of the 2200 N force from the
cable. Before we go any further, we have to resolve this
2200 N force into its vertical and horizontal components.
Do this by drawing a box around the 2200 N force with
the sides of the box horizontal or vertical. Two triangles
are formed by the box and the 2200 N diagonal. Choose
one of these triangles and use the sine and cosine func-
tions to compute the horizontal (P ) and vertical (P )
components of the 2200 N force. The subscript x refers
to horizontal or the horizontal component of a variable,
while the subscript y refers to vertical or the vertical
component of a variable.

P_= (2200 N)cos14°
P =2135N

P, = (2200 N)sin14°
P,=532N

Now redraw the free-body diagram of Brian and
replace the 2200 N force from the rope with its horizontal
and vertical components, P and P (see figure 1.21). We
are now ready to use the static equilibrium equations to
solve for the friction force (F ) and normal contact force
(R,) acting on Brian’s feet. The equilibrium equations
become

ZF =F +650N+(=2135N)=0
LF =F +650N-2135N=0
F =+1485N

and
LF =R +(-532N) + (-1962N) =0
LF =R -532N-1962N=0
R =+2494 N

where F| represents the static friction force exerted by
the ground and R represents the normal contact force.
A positive sign in the horizontal direction indicates that
the force is to the right or forward, and a negative sign
indicates that it is to the left or backward. A positive sign
in the vertical direction indicates that the force is upward,
and a negative sign indicates that it is downward.

So the reaction force that the ground exerts on Brian
can be represented by its component forces of 1485 N
forward and 2494 N upward. To complete our analysis,
we should determine the resultant of these two forces
and its direction. The magnitude of the resultant force
can be determined using the Pythagorean theorem (equa-
tion 1.5):
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W=1962 N

P,=2135N
<

Figure 1.21 Free-body diagram of the strongman
with all forces resolved into horizontal and vertical com-
ponents.

A+ B*=C

(1485 N)? + (2494 N)? = C*
2,205,225 N2 + 6,220,036 N? = C?
8,425,261 N? = C*

C=2903 N

The resultant reaction force exerted by the ground on
Brian is 2903 N. To fully describe this force, we must
describe its direction—the angle the force makes with
horizontal. When we resolved a force into its horizontal
and vertical components, we knew the angle and used
trigonometry to compute the components. Now, we know
the components and want to find the angle. To determine
the angle 6 we use the inverse of the tangent function or
the arctangent. On most scientific calculators, the arctan-
gent function is the second function for the tangent key
and is usually abbreviated as tan™!. We know that

opposite side

tan 6 = —; -
adjacent side
2494 N

tanf = ———
1485 N

( 2494 N )
0 = arctan

1485 N
0 = arctan(2.0162) = 59°

The resultant force exerted by the ground on Brian is a
force of 2903 N acting forward and upward on Brian at
an angle of 59° from horizontal.

Let’s summarize the steps involved in determining
reaction forces in a static situation. First, isolate the
system in question from the environment and draw a
free-body diagram. Show all the external forces that
act on the system. Don’t forget the gravitational forces
(weights). If the external forces that act on a system are
all colinear, only one equilibrium equation needs to be
used; otherwise, use the equilibrium equation for the
horizontal direction and the equilibrium equation for the
vertical direction. Resolve any forces that are not vertical
or horizontal into horizontal and vertical components.
Positive and negative signs associated with forces are
determined by the direction of the forces. Solve the
equilibrium equations using algebra. Use the Pythago-
rean theorem to compute the vector sum of the resultant
horizontal force and the resultant vertical force. Use the
arctangent function to determine the direction of this force
(the angle it makes with horizontal). Alternatively, the
reaction forces can be solved using the graphical methods
discussed early in the chapter to demonstrate force addi-
tion and force resolution. Either method is acceptable,
and the two methods should give the same result.

Summary

Forces are pushes or pulls. They are vector quantities,
so they are described by a size and a direction of action.
Use arrows to represent forces graphically. Internal forces
hold things together and cannot cause changes in the
motion of a system. External forces may cause changes
in the motion of the system. The most commonly felt
external forces are gravity and contact forces. Friction
and the normal reaction force are the two components of
a contact force. Forces are added with the use of vector
addition. We can accomplish this using graphical tech-
niques, or using algebra if the forces are resolved into
horizontal and vertical components. If the net external
force acting on an object is zero, the object is standing
still or moving in a straight line at constant velocity. If the
object is standing still, it is in a state of static equilibrium,
and the external forces acting on it are balanced and sum
to a net force of zero. If the external forces acting on an
object do not balance (i.e., they do not sum to zero), the
object is not in equilibrium and will change its state of
motion. In the next chapter, you will learn about motion
and how it is described. Then you will be able to analyze
objects that are not in equilibrium.



KEY TERMS

acceleration due to gravity external forces (p. 21) net force (p. 26)

(g) (p.22) force (p. 20) resultant force (p. 26)
colinear forces (p. 26) free-body diagram (p. 39) static equilibrium (p. 37)
compressive forces (p. 21) friction (p. 23) static friction (p. 23)
concurrent forces (p. 28) gravitational acceleration (g) (p. 22) tensile forces (p. 21)
contact forces (p. 22) internal forces (p. 21) tension (p. 21)
dynamic friction (p. 23) limiting friction (p. 23) vector (p. 20)
REVIEW QUESTIONS

1. The SI unit of measurement for force is named after what English mathematician and scientist?
2. What is the difference between mass and weight?

3. How does the total weight of a team affect the result of a tug-of-war contest?

4. One technique for initiating a turn in downhill skiing involves flexing at the knees and hips so that

10.

the skier “drops” towards the skis. Explain how this "unweighting" action affects the frictional
force between the skier’s skis and the snow.

. For three different activities, describe the ways in which friction force is either enhanced or

diminished by the design of the implement used or by the actions of the person.

Which technique is better for sliding a heavy object across the floor, pushing forward and upward
on the object or pushing forward and downward on the object? Why?

/ or\

. In cars without antilock braking systems (ABS), it is possible to stomp on the brake pedal and

cause the wheels to lock. This causes the tires to skid on the pavement. If you want to stop a
moving car (without ABS) in the shortest distance possible, which technique is better—stomping
on the brakes and skidding the tires or pumping the brakes and slowing the wheels down but
not skidding the tires? Why?

. A simple way to determine the coefficient of limiting friction between two materials is to place

an object made from one of the materials on a flat surface made of the other material. The flat
surface is then slowly tilted until the object on it begins to slide. The angle the flat surface makes
with horizontal is measured at the instant the sliding begins. This angle is sometimes called the
angle of friction. Using trigonometric techniques, how is this angle algebraically related to the
coefficient of limiting friction?

Can the vector sum (the resultant) of two forces ever be equal to the algebraic sum of the two
forces? Explain.

Can the vector sum (the resultant) of two forces ever be larger than the algebraic sum of the two
forces? Explain.
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11.
12.

Draw a free-body diagram of a runner at the instant of foot touchdown.

Draw a free-body diagram of a baseball catcher at the instant the ball strikes his glove.

PROBLEMS

1.

When offensive lineman Aaron Gibson reported to the Buffalo Bills in 2006, he was the largest
NFL player ever with a mass of 186 kg. What was Aaron’s weight?

. Atthe 2008 Beijing Olympics, Matthias Steiner of Germany won the gold medal in weightlifting

in the unlimited weight class (>105 kg). He lifted 203 kg in the snatch and 258 kg in the clean
and jerk for a total of 461 kg. How much does 461 kg weigh?

Fitness instructor Kim weighs 491 N. What is her mass?

Mairin is a 55 kg road cyclist. Her bicycle weighs 100 N. What is the combined weight of Mairin
and her bicycle?

. The coefficient of static friction between Jimmy’s hand and his tennis racket is 0.45. How hard

must he squeeze the racket (what is R?) if he wants to exert a total force of 200 N along the
longitudinal axis of the racket?

R="7

The coefficient of static friction between the sole of Ken’s shoes and the basketball court floor
is 0.67. If Ken exerts a normal contact force of 1400 N when he pushes off the floor to run down
the court, how large is the friction force exerted by Ken’s shoes on the floor?

. Emma is working in a shoe test lab measuring the coefficient of friction for tennis shoes on a

variety of surfaces. The shoes are pushed against the surface with a force of 400 N, and a sample
of the surface material is then pulled out from under the shoe by a machine. The machine pulls
with a force of 300 N before the material begins to slide. When the material is sliding, the machine
has to pull with a force of only 200 N to keep the material moving.

a. What is the coefficient of static friction between the shoe and the material?

b. What is the coefficient of dynamic friction between the shoe and the material?

l400 N

I ] == F =300 N
or
F=200N




10.

11.

12.

13.

. Billy is trying to slide an 80 kg box of equipment across the floor. The coefficient of static fric-

tion between the box and the floor is 0.55. If Billy pushes only sideways (horizontally) against
the box, how much force must he push with to initiate movement of the box?

A sprinter is just coming out of the starting block, and only one foot is touching the block. The
sprinter pushes back (horizontally) against the block with a force of 800 N and pushes down
(vertically) against the block with a force of 1000 N.

a. How large is the resultant of these forces?
b. What is the direction of the resultant force?

1000 N

—>

/\ == 800 N

The sprinter from problem 9 is now out of the blocks and running. If the coefficient of static fric-
tion between the track shoe and the track is 0.80, and the sprinter exerts a vertical force of 2000
N downward on the track, what is the maximum horizontal force he can generate under his shoe?

Katie exerts a 400 N upward force on a 700 N barbell that is resting on the floor. The barbell
does not move. How large is the normal contact force exerted by the floor on the barbell?

Daisy walks across a force platform, and the forces exerted by her foot during a step are recorded.
The peak vertical reaction force is 1200 N (this force acts upward on Daisy). At the same instant,
the braking frictional force is 200 N (this force acts backward on Daisy).

a. How large is the resultant of these forces?

b. What is the direction of the resultant force?

200 N

1200 N

The quadriceps pulls on the patella with a force of 1000 N while the patellar tendon pulls on the
patella with a force of 1000 N also. The knee is in a flexed position, so the angle between these
two forces is 120°. A compressive force from the femoral condyles is the only other significant
force acting on the patella. If the patella is in static equilibrium, how large is the compressive
force exerted by the femoral condyles on the patella?

47



48

Quadriceps

Patellar
tendon

14. The ground reaction force acting on Carter during his long jump is 4500 N acting forward and
upward at an angle of 78° from horizontal. Carter’s mass is 70 kg. Other than gravity, this is the

only external force acting on Carter.
a. What is the vertical component of this ground reaction force?
b. What is the horizontal component of this ground reaction force?

How big is the net force, the sum of all the external forces, acting on Carter?

C.

4500 N

78°

15. Three athletes are tugging on a ring. Martha pulls with a force of 150 N directly north. Evelyn
pulls with a force of 100 N directly east. Sara pulls with a force of 200 N directly southwest

(225° clockwise from north).



a. How big is the resultant of the three forces?
b. What is the direction of the resultant force?

16. Brian is trying to pull Julie on a sled across a flat, snowy field. Brian pulls on a rope attached to
the sled. His pulling force is directed forward and upward at an angle of 30° above horizontal.
Julie’s mass is 50 kg, and the sled's mass is 8 kg. If the coefficient of static friction between the
sled runners and the snow is 0.10, how much force must Brian exert on the rope to start moving
the sled?

30°

17. Amy is in a tuck and skiing straight down a 30° slope. Air resistance pushes backward on her
with a force of 10 N. The coefficient of dynamic friction between her skis and the snow is 0.08.
Amy’s mass is 60 kg. What is the resultant of the external forces that act on Amy?
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18. A golf club makes impact with a 0.045 kg golf ball during a drive off the tee. The loft angle of
the club (the angle between the club face and vertical) is 10°. The normal contact force exerted
by the club on the ball is a 7500 N force directed forward and upward 10° above horizontal.
The friction force exerted by the club on the ball is 700 N directed forward and downward 80°

below horizontal.
a. What is the magnitude of the vector sum of the two club head forces acting on the golf ball?

b. What is the direction of this resultant force?




chapter 2

Linear Kinematics

Describing Objects in Linear Motion

objectives

When you finish this chapter, you should be able to do the following:
e Distinguish between linear, angular, and general motion
e Define distance traveled and displacement and distinguish between the two
e Define average speed and average velocity and distinguish between the two
e Define instantaneous speed and instantaneous velocity
e Define average acceleration
¢ Define instantaneous acceleration

* Name the units of measurement for distance traveled and displacement, speed and velocity, and
acceleration

* Use the equations of projectile motion to determine the vertical or horizontal position of a pro-
jectile given the initial velocities and time




The world'’s best female sprinters are lined up at the starting line in the 100 m
dash finals at the Olympic Games. The winner will earn the title of world'’s fastest
woman. The starter’s pistol goes off, and Shelly-Ann jumps into an early lead. At

50 m she has a 1 m lead on the other runners. But during the last 40 m of the race,
Carmelita slowly reduces that lead. At the finish, Shelly-Ann finishes less than 1 m
ahead of Carmelita and wins the race. Shelly-Ann wins the title of world'’s fastest
woman, but was her top speed really faster than Carmelita’s? Whose acceleration
was greater? Were both athletes accelerating during the entire race? Did either
athlete decelerate? What performance parameters could be used to account for
the last 40 m of the race? These questions concern the kinematic measures of

performance covered in this chapter.

Th | S Ch a pfel’ |S about the subbranch of

mechanics called kinematics. Dynamics is the branch of
rigid-body mechanics concerned with the mechanics of
moving objects. Kinematics, the topic of this chapter, is
the branch of dynamics concerned with the description of
motion. The outcomes of many sporting events are kine-
matic measures, so an understanding of these measures is
important. Some of the kinematic terminology introduced
in this chapter may sound familiar to you (speed, veloc-
ity, acceleration, and so forth). You may believe that you
already know all about these terms, but we will be using
them in specific ways. The precise mechanical definitions
may not agree with the meanings you associate with the
terms, and there will be misunderstandings unless our
definitions agree. With that in mind, let’s begin.

=) Kinematics is the branch of dynam-
ics concerned with the description
of motion.

Motion

What is motion? Can you define it? We might define
motion as the action or process of a change in position.
Movement is a change in position. Moving involves a
change in position from one point to another. Two things
are necessary for motion to occur: space and time—space
to move in and time during which to move. To make the
study of movement easier, we classify movements as
linear, angular, or both (general).

Linear Motion

Linear motion is also referred to as translation. It occurs
when all points on a body or object move the same

distance, in the same direction, and at the same time.
This can happen in two ways: rectilinear translation or
curvilinear translation.

Rectilinear translation is the motion you probably
would think of as linear motion. Rectilinear translation
occurs when all points on a body or object move in a
straight line so that the direction of motion does not
change, the orientation of the object does not change, and
all points on the object move the same distance.

Curvilinear translation is very similar to rectilinear
translation. Curvilinear translation occurs when all points
on a body or object move so that the orientation of the
object does not change and all points on the object move
the same distance. The difference between rectilinear and
curvilinear translation is that the paths followed by the
points on an object in curvilinear translation are curved,
so the direction of motion of the object is constantly
changing, even though the orientation of the object does
not change.

Try to think of some examples of linear motion in
sports or human movement. What about a figure skater
gliding across the ice in a static position? Is her motion
rectilinear or curvilinear? What about a sailboarder zip-
ping across the lake in a steady breeze? Is it possible for
the sailboarder’s motion to be rectilinear? What about a
bicyclist coasting along a flat section of the road? (In each
of these examples, it is possible for the athletes to achieve
rectilinear motion.) Can you think of any examples of
curvilinear motion? Can a gymnast on a trampoline
experience linear motion? How? What about a diver? A
ski jumper? A skateboarder rolling along a flat section of
concrete? An in-line skater? (It’s possible for the gym-
nast, diver, and ski jumper to achieve curvilinear motion.
The gymnast, diver, skateboarder, and in-line skater can
achieve both rectilinear and curvilinear motion. The ski



jumper can achieve rectilinear motion during the in-run
to the jump, and curvilinear motion during the flight
phase of the jump.)

To determine whether a motion is linear, imagine
two points on the object in question. Now imagine a
straight line connecting these two points. As the object
moves, does the line keep its same orientation; that is,
does the line point in the same direction throughout the
movement? Does the line stay the same length during the
movement? If both of these conditions are true throughout
the movement, the motion is linear. If both points on the
imaginary line move in parallel straight lines during the
motion, the motion is rectilinear. If both points on the
imaginary line move in parallel lines that are not straight,
the motion is curvilinear. Now try to think of more
examples of linear motion in sport. Would you classify
the motions you thought of as rectilinear or curvilinear?

Angular Motion

Angular motion is also referred to as rotary motion or
rotation. It occurs when all points on a body or object
move in circles (or parts of circles) about the same fixed
central line or axis. Angular motion can occur about an
axis within the body or outside of the body. A child on a
swing is an example of angular motion about an axis of
rotation external to the body. An ice-skater in a spin is
an example of angular motion about an axis of rotation
within the body. To determine whether or not a motion
is angular, imagine any two points on the object in ques-
tion. As the object moves, are the paths that each of these
points follow circular? Do these two circular paths have
the same center or axis? If you imagine a line connect-
ing the two imaginary points, does this line continuously
change orientation as the object moves? Does the line
continuously change the direction in which it points? If
these conditions are true, the object is rotating.

Examples of angular motion in sports and human
movement are more numerous than examples of linear
motion. What about a giant swing on the horizontal bar?
Are parts of this motion rotary? What about individual
movements of our limbs? Almost all of our limb move-
ments (if they are isolated) are examples of angular
motion. Hold your right arm at your side. Keeping your
upper arm still, flex and extend your forearm at the elbow
joint. This is an example of angular motion. Your forearm
rotated about a fixed axis (your elbow joint). During the
flexing and extending, your wrist moved in a circular path
about your elbow joint. Every point on your forearm and
wrist moved in a circular path about your elbow joint.
Consider each limb and the movements it can make when
movement about only one joint is involved. Are these
movements rotary—that is, do all the points on the limb
move in circular paths about the joint?

Linear Kinematics

Let’s consider motion about more than one joint. Is the
limb’s motion still angular? Extend your knee and hip at
the same time. Was the movement of your foot angular?
Did your foot move in a circular path? Was the motion
of your foot linear?

General Motion

Combining the angular motions of our limbs can produce
linear motions of one or more body parts. When both
the knee and hip joints extend, you can produce a linear
motion of your foot. Similarly, extension at the elbow and
horizontal adduction at the shoulder can produce a linear
motion of the hand. General motion is a combination
of linear and angular motions. Try self-experiment 2.1.

Self-Experiment 2.1

Grab hold of a pencil that is lying flat on a desk or a table.
While keeping the pencil flat on the table, try to move the
pencil rectilinearly across the table. Can you do it? You
produced that motion by combining angular motions of
your hand, forearm, and upper arm. The total motion of
our limbs is called general or mixed motion.

General motion is the most common type of motion
exhibited in sports and human movement. Running and
walking are good examples of general motion. In these
activities, the trunk often moves linearly as a result of
the angular motions of the legs and arms. Bicycling is
another example of general motion. Think of various
human movements in sports and consider how you would
classify them.

Classifying motion as linear, angular, or general
motion makes the mechanical analysis of movements
easier. If a motion can be broken down into linear com-
ponents and angular components, the linear components
can be analyzed using the mechanical laws that govern
linear motion. Similarly, the angular components can be
analyzed using the mechanical laws that govern angular
motion. The linear and angular analyses can then be
combined to understand the general motion of the object.

) Classifying motion as linear, angular,
or general motion makes the mechan-
ical analysis of movements easier.

Linear Kinematics

Now let’s examine linear motion in more detail. Linear
kinematics is concerned with the description of linear
motion. Questions about speed, distance, and direction
are all inquiries about the linear kinematics of an object.
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Try self-experiment 2.2 to identify some of the charac-
teristics of linear motion.

Self-Experiment 2.2

How would you describe something that is moving? Roll
a ball across the floor. Describe its movement. What
words do you use? You might describe how fast or slow
it is going, mention whether it is speeding up or slowing
down, and note that it is rolling and not sliding. You also
might say something about where it started and where it
might end up. Or you might describe its direction: "It's
moving diagonally across the room," or "It's moving
toward the wall or toward the door." After it stops, you
might say how far it traveled and how long it took to get
to where it went. All of the terms you used to describe the
motion of the ball are words that concern the kinematics
of linear motion.

Position

The first kinematic characteristic we might describe about
an object is its position. Our definition of motion—the
action or process of change in position—refers to posi-
tion. Mechanically, position is defined as location in
space. Where is an object in space at the beginning of
its movement or at the end of its movement or at some
time during its movement? This may not seem like
such an important characteristic at first, but consider
the importance of the positions of players on the field
or court in sports such as football, tennis, racquetball,
squash, soccer, field hockey, ice hockey, and rugby. The
strategies employed often depend on where the players
on each team are positioned.

Let’s start with a simple example. Consider a runner
competing in a 100 m dash (see figure 2.1). How would
you go about describing the runner’s position during the
race? You might describe the runner’s position relative
to the starting line: “She’s 40 m from the start.” Or you
might describe the runner’s position relative to the finish
line: “She’s 60 m from the finish.” In both cases, you
have used a measure of length to identify the runner’s
position relative to some fixed, nonmoving reference.*
The references were the starting line and the finish line.
Some concept of direction was also implied by your
description and the event itself. When you say the runner
is 40 m from the start, this is usually interpreted to mean

“Are these really fixed, nonmoving references? Relative to the surface
of the earth they are, but the earth itself is moving around the sun in
the solar system. And the solar system is moving in the galaxy. And the
galaxy is moving in the universe. So, it is difficult to define a position
in terms of an absolute nonmoving reference frame. For our purposes,
however, we will consider anything that doesn't move relative to the
earth's surface a fixed reference.

that the runner is 40 m in front of the start and toward the
finish line. Mechanically, if we used the starting line as
our reference, we would say that the runner is at +40 m.
If the runner was on the other side of the starting line, we
would describe the runner’s position as —40 m. We use
the positive and negative signs to indicate which side of
the starting line the runner is on.

This example of the 100 m dash is only one-dimen-
sional. We were concerned about only one dimension—
the dimension from the starting line to the finish line.
Only one number was required to identify the position
of the runner in the race. Now let’s consider a two-
dimensional situation. Imagine you are watching a game
of American football. A running back has broken out of
the backfield and is running toward the goal line. He is
on the opposing team’s 20 yd line. To describe his posi-
tion, you would say he is 20 yd from the goal line. But to
fully describe his position, you would also have to give
information about his location relative to the sidelines.
Using the left sideline as a reference, you could then
describe his position as 20 yd from the goal line and 15
yd from the left sideline. This is shown in figure 2.2a.

In this situation, it might be helpful to set up a Car-
tesian coordinate system to help identify the location
of the runner. Cartesian coordinates are named after
René Descartes (1596-1650), a French philosopher and
mathematician who is credited with inventing analytic
geometry. You may remember this type of coordinate
system from high school mathematics. First, we would
need to locate a fixed reference point for our coordinate
system. This fixed point is called the origin, because all
our position measurements originate from it. Let’s put
the origin for this system at the intersection of the left
sideline and the running back’s goal line. We could put
the origin at any fixed point; we chose the intersection of
the goal line and the sideline because it was convenient.
Imagine the x-axis lying along the goal line with zero at
the origin and positive numbers to the right on the play-
ing field. Imagine the y-axis lying along the left sideline
with zero at the origin and positive numbers increasing
as you move toward the opposite goal. With this system,
we could identify the running back’s position with two
numbers corresponding to his x- and y-coordinates in
yards as follows: (15, 80). This situation is shown in
figure 2.2b. The x-coordinate of 15 indicates that he is 15
yd from the left sideline on the field, and the y-coordinate
of 80 indicates that he is 80 yd from his goal line or 20
yd from scoring, because we know that the goal lines
are 100 yd apart.

In three dimensions, we would need three numbers to
describe the position of an object in space. For example,
how would you describe the position of the ball during a
game of racquetball? We might set up a three-dimensional
Cartesian coordinate with one axis in the vertical direc-
tion and two axes in the horizontal plane. If we put the
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point of reference or origin in the lower left front corner
of the court (where the front wall, left side wall, and
floor intersect), the x-axis would be the line along the
intersection of the front wall and floor. The y-axis would
be the line along the intersection of the front wall and
the left side wall, and the z-axis would be the line along
the intersection of the left side wall and the floor. This
is shown in figure 2.3. If the ball were 3 m to the right
of the left side wall, 2 m above the floor, and 4 m away
from the front wall, its x-, y-, and z-coordinates in meters
would be (3, 2, 4).

—> In three dimensions, we would need
three numbers to describe the posi-
tion of an object in space.

To describe the position of something in space, we
need to identify a fixed reference point to serve as the
origin of our coordinate system. For our purposes, any
point fixed relative to the earth will do. Then we set up
a Cartesian coordinate system. If we are describing the
position of objects in only one dimension, only one axis
is needed; for two dimensions, two axes are needed; and
for three dimensions, three axes are needed. The axes of

How would you describe a runner’s position in a 100 m dash?

this system may point in any direction that is convenient,
as long as they are at right angles to each other if we
are describing the position of something in two or three
dimensions. Typically, one axis will be oriented vertically
(the y-axis), and the other axis (the x-axis) or axes (the
x- and z-axes) will be oriented horizontally. Each of these
axes will have a positive and negative direction along
them. The x-coordinate of an object is the distance the
object is away from the plane formed by the y- and z-axes.
The y-coordinate of an object is the distance the object
is away from the plane formed by the x- and z-axes, and
the z-coordinate of an object is the distance the object is
away from the plane formed by the x- and y-axes. Units
of length are used to describe position.

Distance Traveled
and Displacement

Now we have a method of describing and locating the
position of an object in space. This is our first task in
describing motion. If we remember how we defined
motion—the action or process of change in position—our
next task will be discovering a way to describe or measure
change in position. How would you do this?
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Figure 2.2 The location of a running back on a football field using the sideline and the opponent's goal line as refer-
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Figure 2.3 The location of
a ball in a racquetball court,
using Cartesian coordinates. z

Distance Traveled

Let’s use a football example again. Suppose a football
player has received the kickoff at his 5 yd line, 15 yd
from the left sideline. His position on the field (using
the Cartesian coordinate system we established in the
previous section) is (15, 5) when he catches the ball. He
runs the ball back following the path shown in figure
2.4a. He is finally tackled on his 35 yd line, 5 yd from
the left sideline. His position on the field at the end of
the play is (5, 35). If we measure the length of the path
of his run with the ball, it turns out to be 48 yd. So we
might describe this run as a run of 48 yd to gain 30 yd.
Another way of saying this is to say that the runner’s
displacement was +30 yd in the y-direction and —10 yd
in the x-direction, or a resultant displacement of 31.6 yd
toward the left sideline and goal. The distance traveled
by the runner was 48 yd. We’ve used two different terms
to describe the runner’s progress: displacement and dis-
tance traveled. Distance traveled is easily defined—it’s
simply a measure of the length of the path followed by
the object whose motion is being described, from its
starting (initial) position to its ending (final) position.
Distance traveled doesn’t mean a whole lot in a foot-
ball game, though, because the direction of travel isn’t

considered. Displacement does take into account the
direction of travel.

Displacement

Displacement is the straight-line distance in a specific
direction from initial (starting) position to final (ending)
position. The resultant displacement is the distance
measured in a straight line from the initial position to
the final position. Displacement is a vector quantity. If
you recall from chapter 1, we said force was also a vector
quantity. A vector has a size associated with it as well as
a direction. It can be represented graphically as an arrow
whose length represents the size of the vector and whose
orientation and arrowhead represent the direction of the
vector. Representation of displacement with an arrow is
appropriate and communicates what displacement means
as well. Figure 2.4b shows the path of the player in the
kick return example. The arrow from the initial position
of the player to where he was tackled represents the
displacement of the back.

—) Displacement is the straight-line
distance in a specific direction from
starting (initial) position to ending
(final) position.
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If you also recall from chapter 1, vectors can be
resolved into components. In the football example, the
resultant displacement of the running back does not indi-
cate directly how many yards the back gained. But if we
resolve this resultant displacement into components in
the x-direction (across the field) and y-direction (down
the field toward the goal), we then have a measure of how
effective the run was. In this case, the y-displacement of
the running back is the measure of importance. His initial
y-position was 5 yd and his final y-position was 35 yd.
We can find his y-displacement by subtracting his initial
position from his final position:

d=Ay=y -y, 2.1
where

d = displacement in the y-direction,

A = change, so Ay = change in y-position,

V= final y-position, and

y, = initial y-position.

If we put in the initial (5 yd) and final (35 yd) values
for y-position, we get the runner’s y-displacement:

d=Ay=y—-y=35yd-5yd
d =+30yd

y

The runner’s y-displacement or displacement down
the field was +30 yd. The positive sign indicates that the
displacement was in the positive y-direction or toward the
goal (a gain in field position in this case). This measure is
probably the most important measurement to the coaches,
players, and fans because it indicates the effectiveness
of the kick return.

We may also be curious about the player’s displace-
ment across the field (in the x-direction). We can use the
same equation to determine the x-displacement:

d =Ax= X=X, 2.2)
where

dx = displacement in the x-direction,

Ax = change in x-position,

x, = final x-position, and

x, = initial x-position.

If we put in the initial (15 yd) and final (5 yd) values for
x-position, we get the runner’s x-displacement:

d=Ar=x-x=5yd-15yd
d =-10yd

Linear Kinematics

The runner’s x-displacement or displacement across the
field was —10 yd. The negative sign indicates that the
displacement was in the negative x-direction or toward
the left sideline.

We could find the resultant displacement of the runner
similarly to the way we found a resultant force. Graphi-
cally, we could do this by drawing the arrows represent-
ing the component displacements of the runner in the
x- and y-directions. Look at figure 2.4¢. Put the tail of
the x-displacement vector at the tip of the y-displacement
vector, and then draw an arrow from the tail of the
y-displacement vector to the tip of the x-displacement
vector. This arrow represents the resultant displacement.

We could also determine this resultant displacement
by starting with the x-displacement vector and then put-
ting the tail of the y-displacement vector at the tip of the
x-displacement vector. We would determine the resultant
by drawing an arrow from the tail of the x-displacement
vector to the tip of the y-displacement vector. We should
get the same resultant as determined using the method
shown in figure 2.4c.

We could determine this resultant displacement in
still another way, using trigonometric relationships. The
displacement vectors arranged as shown in figure 2.4¢
form a triangle, specifically, a right triangle with the
hypotenuse represented by the resultant displacement.
As explained in chapter 1, the size of the hypotenuse
can be determined as follows. If A and B represent the
two sides that make up the right angle and C represents
the hypotenuse, then

A+ B =C (2.3)
(AX) + (Ay) = R,

For our displacements, then, we can substitute —10 yd
for Ax and +30 yd for Ay and then solve for R, which
represents the resultant displacement.

(~10 yd)? + (30 yd)’ = R
100 yd® + 900 yd® = R
1000 yd® = R?

R= /1000 yd*> =31.6yd

To find the direction of this resultant displacement, we
can use the relationship between the two sides of the
displacement triangle.

tan = M -
adjacent side
0 = arctan M
adjacent side

0 = arctan [ gj
Ay
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In these equations, 8, which is pronounced “theta,”
represents the angle between the resultant displacement
vector and the y-displacement vector. To find the value
of 6, substitute —10 yd for Ax and +30 yd for Ay.

0 = arctan —10yd
30 yd

To determine the angle 6, we use the inverse of the
tangent function or the arctangent. On most scientific
calculators, the arctangent function is the second function
for the tangent key and is usually abbreviated as tan".

6 = arctan (-.333)
0=-18.4°

We can now describe several qualities of movement—
initial and final positions, distance traveled, and displace-
ment. Distance traveled can be described by a single
number that represents the length of the path followed by
the object during its motion. Displacement, however, is a
vector quantity, so it is expressed with a length measure-
ment and a direction. The resultant displacement is the
length of a straight line from the initial position to the
final position in the direction of motion from the initial
position to the final position. Components of the resultant
displacement may also be used to describe displacement
of the object in specific directions. In some situations
(such as our football examples), a component displace-
ment is more important than the resultant displacement.

Now let’s see if we understand the concept of dis-
placement. Imagine two downhill ski racers, Tamara
and Cindy, competing on the same course. They start
at the same starting position and finish the race at the
same finish point. Tamara takes wider turns than Cindy
does, so the length of the path Tamara follows is longer.
Who has the greater resultant displacement from start to
finish? Because they start at the same spot and finish at
the same spot, their resultant displacements are the same.
Now consider a 100 m swimming race in a 50 m pool.
Which measure (displacement or distance traveled) is
more meaningful? In a 100 m swimming race in a 50 m
pool, you have to start and finish in the same place, so
your displacement is zero! Distance traveled is the more
meaningful measure. What about a 400 m running race
around a 400 m oval track? Or a 100 m running race on
a straight section of track?

Speed and Velocity

We can now describe an object’s position, and we have
measures (distance traveled and displacement) for
describing its change in position, but how do we describe

how quickly something changes its position? When we
speak of how fast or slow something moves, we are
describing its speed or velocity. Both are used to refer to
the rate of motion. You have probably used both of these
terms, perhaps interchangeably.

Speed

Are speed and velocity the same thing? Mechanically,
speed and velocity are different. Speed is just rate of
motion. More specifically, it is the rate of distance trav-
eled. It is described by a single number only. Velocity is
rate of motion in a specific direction. More specifically
it is the rate of displacement. Since displacement is a
vector quantity, so is velocity. Velocity has a magnitude
(number) and a direction associated with it.

) Speed is rate of motion; velocity is
rate of motion in a specific direction.

Average speed of an object is distance traveled
divided by the time it took to travel that distance. Math-
ematically, this can be expressed as
1 (2.5)

§=—

At
where
§ = average speed,
{ = distance traveled, and
At = time taken or change in time.

The units for describing speed are a unit of length
divided by a unit of time. The SI unit for describing
speed is meters per second. You have probably used other
units of measurement for speed. If you have driven a car,
you are probably more familiar with miles per hour or
kilometers per hour. These are also units of measurement
for speed.

Average speed is an important descriptor of perfor-
mance in many sport activities. In some activities, average
speed is in fact the measure of success. Consider almost
any type of racing event (swimming, running, cycling,
and so on). The winner is the person who completes the
specified distance in the shortest time. The average speed
of the winner is the distance of the race divided by the
time. The winner’s average speed over the race distance
will always be the fastest among all the competitors if
everyone raced the same distance.

This one number, average speed, doesn’t tell us much
about what went on during the race itself, though. It
doesn’t tell us how fast the racer was moving at any spe-



cific instant in the race. It doesn’t tell us the maximum
speed reached by the racer during the race. It doesn’t
indicate when the racer was slowing down or speeding
up. Average speed for the whole race is just a number
indicating that, on average, the competitor was moving
that fast. To find out more about the speed of a competitor
in a race, a coach or athlete may want to measure more
than one average speed.

Let’s look at a 100 m dash as an example. At the 12th
TAAF World Championships in Athletics in Berlin in
2009, the men’s 100 m dash was won by Usain Bolt of
Jamaica in an astounding world-record time of 9.58 s. The
second-place finisher, Tyson Gay of the United States,
finished in 9.71 s, the fastest time ever for a second-
place finish. Comparing the average speeds of these two
sprinters over the entire 100 m using equation 2.5, we
find the following:

!
Average speed = 5 = —
ge 5P At
Bolt: Gay:
_ 100 m _ 100 m
s = 5=
9.58 s 9.71s

5 =10.44 m/s 5 =10.30 m/s

To find out more about how the two sprinters ran this
race, we might have timed them for the first 50 m of the
100 m as well. Bolt’s time for the first 50 m was 5.47 s.
Gay’s time for the first 50 m was 5.55 s. Their average
speeds for the first 50 m of the race were

_ l
Average speed = 5, 5, = A
Bolt: Gay:
s = 50 m < = 50 m
*0m 547 s > 5558
S.50,=9-14 m/s Sy.50m = 9-01 m/s

Their average speeds from 50 to 100 m also could be
determined:

Average speed = S5, ,00m = £ _100m-30m

At At
Bolt: Gay:
5 100 m-50 m 5 _ 100 m—-50 m
W09 5855475 ™ 971s-5.55s
_ 50 m _ 50 m
S50-100m = m S50-100m = m
s. =12.17 m/s s. =12.02 m/s

50-100m 50-100m
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With two numbers to describe each runner’s speed during
the race, we know much more about how each runner
ran the race. Usain Bolt took the lead in the first 50 m.
His average speed was 0.13 m/s faster than Gay’s over
this portion of the race. Both sprinters were even faster
over the second 50 m, but Bolt’s average speed over the
second 50 m was 0.15 m/s faster than Gay’s.

If we wanted to know which athlete had the fastest
top speed in the 100 m, we would have to record split
times at more frequent intervals in the race. This would
give us even more information about the performance
of each sprinter. Sport scientists at the 12th TAAF World
Championships in Athletics in Berlin recorded the split
times at the 20, 40, 60, and 80 m marks for the finalists in
the men’s 100 m dashes (IAAF 2009). The split times the
scientists recorded were used to estimate the 10 m split
times for Usain Bolt and Tyson Gay shown in table 2.1.

These 10 m split times can be used to determine the
average speed of each sprinter during each 10 m interval.
To do this we divide the distance covered in each interval,
10 m in this case, by the time taken to run that distance,
the interval time. Table 2.2 shows the values of each run-
ner’s average speed over each 10 m interval.

Now we have much more information about each
sprinter’s performance. From table 2.2, we can tell that

Table 2.1 Elapsed and Interval Times
for Each 10 m Interval for Usain Bolt and
Tyson Gay in the Men’s 100 m Dash Final
at the 12th IAAF World Championships
in Athletics in Berlin, 2009

Usain Bolt Tyson Gay

Position Elapsed Interval Elapsed Interval

(m) time (s) time (s) time (s) time (S)
0 0 0

10 1.89 1.89 1.91 1.91
20 2.88 .99 2.92 1.01
30 3.78 .90 3.83 91
40 4.64 .86 4.70 .87
50 5.47 .83 5.55 .85
60 6.29 .82 6.39 .84
70 7.10 .81 7.20 .81
80 7.92 .82 8.02 .82
90 8.75 .83 8.86 .84

100 9.58 .83 9.71 .85
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Table 2.2 Interval Times and Average
Speeds for Each 10 m Interval for Usain
Bolt and Tyson Gay in the Men’s 100 m
Dash Final at the 12th IAAF World Cham-
pionships in Athletics in Berlin, 2009

Usain Bolt Tyson Gay

Average Average
Interval Interval speed Interval speed
(m) time (s) (m/s) time (s) (m/s)
0-10 1.89 5.29 1.91 5.24
10-20 .99 10.10 1.01 9.90
20-30 .90 11.11 91 10.99
30-40 .86 11.63 .87 11.49
40-50 .83 12.05 .85 11.76
50-60 .82 12.20 .84 11.90
60-70 81 12.35 .81 12.35
70-80 .82 12.20 .82 12.20
80-90 .83 12.05 .84 11.90
90-100 .83 12.05 .85 11.76

Bolt was faster than Gay over every interval up to the 60
to 80 m. During the 60 to 70 m interval, both Bolt and
Gay reached their maximum speed, and their average
speeds during this interval were the same. After 70 m,
both runners slowed down, but Gay slowed down more,
especially over the last 20 m of the race, from 80 to 100 m.

By taking more split times during the race, we can
determine the runners’ average speeds for more inter-
vals and shorter intervals. This procedure also gives us a
better idea of what each runner’s speeds were at specific
instants of time during the race. The speed of an object
at a specific instant of time is its instantaneous speed.
The speed of an object may vary with time, especially
in an event such as a 100 m dash. The maximum or top
speed a runner achieves during a race is an example of
an instantaneous speed. An average speed gives us an
estimate of how fast something was moving over only
an interval of time—not an instant in time. If we are told
what a runner’s average speed was for an interval of time,
we can correctly assume that the runner’s instantaneous
speed was faster than the average speed during some parts
of that interval and slower than the average speed during
other parts of that interval.

Think about your car’s speedometer. Does it measure
average speed or instantaneous speed? Does it indicate
how fast you were going during the past hour? During the

past minute? During the past second? The speedometer
on your car measures instantaneous speed. It indicates
how fast you are going at the instant in time that you
are looking at it. Practically speaking, we can think of
instantaneous speed as distance traveled divided by the
time it took to travel that distance if the time interval used
in the measurement is very small. If the word average
does not precede the word speed, you should assume that
instantaneous speed is being referred to.

:) We can think of instantaneous speed
as distance traveled divided by the
time it took to travel that distance if
the time interval used in the measure-
ment is very small.

Velocity

Now let’s turn our attention to velocity. Average velocity
is displacement of an object divided by the time it took
for that displacement. Because displacement is a vector,
described by a number (magnitude) and a direction,
average velocity is also a vector, described by a number
(magnitude) and a direction. Mathematically, this can
be expressed as

_d
V=" (2.6)

where
v = average velocity,
d = displacement, and
At = time taken or change in time.

The units for describing velocity are the same as those
for describing speed: a unit of length divided by a unit
of time. The SI unit for describing velocity is meters per
second. To measure the average velocity of an object,
you need to know its displacement and the time taken
for that displacement.

Sometimes we are interested in the components of
velocity. So, just as we were able to resolve force and dis-
placement vectors into components, we can also resolve
velocity vectors into components. To resolve a resultant
average velocity into components, we could simply deter-
mine the components of the resultant displacement. For
the football player returning the kickoff in the example
used earlier, the player’s displacement from the instant he
received the ball until he was tackled was —10 yd in the
x-direction (across the field) and +30 yd in the y-direction
(down the field). His resultant displacement was 31.6 yd
down and across the field (or —71.6° across the field). If



this kick return lasted 6 s, his resultant average velocity,
using equation 2.6, was

_ d
v=—
At
5= 31.6 yd
6s
v=5.3yd/s

This resultant average velocity was in the same direc-
tion as the resultant displacement. Similarly, the running
back’s average velocity across the field (in the x-direction)
would be the x-component of his displacement divided
by time or

A
= 2.7
Eaiyv 2.7
-1
v = Oyd
6s
v=-17ydss

The running back’s average velocity down the field (in
the y-direction), which is the most important of all these
velocities, would be the y-component of his displacement
divided by time or

- Ny
by (2.8)
7 = 30 yd
Y 6
V.= 5.0 yd/s

Just as with the displacements, the resultant average
velocity is larger than any of its components. And just
as with the displacements, the square of the resultant
average velocity should equal the sum of the squares of
its components. Let’s check, starting with equation 2.3.

A+ B*=C

Gr+@)=v’

(=1.7 yd/s)* + (5.0 yd/s)* = >
2.8 yd/s? + 25.0 yd¥/s? = 2

53yd/s =+27.8 yd® /s’ =¥

This indeed matches the resultant average velocity of
5.3 yd/s we computed from the resultant displacement
and elapsed time.

Average velocity and average speed would both be
good descriptors to use for the 100 m dash because it is

Linear Kinematics

in a straight line. The runner’s speed and the magnitude of
the velocity toward the finish line would be identical. In
such a case, speed and velocity may be used interchange-
ably with no problem. Generally, if the motion of the
object under analysis is in a straight line and rectilinear,
with no change in direction, average speed and average
velocity will be identical in magnitude. However, if we
are speaking of an activity in which the direction of
motion changes, speed and the magnitude of velocity are
not synonymous. Imagine a 100 m swimming race in a
50 m pool. If the first-place finisher completes the race
in 50 s, we can use equation 2.5 to calculate the swim-
mer’s average speed.

5=2.0m/s

What is the swimmer’s average velocity? If the swim-
mer starts and finishes in the same place, the swimmer’s
displacement is zero, which means the swimmer’s aver-
age velocity would also have to be zero. In this case,
average velocity and average speed do not mean the
same thing, and the average speed measurement is a
better descriptor.

=) If the motion of the object under
analysis is in a straight line and rec-
tilinear, with no change in direction,
average speed and average velocity
will be identical in magnitude.

What about instantaneous speed and instantaneous
velocity? We haven’t discussed instantaneous velocity
yet. It is similar to the concept of instantaneous speed
except that direction is included. If we measured aver-
age velocity over shorter and shorter intervals of time,
practically speaking we would soon have a measure of
instantaneous velocity. Instantaneous velocity is the
velocity of an object at an instant in time. When we speak
of the magnitude of the resultant instantaneous velocity
of an object, that number is the same as the instantaneous
speed of the object.

A resultant instantaneous velocity can also be resolved
into components in the direction of interest. For the foot-
ball player running back the kickoff, we could describe
his instantaneous resultant velocity, and we could also
describe his instantaneous velocity in the x-direction
(across the field) or the y-direction (down the field). If
we were concerned about how quickly he was gaining
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yardage, his instantaneous velocity down the field would
be important. Similarly, with the downhill ski racers, it is
not their instantaneous resultant velocity that is important;
it is the component of this velocity in the direction down
the hill that will have the greater effect on the result of the
race. Try self-experiment 2.3 to illustrate the difference
between speed and velocity.

Self-Experiment 2.3

Imagine that you are in a room with four walls. You are
facing the north wall. Let's consider north the direction
we are interested in, so north is positive. We are interested
only in the component of velocity in the north—south
directions. As you begin walking forward, toward the
north wall, your velocity north is positive. When you
stop, your velocity north is zero. As you begin walking
backward, toward the south wall, your velocity north
is negative (you are moving in the negative direction).
If you walk to your right or left, directly east or west,
your velocity north is zero, because you are not getting
closer to or farther away from the north wall. If you walk
forward toward the north wall and begin turning right
toward the east wall, your velocity north is positive and
then decreases as you turn. If you are walking east and
then turn left toward the north wall, your velocity north
is zero and then increases as you turn. During all of these
turns, your speed may not even be changing, but if your
direction of motion changes, then your velocity changes.

Importance of Speed and Velocity

Now let’s make sure we realize the importance of speed
and velocity in different sport activities. We’ve already
indicated that in racing events, average speed and average
velocity are direct indicators of performance. The athlete
with the greatest average speed or greatest average veloc-
ity will be the winner. In what other sports is speed or
velocity important? How about baseball? A good fastball
pitch, which moves with a velocity of 90 to 100 mi/h (145
to 160 km/h), is difficult to hit. Why? The faster the ball
is pitched, the less time the batter has to react and decide
whether or not to swing at the ball. For instance, in 2010,
Ardolis Chapman of the Cincinnati Reds threw a fastball
pitch that was clocked at 105.1 mi/h. This is equivalent to
154 ft/s or 47 m/s. The distance from the pitching rubber
to home plate is 60 ft 6 in., or 60.5 ft (18.4 m). The ball
is released about 2 ft 6 in. in front of the rubber, so the
horizontal distance it must travel to reach the plate is only
58 ft (60.5 ft — 2.5 ft) or 17.7 m. Another way to say this
is that the horizontal displacement of the ball is 58 ft.
How much time does a batter have to react to a fastball
pitched at 105.1 mi/h? If we assume that this is the aver-
age horizontal velocity of the ball during its flight, then,
using equation 2.6,

_d
y=—
At

154 fgs = 2o

At
Af = 58 ft
154 ft/s

At=0.38s

Wow! A batter only has 0.38 s to decide whether or not to
swing his bat, and if he does decide to swing it, he has to
do so in the time he has left. No wonder hitting a baseball
thrown by a major league pitcher is so difficult. The faster
the pitcher can pitch the ball, the less time the batter has
to react, and the less likely it is that the batter will hit the
ball. In 2003, USA Today ranked hitting a baseball thrown
at more than 90 mi/h as the most difficult thing to do in
sports. Speed and velocity are very important in baseball.

Are speed and velocity important in soccer, lacrosse,
ice hockey, field hockey, team handball, or any other sport
where a goal is guarded by a goalkeeper? The speed of
the ball (or puck) when it is shot toward the goal is very
important to the goalkeeper. The faster the shot, the less
time the goalkeeper has to react and block it.

Are speed and velocity important in the jumping
events in track and field? Yes! Faster long jumpers jump
farther. Faster pole-vaulters vault higher. Speed is also
related to success in the high jump and triple jump.

Can you think of any sports where speed and velocity
are not important? There aren’t many. Speed and velocity
play an important role in almost every sport. Table 2.3
lists the fastest reported speeds for a variety of balls and
implements used in sport. The typical speeds of the balls
and implements used in these sports are much slower than
those reported in table 2.3.

Acceleration

We now have a large repertoire of motion descriptors:
position, distance traveled, displacement, speed, and
velocity. In addition, we can use component displace-
ments or velocities to describe an object’s motion,
because displacement and velocity are vector quantities.
Did we use any other descriptors at the beginning of this
section to describe the motion of a ball rolling across the
floor? Let’s try another motion of the ball. Throw the
ball up in the air and let it fall back into your hand. How
would you describe this motion? You might say that the
ball moves upward and slows down on the way up, then
begins moving downward and speeds up on the way
down. Another way to describe how the ball slows down
or speeds up would be to say that it decelerates on the
way up and accelerates on the way down. Acceleration
is a term you are probably somewhat familiar with, but
the mechanical definition of acceleration may differ from
yours, so we’d better get some agreement.



Table 2.3 Fastest Reported Speeds for Balls and Implements Used in Various Sports

Ball or implement Mass (g) Fastest speed (mi/h) Fastest speed (m/s)
Golf ball <45.93 204 91.2
Jai alai pelota 125-140 188 84.0
Squash ball 23-25 172 76.9
Golf club head - 163 72.9
Tennis ball 56.0-59.4 156 69.7
Baseball (batted) 142-149 120 53.6
Hockey puck 160-170 110 49.2
Baseball (pitched) 142-149 105 46.9
Softball (12 in.) 178.0-198.4 104 46.5
Lacrosse ball 140-149 100 44.7
Cricket ball (bowled) 156-163 100 44.7
Volleyball 260-280 88 39.3
Soccer ball 410-450 82 36.7
Field hockey ball 156-163 78 34.9
Javelin (men) 800 70 31.3
Team handball (men) 425-475 63 28.2
Water polo ball 400-450 60 26.8
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The average horizontal velocity of a penalty kick in soccer is 22 m/s. The horizontal displacement of the
ball from the kicker’s foot to the goal is 11 m. How long does it take for the ball to reach the goal after it
is kicked?

Solution:

Step 1: Write down the known quantities.
v, =22 m/s
d =11m

X

Step 2: Identify the variable to solve for.
At="?

Step 3: Review equations and definitions, and identify the appropriate equation with the known quantities
and the unknown variable in it.

__d
V=—

At

Step 4: Substitute values into the equation and solve for the unknown variable. Keep track of the units
when doing arithmetic operations.

2 mfs = ™

11m

At =
22 m/s

At=05s

Step 5: Check your answer using common sense.
A penalty kick is pretty quick, definitely less than a second. A half second seems reasonable.
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Mechanically, acceleration is the rate of change in
velocity. Because velocity is a vector quantity, with a
number and direction associated with it, acceleration
is also a vector quantity, with a number and direction
associated with it. An object accelerates if the magnitude
or direction of its velocity changes.

:) When an object speeds up, slows
down, starts, stops, or changes direc-
tion, it is accelerating.

Average acceleration is defined as the change in
velocity divided by the time it took for that velocity
change to take place. Mathematically, this is

_ Av
a=—
At
g2 Vi (2.9
At
where

a= average acceleration,
Av = change in velocity,

v,= instantaneous velocity at the end of an inter-
val, or final velocity,

v,= instantaneous velocity at the beginning of an
interval, or initial velocity, and

At = time taken or change in time.

From this mathematical definition of average accel-
eration, it is apparent that acceleration can be positive or
negative. If the final velocity is less (slower) than the ini-
tial velocity, the change in velocity is a negative number,
and the resulting average acceleration is negative. This
happens if an object slows down in the positive direction.
You may have thought of this as a deceleration, but we’1l
call it a negative acceleration. A negative average accel-
eration will also result if the initial and final velocities are
both negative and if the final velocity is a larger negative
number than the initial velocity. This occurs if an object
is speeding up in the negative direction.

The units for describing acceleration are a unit of
length divided by a unit of time divided by a unit of time.
The ST units for describing acceleration are meters per
second per second or meters per second squared. You may
have seen car ads that tout the acceleration capabilities
of the car. An ad may say that a car can accelerate from
0 to 60 in 7 s. Using equation 2.9, this would represent
an average acceleration for the car of

. v, =V,
At
7= 60 mi/h — 0 mi/h
7s
= 8.6 mi/h/s

This acceleration can be interpreted as follows: In 1 s, the
car’s velocity increases (the car speeds up) by 8.6 mi/h.
If the car is accelerating at 8.6 mi/h/s and moving at 30
mi/h, 1 s later the car will be traveling 8.6 mi/h faster or
38.6 mi/h. Two seconds later the car will be traveling two
times 8.6 mi/h faster (17.2 mi/h) or 47.2 mi/h (=30 mi/h
+ 17.2 mi/h), and so on.

If we measured average acceleration over shorter and
shorter time intervals, practically speaking we would soon
have a measure of instantaneous acceleration. Instanta-
neous acceleration is the acceleration of an object at an
instant in time. Instantaneous acceleration indicates the
rate of change of velocity at that instant in time.

Because acceleration is a vector (as are force, dis-
placement, and velocity), it can also be resolved into
component accelerations. This is true for both average
and instantaneous accelerations. But how is the direction
of an acceleration determined? Try self-experiment 2.4 to
get a better understanding of acceleration direction. One
of the difficulties of understanding acceleration is that
it is not directly observed as displacement and velocity
are. The direction of motion is not necessarily the same
as the direction of the acceleration.

Self-Experiment 2.4

Let's go back to the example of walking around the room
with four walls. You are facing the north wall. Again,
consider north to be the direction we are interested in,
so north is positive. We are interested in describing the
motion only in the north—south directions. As you begin
walking forward, toward the north wall, your velocity
north is positive; and since you speed up in the north-
erly direction, your acceleration north is positive (your
velocity and acceleration are north). When you slow
down and stop, your velocity north decreases to zero, and
your acceleration north must be negative since you are
slowing down in the positive direction. This could also
be described as an acceleration in the southerly direction.
This is where you may be confused—you were moving
north, but your acceleration was south! This is correct,
however, since acceleration indicates your change in
motion. As you begin walking backward, you speed up
toward the south wall; your velocity north is negative and
increasing (you are moving in the negative direction), and
your acceleration is also negative (or an acceleration in
the southerly direction). If you walk to your right or left,



directly east or west, your velocity north is zero because
you are not getting closer to or farther away from the
north wall. Your acceleration is also zero since you are
not speeding up or slowing down toward the north wall.
If you walk forward toward the north wall and begin
turning right toward the east wall, your velocity north is
positive and decreases as you turn, so your acceleration
north is negative as you turn. If you are walking east and
then turn left toward the north wall, your velocity north is
zero and then increases as you turn, so your acceleration
north is positive as you turn. During all of these turns,
your speed may not even be changing, but if your direc-
tion of motion changes, then your velocity changes and
you are accelerating. Figure 2.5 illustrates the directions
of motion and acceleration for various motions in one
dimension (along a line).

=) The direction of motion does not indi-
cate the direction of the acceleration.

Let’s summarize some things about acceleration.
If you are speeding up, your acceleration is in the
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direction of your motion. If you are slowing down,
your acceleration is in the opposite direction of your
motion. If we assign positive and negative signs to the
directions along a line, then the acceleration direction
along that line is determined as follows. If something
speeds up in the positive direction, its acceleration is
positive (it accelerates in the positive direction). Think
of this as a double positive (+ +), which results in a
positive (+). If it slows down in the positive direction,
its acceleration is negative (it accelerates in the negative
direction). Think of this as a negative positive (— +),
which results in a negative (-). If something speeds up
in the negative direction, its acceleration is negative (it
accelerates in the negative direction). Think of this as a
positive negative (+ —), which results in a negative (-).
If something slows down in the negative direction, its
acceleration is positive (it accelerates in the positive
direction). Think of this as a double negative (— —),
which results in a positive (+). Remember, though,
the algebraic signs + and — are only symbols we use
to indicate directions in the real world. Before analyz-
ing a problem, first establish which direction you will
identify as +.

Change
— Direction + 4 in motion a
(Direction (Speeding (Direction of
< > of motion) up +; slowing acceleration)
down -)
Speeding - v d + + +
up - ’ ’
Not oy 14
changing -_— » a=0 + 0 0
T (Constant velocity)
Slowing v “
down - + - -
) a v —
Speeding - — —
up <+ - — +
S o= - | 0 0
changing a= -
(Constant velocity)
Slowing a v
down - - +

Figure 2.5 The direction of motion and direction of acceleration are the same when the object is speeding up, but

opposite to each other when the object is slowing down.
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Uniform Acceleration
and Projectile Motion

In certain situations, the acceleration of an object is con-
stant—it doesn’t change. This is an example of uniform
acceleration. It occurs when the net external force acting
on an object is constant and unchanging. If this is the
case, then the acceleration of the object is also constant
and unchanging. The motion of such an object can then
be described by equations relating time with velocity,
position, or acceleration. Using these equations, we can
predict the future! If an object undergoes uniform accel-
eration, its position and velocity at any future instant in
time can be predicted. Wow! Can you think of any situ-
ations in which the net external force acting on an object
is constant and thus the resulting acceleration is uniform?
Try self-experiment 2.5 and see if this is an example of
uniform acceleration.

Self-Experiment 2.5

Throw a ball straight up into the air and try to describe
its motion. Let's use the terms we have learned—
displacement, velocity, and acceleration. If we set up a
coordinate system with the x-axis oriented horizontally
in the direction of the horizontal motion of the ball and
the y-axis oriented vertically, how would you describe
the vertical motion of the ball? Let's consider the posi-
tive direction along the y-axis (vertical axis) as upward.
As the ball leaves your hand, it is moving in the upward
direction, so its velocity is positive. Is the ball speeding up
or slowing down as it goes up? The ball is slowing down
in the upward direction, so its acceleration is negative or
in the downward direction. When the ball reaches the
peak of its flight, its velocity is changing from positive
to negative (or from upward to downward), so it is still
accelerating downward. After the ball is past its peak, it
falls downward, so its velocity is negative (downward).
Since the ball speeds up in the downward direction,
its acceleration is still negative (downward). Despite
the changes in the direction the ball was moving in, its
vertical acceleration was always downward while it was
in the air. The direction of its acceleration was constant.
Was the magnitude of the acceleration constant as well?
What forces acted on the ball while it was in the air? If
air resistance can be ignored, then the only force acting
on the ball was the force of gravity or the weight of the
ball. Since the ball’s weight does not change while it’s in
the air, the net external force acting on the ball is constant
and equal to the weight of the ball. This means that the
acceleration of the ball is constant as well.

Vertical Motion of a Projectile

In self-experiment 2.5, the ball you threw up in the air
was a projectile. A projectile is an object that has been
projected into the air or dropped and is acted on only by
the forces of gravity and air resistance. If air resistance
is too small to measure, and the only force acting on a
projectile is the force of the earth’s gravity, then the force
of gravity will accelerate the projectile. In the previous
chapter we learned that this acceleration, the accelera-
tion due to gravity or g, is 9.81 m/s> downward. This is
a uniform acceleration. Now let’s see if we can come up
with the equations that describe the vertical motion of a
projectile such as the ball in self-experiment 2.5.

Since the vertical acceleration of the ball is constant,
we already have one equation to describe this kinematic
variable. If we define upward as the positive vertical
direction, then

a=g=-9.81 m/s% (2.10)

The negative sign indicates that the acceleration due to
gravity is in the downward direction.

We know what the vertical acceleration of the ball
is; perhaps we can use this knowledge to determine its
velocity from equation 2.9, which relates acceleration

to velocity.
v, =V,

At

f

a=

The acceleration in equation 2.9 is an average accelera-
tion, but in our case we know the acceleration of the ball
at any instant in time—it’s 9.81 m/s> downward. But since
the acceleration is constant, 9.81 m/s? is also the average
acceleration. So, we can substitute g for average accelera-
tion, a, in equation 2.9 and solve for final velocity, Ve

_ v, =y
aq=——-m=
At g
vf—vi=gAt
v.=v, + ght (2.11)

f

Equation 2.9 gives us a means of determining the
instantaneous vertical velocity of the ball ( v/) at the end
of some time interval (Af) if we know its initial vertical
velocity (v,) and the length of the time interval. We can
predict the future! Look closer at this equation. If you
remember your high school algebra, you might recognize
this as the equation for a line:

y=mx+b (2.12)



where
y = dependent variable (plotted on vertical axis),

x = independent variable (plotted on horizontal
axis),

A
m = slope of line = & , and
Ax
b = intercept.
In equation 2.11,

V=V, + gAt,

v is the dependent variable, y,
At is the independent variable, x,
g is the slope, m, and

v, is the intercept, b.

The vertical velocity of the ball changes linearly
with changes in time—the vertical velocity of the ball
is directly proportional to the time that the ball has been
in the air.

What about the vertical position of the ball? Perhaps
we can use the definition for average velocity from
equation 2.8.

Since velocity is linearly proportional to time (it’s defined
by a linear equation), the average velocity over a time
interval is equal to the velocity midway between the initial
and final velocities. This velocity is the average of the
initial and final velocities:

v, +v.
v, =—L—
T
V,+V. -y
= ,:_y,my, (2.13)

If we use the expression from equation 2.11,

V=V, + gAt,

and substitute it for v, in equation 2.13,

v, +V, _ Ve
2 At

b
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we can solve for y,.

(v, +gAD+v, Y-
2 At

Qv, +g ADAt Y, -V,

2 At

(2v,+ gAt)Ar
5 - Yr =Y

2v,At + g(At)’
T, YT

1
VAL + Eg(At)2 =y, -

1
Y=yt v,Ar+ Eg(At)z (2.14)

If you couldn’t follow the derivation of equation 2.14,
don’t worry about it. The result is what is important for
our understanding of the motion of the ball. Equation
2.14 gives us a means of determining the vertical posi-
tion of the ball ( yf) at the end of a time interval (Ar) if
we know its initial vertical velocity (v ) and the length
of the time interval.

There is one more equation that describes vertical
velocity of the ball as a function of its vertical displace-
ment and initial vertical velocity. The equation is pre-
sented here, but we’ll have to wait until chapter 4 (see p.
127) for the derivation of this equation.

V2 =12+ 2gAy 2.15)

Using equations 2.11 and 2.14 (or 2.15), we can now pre-
dict not only how fast the ball will be moving vertically,
but where it will be as well. We now have four equations
to describe the vertical motion of a projectile.

:) Vertical position of projectile (equation 2.14):
1
Y=y, tvAr+ Eg(At)2

Vertical velocity of projectile (equation 2.11 and 2.15):

Vo=V + gAt
V2 =12+ 2gAy

Vertical acceleration of projectile (equation 2.10):

a=g=-9.81m/s?
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where
y, = initial vertical position,
V= final vertical position,
Ay =y, -y, = vertical displacement,
At = change in time,
v, = initial vertical velocity,
v,= final vertical velocity, and
g = acceleration due to gravity = —9.81 m/s%

If we are analyzing the motion of something that is
dropped, the equations are simplified. For a dropped
object, v, =0. If we set the vertical scale to zero at the
position the object was dropped from, then y, =0 as well.

For a dropped object, the equations become the following:

Vertical position of falling object:

1
y, = Eg(At)2 (2.16)

Vertical velocity of falling object:
v, = gAt (2.17)
V2 =2gAy (2.18)

Imagine that you could safely drop a ball from the top
of some tall building and that air resistance is not signifi-
cant. When you let go of the ball, its vertical velocity is
zero. According to equation 2.17, after it has fallen for 1
s, its velocity would be 9.81 m/s downward. According
to equation 2.16, its position would be 4.91 m below you.
After 2 s, its velocity would be another 9.81 m/s faster,
or —19.62 m/s, and its position would be 19.62 m below
you. After 3 s its velocity would be another 9.81 m/s
faster, or —29.43 m/s, and its position would be 44.15 m
below you. Notice that the ball’s velocity is just increas-
ing by the same amount (9.81 m/s) during each 1 s time
interval, but the ball’s position changes by a larger and
larger amount during each second it falls (see figure 2.6).

Some other observations about the vertical motion
of projectiles may simplify things further. Throw a ball
straight up in the air again. How fast is the vertical veloc-
ity of the ball at the instant it reaches its peak height?
Hmmm. Just before it reached its peak height, it had a
small positive velocity (it was going upward slowly). Just
after it reached its peak height, it had a small negative
velocity (it was going downward slowly). Its vertical
velocity went from positive to negative. What number is
between positive and negative numbers? How fast is it
moving if it’s not moving up anymore and hasn’t started

© ¥,=0.00,V,=0.00

=0 Jorm

t=1s —p—— y;=-4.91m
o v,=-9.81 m/s
14.72 m
v =-19.62
t=2s ——— (O V,=-1962m
v,=-19.62 m/s
24.53 m
A/ =-44.15
t=3s— ORZ Jdom
v, =-29.43 m/s
34.34m
t=4s -y O V= -78.48 m
v,=-39.24 m/s

Figure 2.6 Vertical position of a dropped ball at each
1 s interval.

moving downward yet? The ball’s vertical velocity at the
peak of its flight is zero.
v =0 (2.19)

peak

A useful application of this is in the sport of tennis.
When you serve a tennis ball, you want to toss it up in
the air just high enough that your racket hits it when it is
at or near the peak of its flight. Small errors in the timing
of your serve won’t significantly affect where on the
racket the ball hits, because at the peak of its flight the
ball’s velocity is zero, so it will be near this position for
a longer time. If you toss the ball up too high, however,
the time during which the ball is in the hitting zone of
the racket will be shorter, since the ball is moving much
faster as it falls through the hitting zone.

The symmetry of the flight of a projectile is the source
of more simplification for our analyses. Toss a ball up
again and try to determine which is longer—the time it
takes for the ball to reach its peak height or the time it
takes for the ball to fall back down from its peak height
to its initial height. Wow, those time intervals are close
to the same. In fact, they are the same.



Ar = Ar, if the initial and final y-positions
up down

are the same (2.20)
or,

Aty = 2Atup if the initial and final y-positions

are the same (2.21)

Similarly, the upward velocity of the ball as it passes
any height on the way up is the same as the downward
velocity of the ball when it passes that same height on
the way down. The time it takes for the ball’s upward
velocity to slow down to zero is the same as the time it
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takes for the ball’s downward velocity to speed up from
zero to the same size velocity downward. If you throw
a ball upward with an initial vertical velocity of 5 m/s,
when you catch it on the way down its velocity will also
be 5 m/s but downward.

Horizontal Motion
of a Projectile

Now we can describe the vertical motion of a projectile—
at least a projectile that is moving only up and down.
What about the horizontal motion of a projectile? Try
self-experiment 2.6.

A volleyball player sets the ball for the spiker. When the ball leaves the setter’s fingers, it is 2 m high and
has a vertical velocity of 5 m/s upward. How high will the ball go?

Solution:

Step 1: Write down the known quantities and any quantities that can be inferred from the problem

y,=2m
v.=5m/s
vf: vpeak =

Step 2: Identify the variable to solve for.

h=yf=?

Step 3: Review equations and definitions, and identify the appropriate equation with the known quantities

and the unknown variable in it (equation 2.15).

V2 =12+ 2gAy

Step 4: Substitute values into the equation and solve for the unknown variable. Keep track of the units

when doing arithmetic operations.
V2 =12+ 2gAy
0= (5 m/s)* + 2(-9.81 m/s?)Ay

2
y = (SLS)ZZ 27 m
2(9.81 m/s?)
Ay=y -y,
1.27m:yf—2m
yf=h=2m+ 1.27m =327 m

Step 5: Check your answer using common sense.

The answer, 3.27 m, is almost 11 feet, which seems about right for a set in volleyball.
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Self-Experiment 2.6

Throw a ball in the air from one hand to the other so
the ball has both vertical motion and horizontal motion.
What forces act on the ball? If we resolve the motion of
the ball into horizontal (x) and vertical (y) components,
we know that gravity is an external force that acts in the
vertical direction and pulls downward on the ball. What
about horizontally (sideways)? Are there any external
forces pulling or pushing sideways against the ball to
change its horizontal motion once it leaves your hand?
The only thing that could exert a horizontal force on the
ball is the air through which the ball moves. This force
will probably be very small in most cases, and its effect
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will be too small to notice. If air resistance is negligible,
the horizontal velocity of the ball should not change from
the time it leaves your hand until it contacts your other
hand or another object, since no horizontal forces act on
the ball. Try to observe only the horizontal motion of
the ball. The ball continues to move in the direction you
projected it. It does not swerve right or left. Its horizontal
velocity is positive. Does the ball accelerate horizontally
while it is in the air? Does it speed up or slow down hori-
zontally? No. Does it change its direction horizontally?
No. If the ball doesn’t speed up or slow down or change
direction, it is not accelerating in the horizontal direction.

A punter punts the football. The football leaves the punter’s foot with a vertical velocity of 20 m/s and a
horizontal velocity of 15 m/s. What is the hang time of the football (how long is it in the air)? (Assume that
air resistance has no effect and that the height at landing and at release are the same.)

Solution:

Step 1: Write down the known quantities and any quantities that can be inferred from the problem.

Y=Y
v.=20 m/s
v =15 m/s

% 0

peak —

At = At
up

down

Step 2: Identify the variable to solve for.

Ar =?

Step 3: Review equations and definitions, and identify the appropriate equation with the known quantities

and the unknown variable in it (equation 2.11).
At=At +At,  =2At
up down up

v,= v, + gAt

Step 4: Substitute values into the equation and solve for the unknown variable. Keep track of the units

when doing arithmetic operations.
D=, gAt

0=20m/s + (-9.81 m/sz)(Atup)

(=20 m/s)
=———" 2045
@~ (=9.81 m/s)

Ar=2 At =2(2.045)=4.08s

Step 5: Check your answer using common sense.

Four seconds seems like a reasonable hang time for a punt.



It is difficult to examine or observe the horizontal
motion of a projectile separately from its vertical motion,
though, because when you observe a projectile, you see
the horizontal and vertical motions simultaneously as one
motion. How can we view a projectile, such as the ball in
self-experiment 2.6, so that we isolate only its horizontal
motion? What if we watched the projectile from above?
Imagine yourself perched on the catwalk of a gymnasium
watching a basketball game. Better yet, imagine watching
a football game from the Goodyear blimp. How would
the motions of the football or basketball appear to you
from these vantage points? If your depth perception
was hindered (if you closed one eye), could you see the
vertical motion of the football during a kickoff? Could
you detect the vertical motion of the basketball during a
free throw? The answer is no in both cases. All you see
is the horizontal motion of the balls. Does the basketball
slow down, speed up, or change direction horizontally as
you view it from above? How about the football? If we
tried to represent the motion of the basketball as viewed
from above in a single picture, it might look something
like figure 2.7.

To represent the motion, we show the position of the
basketball at four instants in time, each 0.10 s apart.
Notice that the images line up along a straight line, so
the motion of the ball is in a straight line. Also notice
that the displacement of the ball over each interval of
time is the same, so the velocity of the ball is constant.
The horizontal velocity of a projectile is constant, and
its horizontal motion is in a straight line.

> The horizontal velocity of a projectile
is constant and its horizontal motion
is in a straight line.

We derived equations describing the vertical position,
velocity, and acceleration of a projectile. Now we can
do the same for the horizontal position, velocity, and
acceleration of a projectile. We start with the fact that the
horizontal velocity of a projectile is constant.

V= =y, = constant (2.22)

If the horizontal velocity is constant, that means there is
no change in horizontal velocity. If horizontal velocity
doesn’t change, then horizontal acceleration must be
zero, since acceleration was defined as the rate of change
in velocity.

a=0 2.23)

Also, if the horizontal velocity is constant, then the aver-
age horizontal velocity of the projectile is the same as its
instantaneous horizontal velocity. Since average velocity

Linear Kinematics

Figure 2.7 An overhead view of a basketball free throw
shows that the horizontal displacement, Ax, for each 0.10
s time interval is the same.

is displacement divided by time, displacement is equal
to velocity times time (equation 2.6).

_d
y=—
At
_ MAx
v=—o0
At
Ax = vAt (2.24)
X, - X, = vAt
X=X+ VAt (2.25)

f

If our measuring system is set up so that the initial hori-
zontal position (x,) is zero, then equation 2.25 simplifies to

x = VAt (2.26)

Using equations 2.22 and 2.26 (or 2.25), we can now
predict not only how fast a projectile will be moving
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horizontally but where it will be as well. We now have the
equations to describe the horizontal motion of a projectile.

:> Horizontal position of projectile (equations 2.25

and 2.26):
X=X, + VAt
x=vAt if initial position is zero

Horizontal velocity of projectile (equation 2.22):

V= vf= v, = constant

Horizontal acceleration of projectile (equation
2.23):

a=0
where
x, = initial horizontal position,
X, = final horizontal position,
At = change in time,
v, = initial horizontal velocity, and

v, = final horizontal velocity.

Combined Horizontal and
Vertical Motions of a Projectile

We have now developed equations that describe the
motion of a projectile in terms of its vertical and
horizontal components. Does the vertical motion of a
projectile affect its horizontal motion or vice versa? Try
self-experiment 2.7.

Self-Experiment 2.7

Put a coin on the edge of a tabletop. Place another same-
denomination coin on the end of a ruler or other long,
flat object. Place the ruler with the coin on it on the table
next to the other coin so that the end of the ruler with the
coin on it overhangs the tabletop. Strike the ruler with
your hand so that it in turn strikes the coin on the table
and knocks the coin off of the table. Simultaneously, the
movement of the ruler will dislodge the coin off the end of
the ruler. Figure 2.8 shows the setup of the demonstration.

Which coin will strike the floor first? Try it several
times to see. The two coins hit the floor at the same time.
The coin that is knocked off of the table has a horizontal
velocity as it begins to fall, while the coin that slips off
of the ruler does not. The two coins fall the same verti-
cal distance, and neither of them has a vertical velocity
when it begins to fall. What force pulls the coins toward

the earth? The force of gravity pulls the coins downward
and accelerates both downward at the same rate of 9.81
m/s2. Does the fact that one coin has a horizontal velocity
affect how the force of gravity acts on that coin, and thus
affect the vertical acceleration of that coin? No, the force
of gravity has the same effect on the coin knocked off
the table as it does on the coin that slid off of the ruler.

The vertical and horizontal motions of a projectile are
independent of each other. In other words, a projectile
continues to accelerate downward at 9.81 m/s?> with or
without horizontal motion, and the horizontal velocity of
a projectile remains constant even though the projectile
is accelerating downward at 9.81 m/s% Although the
motions of a projectile are independent of each other, an
equation can be derived to describe the path of a projectile
in two dimensions. Take equation 2.26 and solve for Az.

X

At=—
v

x

Now substitute this expression for At in equation 2.14.

1
Yy =Y+ vAt+ Eg(At)z

2
1
S (1]+_g[1]
v, ) 270,

Equation 2.27 is the equation of a parabola. It describes
the vertical (y) and horizontal (x) coordinates of a pro-
jectile during its flight based solely on the initial vertical
position and vertical and horizontal velocities. Figure
2.9 shows the parabolic path followed by a ball thrown
in the air with an initial vertical velocity of 6.95 m/s and
an initial horizontal velocity of 4.87 m/s. The ball was

(2.27)

Figure 2.8 The coin experiment demonstrates the
independence of the horizontal and vertical components
of projectile motion.
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Figure 2.9 Stroboscopic photos of a ball in flight taken at equally spaced time intervals. Note the parabolic trajectory.

photographed at a rate of 12 frames per second, so the
position of the ball at each 0.0833 s interval is shown
in the figure. Notice that the horizontal displacements
over each time interval are the same and that the path is
symmetrical on either side of the peak. The peak height
actually occurs between the ninth and 10th ball images
as counted from the left.

Several of the equations that describe projectile motion
can be written with only three variables. These equations
(2.11, 2.15, and 2.24) are

Vo=V + gAt
vi=1v2+2gAy
Ax = vAt

Equation 2.14 has four variables, but it can be modi-
fied by substituting Ay for y. and y,as shown to produce
equation 2.28 with only three variables.

1
Y=Y, +viAt+Eg(At)2

1 2
Y= Vi = ViAt"'Eg(At)

1
Ay=v,Ai+2g(Ar) (2.28)

We now have four equations, and each has only
three variables. In each of these equations, if two of the
variables are known, the equation can be solved for the
third variable. Table 2.4 lists these equations and their
variables. You can use this table as an aid to help you solve
projectile problems by following these steps. First iden-
tify the unknown variable that you are trying to determine.
Look in the first column, labeled “Unknown variable” in
table 2.4, to see if the variable is in the table. If it appears
in a row in this column, look to the right in that row to
see if you know the values for the two variables listed in
the “Known variables” column. If you know the values
for those two variables, look to the right in the “Equa-
tion” column and plug the values into the equation and
solve for the unknown variable. Remember, you might
have to solve two or more equations before you get to the
equation that has the unknown variable that interests you.

Projectiles in Sport

Examples of projectiles in sports and human movement
are numerous. Can you name a few? Here are some
examples of projectiles: a shot in flight during a shot
put, a basketball in flight, a hammer in flight during
a hammer throw, a volleyball in flight, a squash ball
in flight, a lacrosse ball in flight, a football in flight, a
rugby ball in flight . . . just about any ball used in sport
becomes a projectile once it is thrown, released, or hit,
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Table 2.4 Solution Guide for Solving Projectile Problems If Two Variables Are Known

Identify the unknown variable in the first column set. Find the two known variables in the second column set that match
the row of the unknown variable. Solve for the unknown variable using the equation in the rightmost column of that row.

Unknown variable

If you want to find Known variables Equation
this . . . ... and you know these, ... use this equation to find the unknown variable.
Ay v, At 1 R
Ay =v,At+—g(At)
v, At Ay 2
At Ay v,
, v, v At V.=V, + gAt
(vertical) Yy Vi ey
At v, v,
Ay v, v, sz =v?+2gAy
v, v, Ay
v v, Ay
Ax v, At Ax=v At
x
(horizontal) v, A o
At Ax v,
Variable definitions:
At = time
Ay = Y=y = vertical displacement
y. = initial vertical position Ax=x—x, = horizontal displacement
y’  final vertical position x, = initial horizontal position
i e . .
v, = initial vertical velocity X, = final horizontal position

v, = final vertical velocity

g = acceleration due to gravity = -9.81 m/s?

if air resistance is negligible. So in ball sports, the path
of the ball cannot be changed in flight if air resistance
is negligible. Its path is determined by equation 2.27.
Vertically, the ball is constantly accelerating downward,
and horizontally it won’t slow down or speed up. Once
a ball has left our hands and is in flight, our actions and
antics cannot change its predetermined course or velocity.

It seems pretty obvious that the balls used in sport are
projectiles, but what if we ourselves are the projectiles?
Can the human body be a projectile? Are there situations
in which the only external force acting on you is the
force of gravity? Yes, of course there are! Think of some
examples in sport in which the human body is a projectile.
How about in running? High jumping? Long jumping?
Diving? Pole vaulting? Volleyball? Basketball? Soccer?
Football? In each of these sports, there are situations in
which the athlete is airborne and the only force acting

v_ = horizontal velocity

on her is gravity. Do the projectile equations govern
the motion of an athlete in these situations? Yes! This
means that, once an athlete’s body has left the ground
and become a projectile, the athlete cannot change her
path. Once a volleyball player has jumped up to the left
to block a shot, the path of her body motion cannot be
changed; in other words, once she has jumped up to the
left, she won’t be able to change direction and block a
shot to the right. And once a pole-vaulter releases the
pole, he cannot change his motion. Once he has let
go of the pole, he no longer has control over where he
falls. Once a long jumper leaves the takeoff board and
becomes a projectile, her actions while in the air will not
affect the velocity of her body. She cannot speed up her
horizontal velocity to increase the distance of the jump
after leaving the ground. Nor can she turn off gravity to
stay in the air longer.



In projectile activities, the initial conditions (the initial
position and initial velocity) of the projectile determine
the motion that the projectile will have. In sports involving
projectiles, the athlete’s objective when throwing, kick-
ing, striking, shooting, or hitting the projectile usually
concerns one of three things: time of flight, peak height
reached by the projectile, or horizontal displacement.

Time of flight of a projectile is dependent on two
things: initial vertical velocity and initial vertical position.
We can use the equations to mathematically demonstrate
this, or we can just make some simple observations.
Drop a ball to the floor first from waist height, then from
shoulder height, and then from over your head. Which
one took the shortest time to reach the floor? Which one
took the longest time to reach the floor? The higher the
initial height of the projectile, the longer it stays in the
air. The shorter the initial height of the projectile, the
shorter the time it stays in the air.

Now, rather than dropping the ball, throw it upward.
Throw it upward again, but harder this time, and try to
release it at the same height. Now throw it down, and
again, try to release it at the same height. What should
you do if you want the ball to stay in the air longer? The
faster the initial upward velocity of the projectile, the
longer it stays in the air. The slower the initial upward
velocity (or the faster its initial downward velocity), the
shorter the time it stays in the air.

Maximizing time in the air is desirable in certain situ-
ations in sport such as a football punt or a lob in tennis.
Gymnasts and divers also need sufficient time in the air
to complete stunts. In these situations, the initial vertical
velocity of the projectile is relatively large (compared to
the horizontal velocity), and the angle of projection is
above 45°. The optimal angle of projection to achieve
maximum height and time of flight is 90° or straight up.

In some sport activities, minimizing the projectile’s
time in the air is important. Examples of these activities
include a spike in volleyball, an overhead smash in tennis,
throws in baseball, and a penalty kick in soccer. In these
situations, the initial upward vertical velocity of the ball is
minimized or the ball may even have an initial downward
velocity. The projection angle is relatively small—less
than 45°—and in some cases even less than zero.

The peak height reached by a projectile is also depen-
dent on its initial height and initial vertical velocity. The
higher a projectile is at release and the faster it is moving
upward at release, the higher it will go. Maximizing peak
height is important in sports such as volleyball and bas-
ketball, where the players themselves are the projectiles.
Another obvious example of a sport in which maximal
peak height is desired is high jumping. Again, the athlete
is the projectile. In these activities, the angle of projection
is large, above 45°.

Linear Kinematics

Maximizing the horizontal displacement or range of
a projectile is the objective of several projectile sports.
Examples of these include many of the field events in
track and field, including the shot put, hammer throw,
discus throw, javelin throw, and long jump. In the discus
throw and javelin throw, the effects of air resistance are
large enough that our projectile equations may not be
accurate in describing the flight of the discus or javelin.
For the shot put, hammer throw, and long jump, air
resistance is too small to significantly affect things, so
our projectile equations are valid. Our analysis of these
situations may require the use of equations. If we want
to maximize horizontal displacement, then equation 2.24
may be useful.

Ax = vAt

This equation describes horizontal displacement (Ax)
as a function of initial horizontal velocity (v) and time
(Ar). But time in this case would be total time in the air or
the flight time of the projectile. We just saw that the flight
time of a projectile is determined by its initial height and
its initial vertical velocity. The horizontal displacement
of a projectile is thus determined by three things: initial
horizontal velocity, initial vertical velocity, and initial
height. If the initial height of release is zero (the same as
the landing height), then the resultant velocity (the sum
of vertical and horizontal velocities) at release determines
the horizontal displacement of the projectile. The faster
you can throw something, the farther it will go. But what
direction should you throw in—more upward (vertical)
or more outward (horizontal)?

If the initial velocity of the ball is totally vertical (a
projection angle of 90°), the initial horizontal velocity
(v in equation 2.24) would be zero, and the horizontal
displacement would be zero as well. If the initial veloc-
ity of the ball is totally horizontal (a projection angle
of zero), the flight time (Af in equation 2.24) would be
zero, and the horizontal displacement would be zero as
well. Obviously, a combination of horizontal and verti-
cal initial velocities (and a projection angle somewhere
between 0° and 90°) would be better. What combination
works best? If the resultant velocity is the same no matter
what the angle of projection, then maximum horizontal
displacement will occur if the horizontal and vertical
components of the initial velocity are equal, or when the
projection angle is 45°. If we look at equation 2.24, this
makes sense. Horizontal displacement is determined by
initial horizontal velocity and time in the air, but time in
the air is determined by initial vertical velocity alone (if
height of release is zero). It makes sense that these two
variables—initial horizontal and vertical velocities—
would have equal influence on horizontal displacement.
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Let’s check to see if this reasoning is confirmed by
observations of projection angles in the sport of shot
putting. At the 1995 World Track and Field Champion-
ships, the average angle of release for the best throw by
the six medalists (three men and three women) in the
shot put was 35° (Bartonietz and Borgtom 1995). This is
much less than the optimal angle of 45°. But wait, does
a shot have a height of release? Yes, the shot is released
more than 2 m high. Look at figure 2.10, which shows
a shot-putter near the instant he releases the shot. The
shot is well above the ground. This height is its initial
height. The height of release will give the shot more time
in the air, so the time in the air does not have to be cre-
ated by the vertical velocity at release. If the shot-putter
doesn’t have to give the shot as much vertical velocity at
release, he can put more effort into generating horizontal

Figure 2.10 The shot has an initial height at the instant
of release.

© Alan Stanford/Actionplus/Icon SMI

velocity. The optimal projection angle will thus be less
than 45°. The higher the height of release, the lower the
projection angle.

Is there any other reason why the optimal release
angle for shot putting should be less than 45° (other
than the fact that shot-putters have a release height of
2 m or more)? Maybe. Our conclusion that 45° was an
optimal projection angle for maximizing the horizontal
displacement of a projectile relied on two conditions—
first, that the release height was zero, and second, that
the resultant velocity of the projectile was the same no
matter what the projection angle was. For the shot putter,
the first assumption was incorrect, so the release angle
was less than 45°. What about the second assumption?
In shot putting, does the resultant velocity of the shot
change if you change the release angle? To answer this
question, consider another question: Is it easier to move
something faster horizontally or vertically upward? If
you have access to a shot, determine whether you can
roll it across the floor (move it horizontally) faster than
you can throw it straight up. It’s more difficult to acceler-
ate objects upward and produce a large upward velocity
than it is to accelerate objects horizontally and produce
large horizontal velocities. In shot putting (and in most
other throwing events), the resultant velocity of the shot
increases as the angle of projection decreases below 45°.

If we examine projection angles for the discus throw
or the javelin throw, we find that they are even lower than
those of the shot put—even though the height of release is
lower for the discus and javelin. Why? During the flight of
the discus or javelin, the implement is acted on by another
force besides gravity—air resistance. If the javelin or
discus is thrown correctly, the air resistance force will
exert some upward force on the javelin or discus during
its flight. This upward force reduces the net downward
force acting on the implement and thus causes its down-
ward acceleration to be smaller as well. The result is that
the javelin or discus stays airborne longer. Since the lift
force gives the javelin or discus more time in the air, the
time in the air does not have to be created by the vertical
velocity at release. Once again, if the thrower doesn’t have
to give the javelin or discus as much vertical velocity at
release, the athlete can put more effort into generating
horizontal velocity. An extreme example of the lift effect
of air resistance providing a projectile with more time in
the air would be throwing a flying disc or ring such as a
Frisbee or an Aerobie for distance. The lift effect of air
resistance is so large on these projectiles that the optimal
angle of release for maximizing horizontal distance is not
much above horizontal.

Let’s summarize what we now know about projectiles
in sports.



1. If you want to maximize the time of flight or the
height reached by a projectile, the vertical com-
ponent of release velocity should be maximized,
and the projection angle should be above 45°.

2. If you want to minimize the time of flight of a pro-
jectile, the upward component of release velocity
should be minimized (perhaps so much so that the
vertical velocity at release is downward). The pro-
jection angle should be much lower than 45° and
in some situations may even be below horizontal.

3. If you want to maximize the horizontal displace-
ment of a projectile, release velocity should be
maximized and a higher release height is better.
The horizontal component of release velocity
should be slightly faster than the vertical com-
ponent so that the projection angle is slightly
lower than 45°. The higher the release height and
the greater the lift effects of air resistance on the
projectile, the farther below 45° the projection
angle should be.

The equations governing projectile motion dictate the
path that a ball or other thrown object will take once it
leaves our hands. Once you release a ball, you no longer
have control over it. Likewise, if you yourself become a
projectile, the path taken by your body in the air is pre-
determined by your velocity and position at the instant
you leave the ground. Once you have left the ground, if
the only force acting on you is the force of gravity, you
no longer have control over the path your body will take
or your velocity.

Linear Kinematics

Summary

Motion may be classified as linear, angular, or a com-
bination of the two (general motion). Most examples of
human movement are general motion, but separating
the linear and angular components of the motion makes
it easier to analyze the motion. Linear displacement is
the straight-line distance from starting point to finish,
whereas linear distance traveled represents the length of
the path followed from start to finish. Velocity is the rate
of change of displacement, whereas speed is the rate of
change of distance. Acceleration is the rate of change of
velocity. Displacement, velocity, and acceleration are
vector quantities and are described by size and direction.

The vertical and horizontal motion of a projectile
can be described by a set of simple equations if the only
force acting on the projectile is the force of gravity. The
horizontal velocity of a projectile is constant, and its
vertical velocity is constantly changing at the rate of
9.81 m/s%. The path of a projectile and its velocity are set
once the projectile is released or is no longer in contact
with the ground.

We now have the terms to describe many aspects
of the linear motion of an object—distance traveled,
displacement, speed, velocity, and acceleration. But
what causes linear motion of objects? How do we affect
our motion and the motion of things around us? We’ve
gotten some hints in this and the previous chapter. In the
next chapter, we will explore the causes of linear motion
more thoroughly.

KEY TERMS

acceleration (p. 66)

angular motion (p. 53)

average acceleration (p. 66)
average speed (p. 60)

average velocity (p. 62)

Cartesian coordinate system (p. 54)
curvilinear translation (p. 52)

displacement (p. 57)

distance traveled (p. 57)

general motion (p. 53)
instantaneous acceleration (p. 66)
instantaneous speed (p. 62)
instantaneous velocity (p. 63)
linear motion (p. 52)

position (p. 54)

projectile (p. 68)

rectilinear translation (p. 52)
resultant displacement (p. 57)
speed (p. 60)

uniform acceleration (p. 68)
velocity (p. 60)

79



REVIEW QUESTIONS

1. Give an example of a human movement involving the whole body that represents curvilinear
motion. Do not use the examples given at the beginning of the chapter.

2. Give an example of a human movement involving the whole body that represents rectilinear
motion. Do not use the examples given at the beginning of the chapter.

3. Give an example of a human movement involving the whole body that represents angular motion.
Do not use the examples given at the beginning of the chapter.

4. Tyler and Jim race each other up a mountain on their bicycles. Tyler rides a road bike on the
switchbacks of the twisting and turning mountain road. Jim rides a mountain bike and follows
a direct, but steeper, straight-line path up the mountain. They start at the same time and place
at the bottom of the mountain and finish at the same time and place at the top of the mountain.
From start to finish,

a. whose distance traveled was longer?

b. whose displacement was longer?

c. which rider had the faster average speed?
d. which rider had the faster average velocity?
e. who won the race?

Finish
4

JANA

Tyler

el U

A

Start

5. Are the sizes of the goals in ice hockey, lacrosse, soccer, field hockey, and team handball related
to the speeds of the balls (or puck) used in these games? If so, explain the relationship.

6. Are the sizes of the courts in tennis, volleyball, racquetball, squash, table tennis, and badmin-
ton related to the speeds of the balls (or shuttlecock) used in these games? If so, explain the
relationship.

7. What factors affect the speeds of the balls and implements listed in table 2.3?

8. When a 100 m sprinter has reached her maximum speed, is her average horizontal velocity faster
during the support phase of a step (when her foot is on the ground) or during the flight phase of
a step (when she is not in contact with the ground)? Explain.

9. Can a runner moving around a curve at constant speed be accelerating? Explain.



10.

11.

12.

13.

If Jim runs around a circle counterclockwise, in which direction (relative to the circle) is his
acceleration? Explain.

List as many examples as you can of sports or situations in sport in which maximizing a projec-
tile’s time in the air is important.

List as many examples as you can of sports in which minimizing a projectile’s time in the air
is important.

Elite long jumpers have takeoff angles around 20°. Why do elite long jumpers have takeoff angles
so much lower than the theoretically optimal takeoff angle of 45°?

PROBLEMS

1.

Sam receives the kicked football on the 3 yd line and runs straight ahead toward the goal line
before cutting to the right at the 15 yd line. He then runs 9 yd along the 15 yd line directly toward
the right sideline before being tackled.

a. What was Sam’s distance traveled?
b. What was Sam’s resultant displacement?

c. How many yards did Sam gain in this play (how far was the ball advanced toward the goal
line)?

20

15

12 yd

10

£ |
Y

During an ice hockey game, Phil had two shots on goal—one shot from 5 m away at 10 m/s
and one shot from 10 m away at 40 m/s. Which shot did Brian, the hockey goalie, have a better
chance of blocking?

The horizontal velocity of Bruce’s fastball pitch is 40 m/s at the instant it's released from his hand.

If the horizontal distance from Bruce’s hand to home plate is 17.5 m at the instant of release,
how much time does the batter have to react to the pitch and swing the bat?

The world-record times for the men’s 50 m, 100 m, 200 m, and 400 m sprint races are 5.47 s, 9.58 s,
19.19 s, and 43.18 s, respectively. Which world-record race was run at the fastest average speed?

. Matt is sailboarding northeast across the river with a velocity of 10 m/s relative to the water. The

river current is moving the water north at a velocity of 3 m/s downstream. If the angle between
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10.

the relative velocity of the sailboard and the river current is 30°, what is the resultant or true
velocity of the sailboard?

3m/s
(velocity of &
river current) S o
@
O
0
Q
@
N
&

Sean is running a 100 m dash. When the starter's pistol fires, he leaves the starting block and
continues speeding up until 6 s into the race, when he reaches his top speed of 11 m/s. He holds
this speed for 2 s; then his speed has slowed to 10 m/s by the time he crosses the finish line 11 s
after he started the race.

a. What was Sean’s average acceleration during the first 6 s of the race?
b. What was Sean’s average acceleration from 6 to 8 s into the race?

c. What was Sean’s average velocity for the whole race?

d. What was Sean’s average acceleration from 8 to 11 s into the race?

It is the final seconds of an ice hockey game between the Flyers and the Bruins. The Bruins are
down by 1 point. With 20 s left in the game, the Bruins pull the goalie and have him play as a
forward in an attempt to tie the game. The Flyers successfully defend their goal for 9 s. With only
1.25 s remaining on the game clock, a Flyer shoots the puck on the ice past the skates and sticks
of the other players and toward the Bruins’ goal. The puck is 37 m from the goal when it leaves
the stick with an initial horizontal velocity of 30 m/s. The shot is perfectly directed toward the
empty goal, but the ice slows the puck down at a constant rate of 0.50 m/s? as it slides toward
the goal. None of the Bruins can stop the puck before it reaches the goal.

a. Where is the puck when the game clock reaches zero and the horn sounds to end the game?

b. Do the Flyers win the game by 1 or 2 points?

. Mike clears a crossbar while pole vaulting. He releases the pole before he achieves his peak

height. It takes him 1 s to fall from his peak height to the landing pit. The landing pit is 1 m high.
How high above the ground was Mike at the peak height of his vault?

Brian is attempting to high jump over a crossbar set at 2.44 m (8 ft). At the instant of takeoff
(when he is no longer in contact with the ground) his vertical velocity is 4.0 m/s, and his center
of gravity is 1.25 m high.

a. What is Brian’s vertical acceleration at the instant of takeoff?
b. How much time elapses after takeoff until Brian reaches his peak height?
c. What peak height does Brian’s center of gravity achieve?

Oliver punts a football into the air. The football has an initial vertical velocity of 15 m/s and
an initial horizontal velocity of 15 m/s when it leaves the Oliver’s foot. The ball experiences a
constant vertical acceleration of 9.81 m/s?> downward while it is in the air.

a. What is the ball’s horizontal velocity 2 s after it leaves the kicker's foot?

b. What is the ball’s vertical velocity 2 s after it leaves the kicker's foot?



11.

12.

13.

14.

15.

c. What is the ball’s horizontal displacement 2 s after it leaves the kicker's foot?
d. What is the ball’s vertical displacement 2 s after it leaves the kicker's foot?

Gerri leaves the long jump takeoff board with a vertical velocity of 2.8 m/s and a horizontal
velocity of 7.7 m/s.

a. What is Gerri’s resultant velocity at takeoff?

What is Gerri’s takeoff angle—the angle of her resultant takeoff velocity with horizontal?
What is Gerri’s horizontal velocity just before she lands?

If Gerri is in the air for 0.71 s, what is her horizontal displacement during this time in the air?
What is Gerri’s vertical velocity at the end of her 0.71 s flight?

If Gerri’s center of gravity was 1.0 m high at the instant of takeoff, how high will it be at
the peak of her flight?

g. How high is Gerri’s center of gravity at the end of her flight, when she first hits the pit?

- 0 & 0 o

Louise spikes a volleyball. At the instant the ball leaves her hand, its height is 2.6 m and its
resultant velocity is 20 m/s downward and forward at an angle of 60° below horizontal.

a. How long will it take for the ball to strike the floor if the opposing team does not block it?
b. How far will the ball travel horizontally before it strikes the floor?

2.6m

20 m/s

Chloe has a vertical velocity of 3 m/s when she leaves the 1 m diving board. At this instant, her
center of gravity is 2.5 m above the water.

a. How high will Chloe go?

b. How long will Chloe be in the air before she touches the water? Assume that she first
touches the water when her center of gravity is 1 m above the water.

Sam fields a baseball hit to him in the left field. He then throws the ball to third to force out the
base runner, Mike. Sam releases the ball 1.80 m above the ground with a vertical velocity of 8 m/s
and a horizontal velocity of 25 m/s. At the instant Sam releases the ball, he is 41 m from the third
baseman, Charlie, and Mike is 13 m from third base and running at 8 m/s toward third. Assume
that air resistance does not affect the flight of the ball when answering the following questions.

a. How high in the air does the ball go?

b. How much time does it take for the ball to reach the third baseman?
c. How high is the ball when it reaches the third baseman?
d

If Mike maintains a constant velocity of 8 m/s toward third base, does he reach third base
before the ball reaches the third baseman?

At the Dallas Cowboys Stadium, the minimum clearance height between the football field and
the gigantic video screens that hang over the field is only 90 ft (27.43 m). In the first game played
at the Cowboys Stadium on August 21, 2009, a punter’s kick hit the video screen.

a. What minimum initial vertical velocity would a football need to have to hit the video
screens if it were kicked from a height 1 m above the playing field surface? Assume that
air resistance does not affect the flight of the football.
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b. If the video screens were not in the way, what would be the hang time for a football kicked
27.43 m high? Again, assume that air resistance does not affect the flight of the football
and that the ball is 1 m above the playing field when it is kicked.

Motion Analysis Exercises Using MaxTRAQ

If you haven’t done so already, review the instructions for downloading and using the educational ver-
sion of the MaxTRAQ motion analysis software at the beginning of this book, then download and install
the software. Once this is done, you are ready to try the following two-dimensional kinematic analyses
using MaxTRAQ.

1. Open MaxTRAQ. Select Tools in the menu bar and then open Options under the Tools menu.
In the Options submenu, select Video. In the upper right side of the Video window, under Video
Aspect Ratio, make sure that Default-Used Preferred Aspect Ratio is selected. In the lower half
of the right side of the Video window, under Deinterlace Options, select BOB, select Use Odd
Lines First, and select Stretch Image Vertically. Click OK. Close MaxTRAQ and reopen it to
have the deinterlace options take effect. Now open the Run Slow video from within MaxTRAQ.
The video clips will have been downloaded with the software and saved to your local disk under
Program Files\Motion Analysis\MaxTRAQP\VideoFiles. In the Open window, make sure that
the drop-down menu at the bottom is set to Video Files.

2. When you open the Run Slow video, you should see a running track with three yellow balls in
the middle lane. These balls are 2.5 m apart, so the yellow ball on the left is 5 m from the yellow
ball on the right. Make sure that the scaling/calibration tool is activated by clicking View on the
menu bar, then selecting Tools from the drop-down menu, and then making sure that Show Scale
is checked. Open the scaling tool by clicking on Tools on the menu bar and selecting Scale. In
the Scaling Tool window that opens, set the gauge length to 500 cm, then click OK. Now place
the cursor over the left ball and click the left mouse button once (nothing will appear on screen
yet); then place the cursor over the right ball and click the left mouse button a second time. The
scale should appear in the video window. Hide the scale by selecting View in the menu, then
click Tools, and uncheck Show Scale (this appears in the submenu).

a. What is the stride length of the runner? Advance the video (using the Step Forward button
in the video controls panel at the bottom of the screen) until the runner’s right foot touches
the track; then continue to advance the video to the last instant when the right foot is in
contact with the track. Activate the digitizing function by clicking on the Digitize button
on the right side of the screen. Place the cursor over the toe of the runner’s right foot and
click the left mouse button. A mark should appear on the toe along with the horizontal and
vertical coordinates of the toe. If the coordinates do not appear, select Point Markers from
the View drop-down menu and make sure that Show Coordinates is checked. Record the
horizontal coordinate. Advance the video through one full stride to the next instant of takeoff
of the right foot. Back up one frame to the last instant of contact of the right foot. Digitize
the toe of the runner again and record the horizontal coordinate. The difference between the
horizontal coordinates is the runner’s stride length in centimeters.

b. What is the stride rate of the runner in the Run Slow video? Use the frame number/time
window at the bottom of the MaxTRAQ window to compute stride rate. Determine the time
that elapses from takeoff of the right foot until the next takeoff of the right foot (the two
points you digitized in part a). To improve accuracy, compute the elapsed time by multiply-
ing the difference in frame numbers by 1/60 second (or just divide by 60). Divide one by
this stride duration to calculate the number of strides per second.

c. What is the average velocity of the runner in the Run Slow video during the one full stride
you measured in parts a and b?

3. Open the Run Medium video in MaxTRAQ. If you did not set the video aspect ratio and deinter-
lace options in exercise 1, do so now by following those instructions. As you did in exercise 1,



make sure that the scaling/calibration tool is activated by clicking View, then Tools, and making
sure that Show Scale is checked. Open the scaling tool by clicking on Tools on the menu bar
and selecting Scale. Set the gauge length to 500 cm, then click once over the left ball and once
over the right ball to set the scale. Hide the scale by selecting View, then Tools, and unchecking
Show Scale.

a. What is the stride length of the runner in the Run Medium video? Measure the stride length
from the instant of takeoff of the left foot until the next instant of takeoff of the left foot.

b. What is the stride rate of the runner in the Run Medium video?
c. What is the average velocity of the runner over one full stride in the Run Medium video?

. Open the Run Fast video in MaxTRAQ. If you have not set the video aspect ratio and deinterlace
options, do so now by following the instructions in exercise 1. As you did in exercise 1, make
sure that Show Scale is checked under View—Tools, then open the scaling tool, set the gauge
length to 500 cm, and click once over the left ball and once over the right ball to set the scale.

a. What is the stride length of the runner in the Run Fast video? Measure the stride length
from the instant of takeoff of the right foot until the next instant of takeoff of the right foot.

b. What is the stride rate of the runner in the Run Fast video?
c. What is the average velocity of the runner over one full stride in the Run Fast video?

. Open the Run Fastest video in MaxTRAQ. If you have not set the video aspect ratio and deinterlace
options, do so now by following the instructions in exercise 1. As you did in exercise 1, make
sure that Show Scale is checked under View—Tools, then open the scaling tool, set the gauge
length to 500 cm, and click once over the left ball and once over the right ball to set the scale.

a. What is the stride length of the runner in the Run Fastest video? Measure the stride length
from the instant of takeoff of the left foot until the next instant of takeoff of the left foot.

b. What is the stride rate of the runner in the Run Fastest video?
c. What is the average velocity of the runner over one full stride in the Run Fastest video?

. Open the Run Spring Stilts video in MaxTRAQ. If you have not set the video aspect ratio and
deinterlace options, do so now by following the instructions in exercise 1. As you did in exercise
1, make sure that Show Scale is checked under View—Tools, then open the scaling tool, set the
gauge length to 500 cm, and click once over the left ball and once over the right ball to set the scale.

a. What is the stride length of the athlete in the Run Spring Stilts video? Measure the stride
length from the instant of takeoff of the left stilt tip until the next instant of takeoff of the
left stilt tip.

b. What is the stride rate of the athlete in the Run Spring Stilts video?
c. Whatis the average velocity of the athlete over one full stride in the Run Spring Stilts video?

. Open the Ball Drop video in MaxTRAQ. If you have not previously set the video aspect ratio
and deinterlace options, do so now by following the instructions in exercise 1. You should see the
author standing on a ladder against the wall of a building. The bricks of the wall are about 1 ft
square, and horizontal white strips of tape are spaced vertically on the wall 1 m apart to the left
of the ladder. Make sure the scaling/calibration tool is activated by clicking View on the menu
bar, then selecting Tools from the drop down menu, and then making sure that Show Scale is
checked. Open the scaling tool by clicking on Tools on the menu bar and selecting Scale. In the
Scaling Tool window that opens, set the gauge length to 500 cm, then click OK. Now place the
cursor over the left upper corner of the highest strip of tape and click the left mouse button once
(nothing will appear on screen yet); then place the cursor over the left upper corner of the lowest
strip of tape and click the left mouse button a second time. The scale should appear in the video
window. Hide the scale by selecting View in the menu bar, then click Tools, and uncheck Show
Scale. What is the vertical displacement of the ball 1 s (60 frames) after it was dropped? The ball
was released in the first frame of video. Theoretically, what should the vertical displacement be?
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8. Open the Ball Toss Up video in MaxTRAQ. If you have not previously set the video aspect ratio
and deinterlace options, do so now by following the instructions in exercise 1. Set up the scal-
ing/calibration tool as you did with the Ball Drop video using the 500 cm distance between the
uppermost and lowermost strips of tape on the wall.

a.

If the ball reaches peak height between frames 47 and 48, or about 0.79 seconds into the
video, what is the vertical displacement of the ball during the 0.75 s (45 frames) before peak
height (from frame 2 to frame 47)?

The ball reaches peak height between frames 47 and 48 or about 0.79 seconds into the video.
What is the vertical displacement of the ball during the 0.75 s (45 frames) after peak height
(from frame 48 to frame 93)?

. Is the upward displacement of the ball during the 0.75 s before it reaches peak height similar

to the downward displacement of the ball during the 0.75 s after it reaches peak height?
Should it be?

9. Open the Ball Toss video in MaxTRAQ. If you have not previously set the video aspect ratio and
deinterlace options, do so now by following the instructions in exercise 1. Set up the scaling/
calibration tool as you did with the Ball Drop and Ball Toss Up videos using the 500 cm distance
between the uppermost and lowermost strips of tape on the wall.

a.

Determine the horizontal displacement of the ball over every 9-frame interval starting at frame
5 and ending at frame 86. Are these nine displacements similar to each other? Should they be?

Determine the vertical displacement of the ball over every 9-frame interval starting at frame
5 and ending at frame 86. Are any of the first four displacements similar to any of the last
four displacements? Should there be similarities?

The ball reaches peak height between frames 45 and 46 or about 0.76 seconds into the video.
What are the horizontal and vertical displacements of the ball during the 0.67 s (40 frames)
before peak height (from frame 5 to frame 45)?

. The ball reaches peak height between frames 45 and 46 or about 0.76 seconds into the video.

What are the horizontal and vertical displacements of the ball during the 0.67 s (40 frames)
after peak height (from frame 46 to frame 86)?

. Are the answers to question c similar to the answers to question d? Should they be similar?



chapter 3

Linear Kinetics

Explaining the Causes of Linear Motion

objectives

When you finish this chapter, you should be able
to do the following:

* Explain Newton'’s three laws of motion

*  Apply Newton's second law of motion to
determine the acceleration of an object if
the forces acting on the object are known

* Apply Newton's second law of motion
to determine the net force acting on an
object if the acceleration of the object is
known

* Define impulse
e Define momentum

* Explain the relationship between impulse
and momentum

* Describe the relationship between mass
and weight




You're watching the Olympic weightlifting competition. The weights on the bar-
bell are more than twice the lifter’s weight. The athlete approaches the barbell

and grips it firmly with both hands. With a sharp grunt, he snatches the bar off
the floor and lifts it over his head in one smooth motion. What forces did the
athlete have to exert on the barbell to create the movement you just witnessed?
Newton'’s laws of motion—proposed more than 300 years ago—provides us with
the basis for analyzing situations like this. This chapter introduces Newton’s laws
of motion and the application of these laws to the analysis of human movement.

ISGGC NveOI‘\ WAS English

mathematician. He was born on Christmas day in 1642,*
the same year that Galileo died and three months after
the death of his father (Westfall 1993, p. 7). He died on
March 20, 1727. Newton was a student at Cambridge
University and subsequently became a professor there.
Many of his ideas about mechanics (and calculus) were
conceived during a two-year retreat to his family’s estate
in Lincolnshire when he was in his early 20s. This retreat
was prompted by a plague epidemic in England, which
caused temporary closings of the university in Cam-
bridge between 1665 and 1667. Despite the devastation
it caused, one benefit of the plague was that it allowed
Isaac Newton an uninterrupted period of time to establish
the groundwork for his version of mechanics.

More than 20 years passed before Newton shared
his work with others in 1686, when his book, Philoso-
phiae Naturalis Principia Mathematica (Mathematical
Principles of Natural Philosophy), or Principia, as it
is commonly referred to, was published. Principia was
written in Latin, the language used by scientists during
that time. In Principia, Newton presented his three laws
of motion and his law of gravitation. These laws form the
basis for modern mechanics. It is these laws that provide
the basis for the subbranch of mechanics called kinetics.
Dynamics is the branch of mechanics concerned with the
mechanics of moving objects. Kinetics is the branch of
dynamics concerned with the forces that cause motion.
This chapter specifically deals with linear kinetics, or the
causes of linear motion. In this chapter, you will learn
about Newton’s laws of motion and how they can be

*Newton’s dates of birth (December 25, 1642) and death (March 20,
1727) are dates in the Julian calendar—the calendar in use in England
at the time. The calendar in use in much of Europe at that time was
the Gregorian calendar, the same calendar used in the United States
and most of the world today. The calendars differ by 11 days. In the
Gregorian calendar, Newton was born on January 4, 1643, and died
on March 31, 1727.

used to analyze motion. What you learn in this chapter
will give you the basic tools to analyze and explain the
techniques used in many sport skills.

Newton'’s First Law
of Motion: Law of Inertia

Corpus omne perseverare in statu Suo quies-
cendi vel movendi uniformiter in directum,
nisi quatenus a viribus impressis cogitur
statum illum mutare. (Newton 1686/1934,
p. 644)

This is Newton’s first law of motion in Latin as originally
presented in Principia. It is commonly referred to as the
law of inertia. Translated directly, this law states, “Every
body continues in its state of rest, or of uniform motion
in a straight line, unless it is compelled to change that
state by forces impressed upon it” (Newton 1686/1934,
p- 13). This law explains what happens to an object if no
external forces act on it or if the net external force (the
resultant of all the external forces acting on it) is zero.
More simply stated, Newton’s first law says that if no net
external force acts on an object, that object will not move
(it will remain in its state of rest) if it wasn’t moving to
begin with, or it will continue moving at constant speed
in a straight line (it will remain in its state of uniform
motion in a straight line) if it was already moving.

= If no net external force acts on an
object, that object will not move if it
wasn’t moving to begin with, or it will
continue moving at constant speed
in a straight line if it was already
moving.

Let’s see how Newton’s first law of motion applies to
human movement in sport. Can you think of any situa-



tions in which no external forces act on an object? This
is difficult. Gravity is an external force that acts on all
objects close to the earth. Apparently, there are no situa-
tions in sports and human movement to which Newton’s
first law of motion applies! Is this true? Perhaps we can
find applications of Newton’s first law in sport if we
consider only motions of an object or body in a specific
direction.

We actually already used Newton’s first law of motion
several times in the previous chapters. In the previous
chapter, we analyzed projectile motion. We did this by
resolving the motion of the projectile into vertical and
horizontal components. Vertically, the velocity of the
projectile was constantly changing, and it accelerated
downward at 9.81 m/s? due to the force of gravity. In the
vertical direction, Newton’s first law of motion does not
apply. Horizontally, however, the velocity of the projectile
was constant, and its acceleration was zero because no
horizontal forces acted on the projectile. This is a case
where Newton’s first law of motion does apply! If air
resistance is negligible, the net horizontal force acting
on a projectile is zero, so the horizontal velocity of the
projectile is constant and unchanging. Newton’s first law
of motion provides the basis for the equations describing
the horizontal motion of a projectile that we used in the
previous chapter.

Newton’s first law of motion also applies if external
forces do act on an object, so long as the sum of those
forces is zero. So, an object may continue its motion in
a straight line or continue in its state of rest if the net
external force acting on the object is zero. In chapter 1,
we learned about static equilibrium—the sum of all the
external forces acting on an object is zero if the object
is in static equilibrium. Newton’s first law of motion is
the basis for static equilibrium. This law also extends
to moving objects, however. If an object is moving at
constant velocity in a straight line, then the sum of all the
external forces acting on the object is zero. Newton’s first
law of motion basically says that if the net external force
acting on an object is zero, then there will be no change
in motion of the object. If it is already moving, it will
continue to move (in a straight line at constant velocity).
If it is at rest, it will stay at rest (not move). Newton’s
first law can be expressed mathematically as follows:

:) v = constant itXF=0 (3.1a)
or

2F=0 if v = constant (3.1b)
where

v = instantaneous velocity and
2F = net force.

Since Newton’s first law also applies to components
of motion, equations 3.1a and 3.1b can be represented by
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equations for the three dimensions (vertical, horizontal—
forward and backward; and horizontal—side to side):

v = constant if XF = 0 (3.2a)
XF =0 if v_= constant (3.2b)
v, = constant if ZFv =0 (3.3a)
ZJFy =0 if v, = constant (3.3b)
v, = constant if ze =0 (3.4a)
ZFZ =0 if v_= constant (3.4b)

To keep things simple in the problems and examples in
this book, we’ll mostly confine ourselves to analyses
in just two dimensions—vertical (y) and horizontal (x).

We have already done analyses based on Newton’s first
law of motion in chapters 1 and 2, but we didn’t know it at
the time. Now that we know Newton’s first law of motion,
let’s try another analysis. Imagine holding a 10 1b (4.5
kg) dumbbell in your hand. How large a force must you
exert on the dumbbell to hold it still? What external forces
act on the dumbbell? Vertically, gravity exerts a force
downward equal to the weight of the dumbbell, 10 1b.
Your hand exerts a reaction force upward against the
dumbbell. According to Newton's first law, an object will
stay at rest only if there are no external forces acting on
the object or if the net external force acting on the object
is zero. Since the dumbbell is at rest (not moving), the
net external force acting on it must be zero. Figure 3.1
shows a free-body diagram of the dumbbell.

The two external forces acting on the dumbbell are
both vertical forces, the force of gravity acting downward
and the reaction force from your hand acting upward.

w

Figure 3.1 Free-body diagram of a dumbbell when
held still in the hand. According to Newton's first law,
this diagram is also accurate for a dumbbell moving at a
constant velocity in a straight line.
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Since the dumbbell is not moving (v = constant = 0),
we can use equation 3.3b to solve for the reaction force
from your hand.

LF =0
LF =R+ (-W)=0 3.5)
R=W=101b

where

R = the reaction force from your hand, and
W = the weight of the dumbbell = 10 1b.

When you are holding the 10 1b dumbbell still in your
hand, the force you must exert against it is 10 1b upward.
The problem was solved with upward considered the
positive direction. Since the answer we got was a positive
number, it represented an upward force.

Now let’s see what happens if the dumbbell is moving.
It’s best if you actually feel this, so try self-experiment
3.1

Self-Experiment 3.1

Pick up a dumbbell if you have one—if not, use a book
or any other convenient object weighing more than 5 1b
(22 N). Let’s suppose you do have a dumbbell (if you
don’t, just imagine that the book or whatever you have
is a dumbbell) and that it weighs 10 Ib (44.5 N). Hold
the dumbbell still in your hand. If you begin lifting the
dumbbell, and during the lift it moves at a constant veloc-
ity upward, how large a force must you exert against the
dumbbell to keep it moving upward at constant velocity?
What does it feel like compared to the force required to
hold the dumbbell still? Remember, we're trying to find
the force you exert when the dumbbell is moving upward
at constant velocity, not when it starts upward. What
external forces act on the dumbbell? Vertically, gravity
still exerts a force downward equal to the weight of the
dumbbell, 10 1b, and your hand still exerts a reaction force
upward against the dumbbell. According to Newton's
first law, an object will move at constant velocity in a
straight line only if there are no external forces acting
on the object or if the net external force acting on the
object is zero. Since the dumbbell is moving at a constant
velocity in a straight line, the net external force acting
on it must be zero. Refer back to the free-body diagram
of the dumbbell in figure 3.1. The two external forces on
the dumbbell in this experiment are exactly the same as
when the dumbbell was still: the force of gravity acting
downward and the reaction force from your hand acting
upward. We’ll use the same equation, equation 3.5, to
solve for the force from your hand. Since the numbers are
the same, we get the same reaction force of 10 Ib upward.

When you are moving the 10 Ib dumbbell upward at
a constant velocity, the force you must exert against the
dumbbell to keep it moving upward at a constant veloc-
ity is a 10 1b upward force. When you are holding the
dumbbell still, the force you exert onitis a 10 1b upward
force. If you move the dumbbell downward at constant
velocity, the force you exert on it would still be a 10 Ib
upward force.

Newton’s first law of motion may be interpreted in
several ways:

1. If an object is at rest and the net external force
acting on it is zero, the object must remain at rest.

2. If an object is in motion and the net external force
acting on it is zero, the object must continue
moving at constant velocity in a straight line.

3. Ifanobjectis at rest, the net external force acting
on it must be zero.

4. If an object is in motion at constant velocity in
a straight line, the net external force acting on it
must be zero.

Newton’s first law of motion applies to the resultant
motion of an object and to the components of this resul-
tant motion. Because forces and velocities are vectors,
Newton’s first law can be applied to any direction of
motion. If no external forces act, or if the components of
the external forces acting in the specified direction sum
to zero, there is no motion of the object in that direction
or the velocity in that direction is constant.

:) Newton’s first law of motion applies
to the resultant motion of an object
and to the components of this resul-
tant motion.

Conservation
of Momentum

Newton’s first law of motion provides the basis for the
principle of conservation of momentum (if we consider
only objects whose mass is constant). Actually, the con-
servation of momentum principle was first introduced by
René Descartes and Christian Huygens (a Dutch math-
ematician) before Newton published Principia, but that’s
another story. What is momentum? Linear momentum
is the product of an object’s mass and its linear velocity.
The faster an object moves, the more momentum it has.
The larger a moving object’s mass, the more momentum
it has. So, momentum is a way of quantifying the motion
and inertia of an object together in one measure. Linear
momentum is defined mathematically by equation 3.6.

= L=m (3.6)



where
L = linear momentum,
m = mass, and
v = instantaneous velocity.

Newton’s first law of motion basically states that the
velocity of an object is constant if the net force acting on
the object is zero. In sports and human movement, most
objects we deal with have a constant mass (at least over
the short durations of the activities we may be analyzing).
If the velocity of an object is constant, then its momentum
is constant as well since mass doesn’t change. Momentum
is constant if the net external force is zero. This can be
expressed mathematically as

L = constant ifXF=0 3.7

where
L = linear momentum and
2 F = net external force.

Since velocity is a vector quantity (with size and
direction), momentum is also a vector quantity. The total
momentum of an object can be resolved into components,
or if the components of momentum are known, the com-
ponents can be added together (using vector addition)
to determine the resultant momentum. Conservation of
momentum applies to the components of momentum, so
equation 3.7 can be represented by equations for the three
dimensions (vertical, horizontal—forward and backward,
and horizontal—side to side).

L = constant if XF = 0 3.8)
L = constant ifXF =0 3.9)
L_= constant if XF = 0 (3.10)

Using the conservation of momentum principle to
analyze a single object is not worthwhile. Why compli-
cate things with mass when all we have to worry about
with Newton’s first law is velocity? The value of the
conservation of momentum principle is more apparent
when we are concerned with not a single object, but a
group of objects.

The analysis of a system of two or more objects is sim-
plified if all the objects are considered part of one thing,
the system. If the objects are considered together as one
system, then the forces that the objects exert against each
other are internal forces and do not affect the motion of
the whole system. We don’t have to know what they are!
Only external forces—forces exerted by agents external
to the system—will change the motion of the system.
According to the conservation of momentum principle,
the total momentum of a system of objects is constant if
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the net external force acting on the system is zero. This
principle is represented mathematically in equation 3.11.
For a system made up of a number of objects, the sum
of the momenta of all the objects at some initial time
is equal to the sum of the momenta of all the objects at
some later, or final, time if no external forces act on the
system. If the system is made up of only one object, this
is too simple—velocity and mass are unchanged. But, if
the system is made up of two or more objects, the initial
and final velocities of an object within the system might
not remain unchanged. In the case of a multi-object
system, if one object’s velocity increases, another object’s
velocity decreases to keep the total momentum of the
system constant.

:) L=%Y(mu)=mu,+mu,+mu,+...=my, +
my,+my, +...=Xmv)= Lf: constant (3.11)

where
L= initial linear momentum,
Lf = final linear momentum,
m = mass of part of the system,
u = initial velocity, and

v = final velocity.

—> The total momentum of a system of
objects is constant if the net external
force acting on the system is zero.

The conservation of momentum principle is especially
useful for analyzing collisions. Collisions are common
in sport: Baseballs collide with bats, tennis balls hit
rackets, soccer balls hit feet, defensive linemen collide
with offensive linemen in American football, and so on.
The outcome of these collisions can be explained with
the conservation of momentum principle.

Elastic Collisions

When two objects collide in a head-on collision, their
combined momentum is conserved. To see a simple
demonstration of this principle, try self-experiment 3.2.
We can use this principle to predict the postcollision
movements of the objects in certain situations if we know
their masses and their precollision velocities.

Self-Experiment 3.2

For this experiment we’ll use coins of the same weight,
for example two U.S. pennies. Take the two pennies and
put them on a table (or other hard, flat surface) about 5
cm (2 in.) apart. Flick one penny (let’s call this penny
A) into the other penny (let’s call this penny B) so that
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it strikes penny B directly on center and not to one side
or the other. Try this a couple of times. What happens?
Just after the collision, penny A stops or barely moves,
and penny B now moves in the same direction and with
about the same velocity as penny A before the collision.
Just before the collision, the total momentum of the
system was the mass of penny A times its velocity. Since
penny B was not moving, it didn’t contribute to the total
momentum. Just after the collision, the total momentum
of the system is the mass of penny B times its velocity.
Momentum is conserved. When penny A strikes penny
B, it transfers its momentum to penny B.

Let’s examine the two-penny collision from self-
experiment 3.2. For a system with only two objects,
equation 3.11 simplifies to

L =%(mu)=mu,+ mu,=my, +my,
=X(mv) = Lf 3.12)

This equation gives us some information about what
occurs after the collision, but not enough to solve for
both postcollision velocities unless we know more about
what happens after the collision. It is only one equation,
but we have two unknown variables (#, and u,). For our
penny example, this equation becomes

mu, +mu,=my, +nmy, 3.13)

In the penny example, we do know something about what
happens after the collision. We observed that the velocity
of penny A was zero (or close to it) after the collision. The
precollision velocity of penny B was zero (u, = 0), and
the postcollision velocity of penny A was zero (v, =0), so

mu, =nyy, 3.14)
The masses of the pennies are equal, m, =m,, so

MA:VB.

The velocity of penny A just before the collision equals
the velocity of penny B just after the collision. For head
on, perfectly elastic collisions of two objects with equal
mass, the precollision momentum of each object is totally
transferred to the other object postcollision, or more
simply stated mathematically,

u,=v, 3.15)
and
u,=v, (3.16)

What if the masses of two colliding objects are not
equal? Will momentum totally transfer from one object
to the other and vice versa in all perfectly elastic head
on collisions?

Self-Experiment 3.3

Let’s repeat self-experiment 3.2 but this time substitute
a nickel for penny A. Flick the nickel into the penny.
What happens after the nickel strikes the penny? In this
case the penny rapidly moves in the same direction as
the nickel was before the collision, but the nickel also
keeps moving the same direction, although much more
slowly. If momentum was transferred completely from
the nickel to the penny and vice versa, the nickel would
not be moving after the collision.

Self experiment 3.3 shows that in a perfectly elastic
collision of two objects with unequal masses, the momen-
tum of each object is not exchanged completely with the
other object. Let’s try to figure out the velocities of the
nickel and the penny after the collision in self-experiment
3.3. We know from observation that the postcollision
velocity of the nickel is not zero, so, equations 3.15
and 3.16 do not work. Equation 3.13 is still valid, but
one equation is not enough if we want to solve for two
unknowns — the postcollision velocity of the nickel and
the penny. Two equations are needed. In a perfectly elastic
collision, not only is momentum conserved, but kinetic
energy is conserved as well. We’ll learn more about
kinetic energy in the next chapter, but conservation of
kinetic energy gives us the additional equation we need
to determine the postcollision velocities of the nickel and
the penny or any two objects in a head on perfectly elastic
collision. The equations that describe the postcollision
velocities in a head on perfectly elastic collision are

_ 2myu, + (m] —m, ) u,

v, (3.17)
m,; +m2

and

_ 2mu, +(m2 -m, )u2

(3.18)

" m, +m,
Notice that if m, equals m,, then equations 3.17 and 3.18
reduce to equations 3.15 and 3.16 respectively.

Now, let’s try to determine the postcollision veloci-
ties of the penny and nickel in self-experiment 3.3. Use
subscript P to represent the penny and subscript N to rep-
resent the nickel. Then, using equation 3.17 and 3.18 we
get the postcollision velocities of the nickel and penny as

2mu, +(m,v —mp)uN
Vy =

my +m,

B 2myu, +(mp —my )up

v, =

my +mp



The mass of a new U.S. penny minted after 1982 is 2.5
g. The mass of a new U.S. nickel is 5 g. The nickel’s
mass (m,) is twice the penny’s mass (m,) or, m, = 2m,,
We also know that the precollision velocity of the penny
was zero. Substituting 2m, for m,, and setting u,, to zero
in the previous equations gives

B 2m, (0)+ (2mp -m, )uN (mpuN ) 1

= :—uN
2mp +m, 3mp 3

N

and

Z(ZmP)uN +(mp —mN)(O) _dmyuy 4

2mp +m, 3m

y =

r Uy

»
So, the nickel’s postcollision velocity (v,) is one third
the nickel’s precollision velocity (u,) and the penny’s
postcollision velocity is four thirds the nickel’s precolli-
sion velocity. Suppose the nickel had a velocity of 2 m/s
before the collision. Immediately after the collision, the
nickel would have a velocity of %/, m/s and the penny
would have a velocity of 2%/, m/s. The problem and solu-
tion are presented graphically in figure 3.2.

The collisions of the coins in self-experiments 3.2
and 3.3 were examples of perfectly elastic collisions in
two dimensions of a moving object with a non-moving
object. If the colliding objects have equal masses, as in
self-experiment 3.2, equations 3.15 and 3.16 apply. If the
colliding objects have different masses, as in self-exper-
iment 3.3, equations 3.17 and 3.18 apply. What happens
if both objects in a perfectly elastic collision are moving
along the same line but in opposite directions when they
collide? Will these equations still apply?

If both objects in a perfectly elastic collision are
moving along the same line but in opposite directions,
we must remember that momentum is a vector quan-
tity, so the momentum of each object is opposite to the
momentum of the other object in the collision. Try self-
experiment 3.2 again, but this time flick both pennies
toward each other so they strike head-on along the same
line. What happens? Immediately after they collide, they

Precollision Postcollision
2.0 m/s .67m/s 2.67m/s
—_—
Nickel: Penny: Nickel: Penny:
m,=50g m,=25g m,=50g m,=25¢g
u,=2m/s u,=0m/s v,=0.67m/s v,=2.67m/s

M, +mm, =myv, +m\y,
(5 9)(2 m/s) + (2.5 g)(0 m/s) = (2.5 g)(2.67 m/s) + (5.0 g) 0.67 m/s
10g-m/s =10g-m/s

Figure 3.2 Perfectly elastic collision of a moving nickel
with a stationary penny.

Linear Kinetics

bounce off each other and move in the opposite direction
of their precollision velocity. If one penny (let’s call this
penny A) is moving faster than the other penny (let’s call
this penny B) before the collision, penny B will be moving
at that speed and in that direction after the collision,
while penny A will be moving at the slower speed in the
opposite direction after the collision. If the collision of
the two pennies is perfectly elastic, then the precollision
momentum of each is transferred to the other after the
collision. Since the collision is perfectly elastic, the pre-
collision momentum of penny A equals the postcollision
momentum of penny B, while the precollision momentum
of penny B equals the postcollision momentum of penny
A. Equations 3.15 and 3.16 apply, and

In our penny example, if penny A was moving to the
right with a velocity of 2 m/s, and penny B was moving to
the left with a velocity of 1 m/s, then the total momentum
of the system would be 2.5 g-m/s to the right (the mass
of a penny is 2.5 g). If we set up our positive direction
to the right, then

u, =v,=+2mfs,
and
u,=v,=-1ms.

The postcollision velocity of penny A is 1 m/s to the left,
and the postcollision velocity of penny B is 2 m/s to the
right. The general illustration of this impact situation is
presented in figure 3.3.

Try self-experiment 3.3 again, but this time flick both
the penny and the nickel toward each other so they strike
head-on along the same line. What happens? Immediately
after they collide, they bounce off each other and move in
the opposite direction of their precollision velocities. If
the precollision velocities of the penny and nickel were
equal but opposite in direction, then the postcollision
velocity of the penny will be faster than its precollision

Precollision Postcollision
u, u, v, v,
—_— -« —_—
m m m m

m1u1 + m2U2 = m1V1 + f7'72V2
mu, =m,v,
myu,=m.y,

Figure 3.3 Perfectly elastic head-on collision of two
pennies moving in opposite directions.
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velocity, while the postcollision velocity of the nickel will
be slower than its precollision velocity. Let’s suppose the
penny was moving to the right with a velocity of 2 m/s
and the nickel was moving to the left with a velocity of

AlViF PROBLE|V!

A small (25 g) high-bounce ball is stacked on top of a
are dropped to the floor together from a height of 2 m.

2 m/s. Remember that the nickel is twice the mass of a
penny, 5 g vs. 2.5 g. If we set up our positive direction
to the right, then the postcollision velocities of the nickel
and penny are still described by equation 3.17 and 3.18.

large (100 g) high-bounce ball, and the two balls
The large ball strikes the floor first and rebounds

upward to collide with the falling small ball. At the instant of the collision, the large ball has a velocity of
4.4 m/s upward, and the small ball has a velocity of 4.4 m/s downward. If the collision between the two
balls is perfectly elastic, how fast is each ball moving immediately after impact?

Solution:

Step 1: List the known quantities.

mlurge = 100 g

mxmall = 25 g

u, =44m/s
arge

u_=-44m/s

Step 2: Identify the variables to solve for.

large — °

small — °

Step 3: Search for equations with the known and
unknown variables in them.

_ 2myu, +(m1 —mz)u1

Vl
m, ab m,
2mu, + (m2 —-m, )u2
Vv, =
m, + m,
2msmull usmall + (ml arge - msmall ) ul arge
V —
large
mlarge + mxmall
2ml argeul arge + (msmall - ml arge )usmnll
v —

small —

mlarge +m

small

Step 4: Now substitute known values and solve for

the postimpact velocity of each ball.
_2(25 g)(—4.4 m/s)+ (100 g—25 g)(4.4 m/s)
- (100 g+25 ¢)

large

. - (—220 g m/s)+(330 g m/s)
large — (125 g)

v =0.88 m/s

large

2100 g)(4.4 m/s)+(25 g—100 g)(—4.4 m/s)

Vomait = (100 g+25 g)

(880 g m/s)+(330 g m/s)
small ~— (125 g)

v =9.68 m/s

small

Step 5: Common sense check.

Whoa! The postimpact velocity of the large
ball sounds reasonable. It should be moving
in the downward direction if the downward
momentum of the small ball was completely
transferred to it. But the 9.68 m/s postimpact
velocity of the small ball seems too fast.
How can it be moving so much faster than
before? Let’s make one more check using the
original conservation of momentum equation
(equation 3.13).

mAuA +mBuB=mAvA +vaB

largeularge + msmalluxmall = mlargevlarge

msmall Vsmnll

(100 g)(4.4 m/s) + (25 g)(—4.4 m/s) =
(100 £)(0.88 m/s) + (25 £)(9.68 m/s)

440 g-m/s + (=110 g-m/s) = (88 g-m/s) +
242 g-m/s

330 g-m/s = 330 g-m/s

Wow, it checks out. This is an example of
the “deadly superball trick.” If a small ball is
stacked on top of a much larger ball and the
two balls are dropped together, the small ball
will bounce off the large ball with a very fast
velocity if the collision is close to perfectly
elastic. Warning: This is a sample problem,
not a self-experiment. Do not try this trick
at home without eye protection and personal
protection. It is difficult to drop the balls so
that the smaller ball lands perfectly on top
center of the larger ball. Off-center impacts
will send the smaller ball flying very fast in
an unexpected direction!



B 2mpup +(mN —mp)uN

= my +m,

~2(2.5g)(2 m/s)+(5 g—2.5 g)(—2 m/s)

B 59+25¢

10 g m/s—5 g m/s
vy =
75¢g
vy =+0.67m/s
and
2mNuN+(mp—mN)up

\V—

P

my+m,
_2(5g)(-2 m/s)+(2.5 g—5 g)(2 m/s)
5g+25¢
b= —20 gm/s—5 g m/s
b 75¢
v,=-3.33 gm/s

The postcollision velocity of the penny is 3.33 m/s to
the left, and the postcollision velocity of the nickel is 0.33
m/s to the right. This agrees with our observation that the
penny rebounded off the nickel with more velocity than it
had before the collision while the nickel rebounded off the
penny with less velocity than it had before the collision.

We’ve described two types of linear, perfectly elas-
tic collisions involving two objects. In the first case, a
moving object collided with a stationary object. In the
second case, two objects moving in opposite directions
collided head-on. There is a third type of linear, per-
fectly elastic collision. In this case, the two objects are
moving in the same direction but at different velocities.
The faster, overtaking object collides with the slower-
moving object. If the two objects have the same mass,
the momentum of the faster-moving object is completely
transferred to the slower-moving object and equations
3.15 and 3.16 apply. Immediately after the collision, the
previously faster-moving object slows to the velocity of
the previously slower-moving object, and the previously
slower-moving object speeds up to the velocity of the
previously faster-moving object. This type of collision
and the equations describing it are shown in figure 3.4
for two pennies. If the two objects differ in mass, then
equations 3.17 and 3.18 apply.

Inelastic Collisions

The collisions we’ve examined so far were perfectly
elastic collisions. Not all collisions are perfectly elastic.
The opposite of a perfectly elastic collision is a per-

Linear Kinetics

Precollision Postcollision
u1 u2 V1 v2
—_— —_ —_ —_—
m, m, m, m,

m1U1 + m2U2 = m1V1 + m2V2
mu,=m,v,
myu,=myv,

Figure 3.4 Perfectly elastic overtaking collision of two
pennies moving in the same direction.

fectly inelastic collision (also called a perfectly plastic
collision). In a perfectly inelastic collision, momentum
is still conserved, but rather than bouncing off of each
other, the objects in the collision stay together after the
collision and move together with the same velocity. This
postcollision condition gives us the additional informa-
tion we need to determine the postcollision velocities
of objects in an inelastic collision. The equations that
follow describe the motion of two objects involved in
a linear, perfectly inelastic collision. Whether the colli-
sion is elastic or inelastic, we begin with equation 3.12,
which describes the conservation of momentum for the
collision of two objects.

L =%X(mu)=mu,+ mu,=my, +m,y,
=2X(mv) = Lf

m]u] + m2u2 = mIV] + mzvz
In a perfectly inelastic collision,

v, =v, =v = final velocity.

Therefore,
mu, +mu,=(m, +m,)v. 3.19)

Most collisions occurring in American football are
examples of inelastic collisions. Offensive linemen
collide with defensive linemen, linebackers tackle run-
ning backs, receivers collide with safeties, and so on. In
most of these collisions, the two colliding players move
together as one following the collision. What happens
after these collisions greatly affects the outcome of each
play and ultimately the outcome of the game. Can a faster
and lighter running back match or exceed the momentum
of a slower, more massive defensive player? Football
puts a premium on momentum—mass and velocity are
equally important. Fast and large players are the most
successful. Let’s try a problem to illustrate the mechanics
of an inelastic collision.

Suppose an 80 kg fullback collides in midair with a
120 kg linebacker at the goal line during a goal line stand.
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Just before the collision, the fullback had a velocity of
6 m/s toward the goal line, and the linebacker had a veloc-
ity of 5 m/s in the opposite direction. If the collision was
perfectly inelastic, would the fullback be moving forward
and score a touchdown just after the collision, or would
the defense prevail?

To answer this question, we’ll begin with equation
3.19:

mu, +mu,=(m, +m,y

Let’s consider the positive direction to be the direction
toward the goal line. Substituting the known values for
the masses and precollision velocities gives us

(80 kg)(6 m/s) + (120 kg)(-5 m/s)
= (80 kg + 120 kg)v.

Solving for v (the final velocity of both players) gives us
480 kg-m/s — 600 kg-m/s = (200 kg)v
-120 kg-m/s = (200 kg)v

y = M =_0.6 m/s
200 kg

The fullback won’t score. He and the linebacker will be
moving back away from the goal line with a velocity of
0.6 m/s.

Most collisions in sports are neither perfectly elastic
nor perfectly inelastic but are somewhere in between.
These are elastic collisions, but not perfectly elastic
collisions. The coefficient of restitution is a means of
quantifying how elastic the collisions of an object are.

Coefficient of Restitution

The coefficient of restitution is defined as the absolute
value of the ratio of the velocity of separation to the
velocity of approach. The velocity of separation is the
difference between the velocities of the two colliding
objects just after the collision. It describes how fast
they are moving away from each other. The velocity of
approach is the difference between the velocities of the
two colliding objects just before the collision. It describes
how fast they are moving toward each other. The coef-
ficient of restitution is usually abbreviated with the letter
e. Mathematically,

Vi _Vz‘ V, _Vl‘

e =

(3.20)

u - "‘2‘ u - "‘2‘

where
e = coefficient of restitution,

v, v, = postimpact velocities of objects one and
two, and

u, u, = preimpact velocities of objects one and
two.

The coefficient of restitution has no units. For perfectly
elastic collisions, the coefficient of restitution is 1.0, its
maximum value. For perfectly inelastic collisions, the
coefficient of restitution is zero, its minimum value. If
we know the coefficient of restitution for the two objects
in an elastic collision, this along with the conservation
of momentum equation gives us the information needed
to determine the postcollision velocities of the colliding
objects.

The coefficient of restitution is affected by the nature
of both objects in the collision. For ball sports, it is most
easily measured if the object that the ball collides with is
fixed and immovable. Then only the pre- and postimpact
velocities of the ball need to be measured. Actually, if
the ball is dropped from a specified height onto the fixed
impact surface, then the height of the rebound and the
height of the drop provide enough information for com-
putation of the coefficient of restitution (refer to figure
3.5). (Can you derive this equation from equation 3.20
and equation 2.18?)

o= bounce height
drop height

The coefficient of restitution is a critical measure in
most ball sports, since the “bounciness” of a ball and

(3.21)

Bounce height

O OCOAL OO

Coefficientof bounce height
restitution =€= drop he|ght

Figure 3.5 Determination of the coefficient of restitu-
tion from the drop and bounce heights.



the implement or surface it strikes will greatly affect the
outcome of a competition. If bats had higher coefficients
of restitution with baseballs, more home runs would be
hit (and more pitchers would be injured by hit balls). If
golf clubs had higher coefficients of restitution with golf
balls, 300 yd drives might be common. Obviously, the

AlVIF PROBLEIV!

Linear Kinetics

rules makers must regulate the coefficient of restitution
for the balls and implements involved in ball sports.
Most rules for ball sports directly or indirectly specify
what the coefficient of restitution must be for the ball on
the playing surface or implement. The U.S. Golf Asso-
ciation (USGA) rules forbid drivers having a coefficient

A golf ball is struck by a golf club. The mass of the ball is 46 g, and the mass of the club head is 210 g.
The club head’s velocity immediately before impact is 50 m/s. If the coefficient of restitution between the
club head and the ball is 0.80, how fast is the ball moving immediately after impact?

Solution:

Step 1: List the known quantities.
m,, =46 g
mclub = 210 g
u, =0m/s

ball

u, . =50m/s

club

e=0.80
Step 2: Identify the variable to solve for.

=7
vhall °

Step 3: Search for equations with the known and
unknown variables in them.

m1u1 + m2u2 = mlvl + m2v2

m_ v . +m, v

W MU ball” ball club” club

baltMpal i iy —

o= v, — Vz‘= V, =V — Ve — Voan
u - ”2‘ U — Uy Uy — Uy

Step 4: We have two unknown variables, v, and

v,» Which represent the postimpact velocities of

the club and the ball. We also have two equations to
use. If the number of independent equations is equal
to the number of unknown variables, the unknown
variables can be computed. We need to solve one
of the equations for one of the unknown variables
in terms of the other. Let’s use the coefficient of
restitution equation and solve for the postimpact
velocity of the club. We want to manipulate the
equation so that the postimpact velocity of the

club, v, ., is on one side of the equation by itself.

o= Y = Voar

Upay — Ucrup

€ Uy = Uet) = Vs = Vour

Veny = (uball - uclub) Vo

Step 5: Now let’s substitute this expression for the
postimpact velocity of the club into the conserva-
tion of momentum equation.

mballuball + m('lubuclub = mballvbull + mr,'lubvclub

mballuball + mnlubuclub = mballvball + mclub

(e (uball - Mclub) + vball)

Step 6: Substitute known values and solve for the
postimpact velocity of the ball.

(46 2)(0) + (210 £)(50 m/s) = (46 g)v
(210 g) x [0.80 (0 — 50 m/s) + v

ball +
ball]

(210 £)(50 m/s) = v
2)(0.8)(50 m/s)

(46 g +210 g) — (210

ball

(210 g)(50 m/s) + (210 2)(0.8)(50 m/s) = v,
(256 g)

(210 g)(90 m/s)
Voan =
256 g
v, =74 m/s

ball

Step 7: Common sense check.

This velocity is over 150 mi/h, but that seems about
right when you think about how fast a golf ball
rockets off the tee.
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of restitution with the golf ball greater than 0.830. The
National Collegiate Athletic Association men’s basketball
rules require the ball to bounce to a height between 49 and
54 in. or 1.24 and 1.37 m (measured to the top of the ball)
when dropped from a height of 6 ft (1.83 m) (measured
to the bottom of the ball). The rules of racquetball state
that the ball must bounce to a height of 68 to 72 in. (1.73
to 1.83 m) if dropped from a height of 100 in. (2.54 m).
What is the range of allowed values for the coefficient
of restitution (equation 3.21) for a racquetball, according
to this rule?

o= bounce height
drop height

Low value:

68
= |25~ 068 =082
“=\100

High value:

)
= |2 = o2 =085
“=\100

According to the rules of racquetball, the coefficient
of restitution of the ball must be between 0.82 and 0.85.
The coefficient of restitution of a baseball with a wooden
bat is about 0.55. The coefficient of restitution of a tennis
ball on the court is about 0.73. How the ball bounces is
determined by its coefficient of restitution.

Our exploration of Newton’s first law of motion led
us to the conservation of momentum principle and colli-
sions. In the analysis of collisions, we considered the two
colliding objects to be part of the same system and thus
we ignored the force of impact—since it was an internal
force. If we isolate only one of the objects involved in
the collision, then this impact force becomes an external
force, and Newton’s first law is no longer applicable.
What happens when the external forces acting on an
object result in a net external force not equal to zero?
Newton came up with an answer to this question in his
second law of motion.

Newton’s Second Law
of Motion: Law of
Acceleration

Mutationem motis proportionalem esse vi
motrici impressae, et fieri secundum lineam
rectam qua vis illa imprimitur. (Newton
1686/1934, p. 644)

This is Newton’s second law of motion in Latin as
originally presented in Principia. It is commonly referred
to as the law of acceleration. Translated directly, this law
states, “The change of motion of an object is proportional
to the force impressed; and is made in the direction of the
straight line in which the force is impressed” (Newton
1686/1934, p. 13). This law explains what happens if a
net external force acts on an object. More simply stated,
Newton’s second law says that if a net external force is
exerted on an object, the object will accelerate in the
direction of the net external force, and its acceleration
will be directly proportional to the net external force
and inversely proportional to its mass. This can be stated
mathematically as

D SF=ma (3.22)
where

XF = net external force,

m = mass of the object, and

a = instantaneous acceleration of the object.

This is another vector equation, since force and accel-
eration are vectors. Newton’s second law thus applies to
the components of force and acceleration. Equation 3.22
can be represented by equations for the three dimen-
sions (vertical, horizontal—forward and backward, and
horizontal—side to side).

XF =ma, 3.23)
XF =ma (3.24)
XF =ma, 3.25)

Newton’s second law expresses a cause-and-effect
relationship. Forces cause acceleration. Acceleration
is the effect of forces. If a net external force acts on an
object, the object accelerates. If an object accelerates, a
net external force must be acting to cause the acceleration.
Newton’s first law of motion is really just a special case
of Newton’s second law of motion—when the net force
acting on an object is zero, its acceleration is also zero.

:) Any time an object starts, stops,
speeds up, slows down, or changes
direction, it is accelerating and a net
external force is acting to cause this
acceleration.

Newton’s second law of motion explains how accelera-
tions occur. Let’s see if we can apply it. In chapter 2, we
examined the motion of projectiles. The vertical accelera-



tion of a projectile is governed by Newton’s second law
of motion. If the only force acting on a projectile is the
downward force of gravity, then the acceleration of the
projectile will also be downward and proportional to the
force. Since the force of gravity is the object’s weight
(W), using equation 3.24, we get the following result:

EFV= ma,
W=ma,
W=mg

This is not new to us, since weight and the acceleration
due to gravity was introduced in chapter 1 as equation
1.2. Let’s consider other applications of Newton’s second
law that involve contact forces as well as gravity. Try
self-experiment 3.4.

Self-Experiment 3.4

Try to find an elevator at your school or dorm, or look
for one in a tall building in your town. Get on it and ride
it up and down several times. What happens when you
ride up an elevator? How does it feel when the elevator
starts up? Do you feel heavier or lighter? When the eleva-
tor is between floors, do you feel any heavier or lighter?
What about when the elevator comes to a stop at the
upper floor? Do you feel heavier or lighter as the elevator
slows down? You probably feel heavier as the elevator
starts upward and lighter as the elevator slows to a stop.
In between floors, you probably feel neither heavier nor
lighter. Why is this so? Did you gain weight and then
lose weight as the elevator sped up and slowed down?

Now, let’s examine what happens to you during the
elevator ride in self-experiment 3.4 using Newton’s
second law of motion. First let’s draw a free-body dia-
gram and determine what external forces act on you as
you stand in the elevator. Figure 3.6 shows a free-body
diagram of someone standing in an elevator. Gravity pulls
downward on you with a force equal to your weight. Do
any other forces act on you? What about the reaction force
under your feet? The elevator floor exerts a reaction force
upward on your feet. If you are not touching anything
other than the floor of the elevator, then the only forces
acting on you are gravity (your weight) and the reaction
force from the floor. These are vertical forces, so if we
want to know what your acceleration is or its direction,
we can use equation 3.24:

XF =ma.
y y

XF =R+ (-W)=ma,

Linear Kinetics

Figure 3.6 Free-body diagram of a person standing
in an elevator.
where

EF} = net external force in the vertical direction,

m = your mass,

a = your vertical acceleration,

W = your weight, and

R = the reaction force exerted on your feet by the
elevator.

If the reaction force, R, is larger than your weight,
you feel heavier and the net force acts upward, resulting
in an upward acceleration. This is exactly what happens
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when the elevator speeds up in the upward direction; it
accelerates you upward, and you feel heavier. If the reac-
tion force, R, is equal to your weight, you feel neither
heavier nor lighter, and the net force is zero, resulting
in no acceleration. If you and the elevator were already
moving upward, you would continue to move upward
at constant velocity. If the reaction force, R, is less
than your weight, you feel lighter and the net force acts
downward, resulting in a downward acceleration. This
is exactly what happens when the elevator slows down;
you decelerate upward (slow down in the upward direc-
tion or accelerate downward), and you feel lighter. Let’s
confirm our analysis with some rough measurements in
self-experiment 3.5.

Self-Experiment 3.5

You can crudely check the values of the reaction force,
R, from the elevator floor that acts on your feet by taking
a bathroom scale with you on your elevator ride. Stand
on the scale while you are in the elevator. The scale
indicates the force that you exert on it, which is equal
to the force that it exerts on you—the reaction force, R.
The scale reading goes up above your body weight as the
elevator starts up and you accelerate upward. The scale
reading then returns to your body weight as the elevator
continues to move upward and you continue to move
upward at constant velocity. The scale reading drops
below your body weight as the elevator slows down and
your acceleration is downward.

While you’re on the elevator, let’s see what happens
when you ride the elevator down rather than up. The
free-body diagram and equations used to analyze the
upward elevator ride would be the same for the downward
ride. When the elevator begins to descend, it speeds up
downward. You feel lighter. The reaction force from the
floor (the scale reading) is less than your body weight, so
the net force is downward and you accelerate downward.
As the elevator continues downward, it stops speeding
up downward. You feel your normal weight. The reaction
force from the floor (the scale reading) is equal to your
body weight, so the net force is zero and you move at a
constant velocity downward. As the elevator slows to a
stop at the bottom floor, it slows down in the downward
direction. You feel heavier. The reaction force from the
floor (the scale reading) is greater than your body weight,
so the net force is upward and you accelerate upward
(your downward movement slows down).

The elevator example doesn't seem to have much to do
with human movement in sport, but consider what force
you must exert against a 10 1b (4.5 kg) dumbbell to lift it.
The external forces acting on the dumbbell are the pull of

gravity acting downward and the reaction force from your
hand acting upward. The net force is thus the difference
between these two forces, just as on the elevator. When
does the lift feel most difficult? When does it feel easier?
To start the lift, you must accelerate the dumbbell upward,
so the net force acting on the dumbbell must be upward.
The force you exert on the dumbbell must be larger than
101b. This is just like what occurs in the elevator example.
Once you have accelerated the dumbbell upward, to con-
tinue moving it upward requires only that a net force of
zero act on the dumbbell, and the dumbbell will move at
constant velocity. The force you exert on the dumbbell
must justequal 10 Ib. As you complete the lift, you need to
slow down the upward movement of the dumbbell, so the
net force acting on the dumbbell is downward. The force
you exert on the dumbbell must be less than 10 1b. When
the dumbbell is held overhead, it is no longer moving, so
the net force acting on the dumbbell is zero. The force
you exert on the dumbbell must be equal to 10 lb.

Now let’s consider how much force is required to
accelerate something horizontally. Next time you are at
the bowling alley, try this. Take a 16 1b (7.3 kg) bowl-
ing ball and set it on the floor. Try to get the ball rolling
horizontally by pushing on it with only one finger. Were
you able to? How much horizontal force was required
to accelerate the ball horizontally? To accelerate the ball
horizontally, you needed to exert only a very small force.
This is easily done with one finger. Let’s look at equation
3.23 to explain why this is so.

ZFX =ma_

In the horizontal direction, the only other horizontal
force acting on the ball is a small horizontal friction force
exerted by the floor on the ball, so

XF =P + (—Ff) =ma,
P -F =ma,
where
P_= pushing force from finger and
F .= friction force from floor.

To accelerate the ball horizontally and start it moving,
the pushing force from your finger just has to be slightly
larger than the very small friction force exerted on the
ball by the floor. In this case, the force you exert can be
less than 1 1b (4.5 N) and the ball will accelerate.

Now try to lift the ball with the same finger (use one
of the finger holes in the ball). Can you do it? If not, use
your whole hand and all three finger holes. How much
force is required to accelerate the ball upward? It is quite
difficult to accelerate the ball upward using only the force
from one finger. Why is so much more force required to
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A 52 kg runner is running forward at 5 m/s when his foot strikes the ground. The vertical ground reaction
force acting under his foot at this instant is 1800 N. The friction force acting under his foot is a 300 N brak-
ing force. These are the only external forces acting on the runner other than gravity. What is the runner’s
vertical acceleration as a result of these forces?

Solution:

Step 1: List the known quantities and the quantities that can be derived easily.

m=>52kg
R =300N
R =1800N

W=mg = (52 kg)(9.81 m/s) =510 N
Step 2: Identify the unknown variable the problem asks for.

a="? W=510N
5

Step 3: Draw a free-body diagram of the runner.

Rx =300 N

1800 N = Ry

Step 4: Search for equations with the known and unknown
variables—Newton’s second law works here.

2F =ma
y y

ZFy =R, —-W)=ma,
Step 5: Substitute quantities and solve for the unknown variable.

1800 N - 510N =(52kg) a,

a = (1290 N)/(52 kg) = 24.8 m/s? upward

Step 6: Common sense check.

The answer, 24.8 m/s?, is about two and a half times the acceleration due to gravity (2.5 g’s). This is about
right for the impact phase of a running stride. The number is positive, so it indicates an upward accelera-
tion. The runner’s downward velocity is slowed down as the foot strikes the ground.
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accelerate an object upward than to accelerate an object
sideways? Look at equation 3.24 again.

ZJFv =ma,

In the vertical direction, the only other vertical force
exerted on the ball is the force of gravity,

ZF), =P + W)= ma,
P —W=ma._
y y
where
P =upward pulling force from finger (or hand) and
W = weight.

To accelerate the ball upward, you must exert an upward
force larger than the weight of the ball, in this case, larger
than 16 1b. In general, causing something to accelerate
horizontally requires much less force (and thus less effort)
than does causing something to accelerate upward. Figure
3.7 illustrates this.

‘We now know that a net force is needed to slow some-
thing down or speed it up. Slowing down and speeding
up are examples of acceleration. Is a net force needed to
change directions? Yes; because acceleration is caused by
a net external force and a change in direction is an accel-
eration, a net force is needed to change direction. What
happens when you run around a curve? You change your
direction of motion. Because you change your direction

UGH!

AAH!

Figure 3.7 It's much easier to accelerate something
horizontally than vertically upward.

of motion, you are accelerating. A net force must act in
the horizontal direction to cause this acceleration. Where
does the external horizontal force come from? Think
about what happens if you try to run around a curve in
anice rink. You can’t, because there isn’t enough friction.
Friction is the external horizontal force that causes you
to change direction as you run around a curve.

Impulse and Momentum

Mathematically, Newton’s second law is expressed by
equation 3.22:

2F =ma

This tells what happens only at an instant in time. The
acceleration caused by the net force is an instantaneous
acceleration. This is the acceleration experienced by
the body or object at the instant the net force acts. This
instantaneous acceleration will change if the net force
changes. Except for gravity, most external forces that
contribute to a net external force change with time. So
the acceleration of an object subjected to these forces
also changes with time.

In sports and human movement, we are often more
concerned with the final outcome resulting from external
forces acting on an athlete or object over some duration
of time than with the instantaneous acceleration of the
athlete or object at some instant during the force applica-
tion. We want to know how fast the ball was going after
the pitcher exerted forces on it during the pitching actions.

Newton’s second law can be used to determine this.
Looking at equation 3.22 slightly differently, we can
consider what average acceleration is caused by an aver-
age net force:

IF =ma (3.26)
where

XF = average net force and

a = average acceleration.

Because average acceleration is the change in velocity
over time (equation 2.9),

V, — V.
(,_l: f !
At
_ Av
a=—
At

equation 3.26 becomes

SF =ma

_ A
YF = m(i) 3.27)



Multiplying both sides by At, this becomes
IF At=m Av (3.28)
IF At= m(vf— v) (3.29)

This is the impulse—momentum relationship. Impulse is
the product of force and the time during which the force
acts. If the force is not constant, impulse is the average
force times the duration of the average force. The impulse
produced by a net force acting over some duration of
time causes a change in momentum of the object upon
which the net force acts. To change the momentum of
an object, either its mass or its velocity must change.
In sports and human movement, most objects we deal
with have a constant mass. A change in momentum thus
implies a change in velocity.

When Newton stated his second law of motion, he
really meant momentum when he said motion. The
change in momentum of an object is proportional to the
force impressed.

The impulse—-momentum relationship described math-
ematically by equation 3.29 is actually just another way
of interpreting Newton’s second law. This interpretation
may be more useful to us in studying human movement.
The average net force acting over some interval of time
will cause a change in momentum of an object. We can
interpret change in momentum to mean change in veloc-
ity, because most objects have constant mass. If we want
to change the velocity of an object, we can produce a
larger change in velocity by having a larger average net
force act on the object or by increasing the time during
which the net force acts.

:) The average net force acting over
some interval of time will cause a
change in momentum of an object.

Using Impulse to Increase
Momentum

The task in many sport skills is to cause a large change
in the velocity of something. In throwing events, the ball
(or shot, discus, javelin, or Frisbee) has no velocity at the
beginning of the throw, and the task is to give it a fast
velocity by the end of the throw. We want to increase its
momentum. Similarly, in striking events, the racket (or
bat, fist, club, or stick) has no velocity at the beginning
of the swing (or stroke or punch), and the task is to give
the implement a fast velocity just before its impact. Our
bodies may be the objects whose momentum we want
to increase in jumping events and other activities. In all
of these activities, the techniques used may be explained
in part by the impulse—momentum relationship. A large
change in velocity is produced by a large average net
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force acting over a long time interval. Because there are
limits on the forces humans are capable of producing,
many sport techniques involve increasing the duration
of force application. Try self-experiment 3.6 to see how
force duration affects performance.

Self-Experiment 3.6

Take a ball in your throwing hand and see how far (or how
fast) you can throw it using only wrist motions. Move
only your hand and keep your forearm, upper arm, and
the rest of your body still. This is not a very effective
technique, is it? Now try to throw the ball again, only this
time use your elbow and wrist. Move only your hand and
forearm, and keep your upper arm and the rest of your
body still. This technique is better, but it still isn't very
effective. Try it a third time using your wrist, elbow, and
shoulder. Move only your hand, forearm, and upper arm,
and keep the rest of your body still. This technique is an
improvement over the previous one, but you could still
do better. Try it a fourth time throwing as you normally
would with no constraints. This throw was probably the
fastest. In which throw were you able to exert a force
against the ball for the longest amount of time? For the
shortest amount of time?

During self-experiment 3.6, you exerted the largest
impulse on the ball when you used your normal throwing
technique. As a result, the ball’s momentum changed very
much, and the ball left your hand with the fastest veloc-
ity. The large impulse was the result of a relatively large
average force being exerted on the ball for a relatively
long time. You exerted the smallest impulse on the ball
when you used only your wrist. The ball’s momentum
didn’t change very much, and the ball left your hand with
the slowest velocity. The small impulse was the result of
arelatively small average force being exerted on the ball
for a relatively short time. The normal throwing technique
involved more limbs in the throwing action, and you
were able to increase the time during which you could
exert a force on the ball (and you were probably able to
exert a larger average force). The end result was a faster
throw. Due to a longer period of force application, the
ball had more time to speed up, and thus its velocity at
release was faster.

An important thing to remember about the impulse—
momentum relationship (equation 3.29),

SF At= m(v/.— V),

is that the average net force, SF, in the impulse term is a
vector, as are the velocities, v, and v, in the momentum
term. An impulse will cause a change in momentum, and
thus a change in velocity, in the direction of the force. If
you want to change the velocity of an object in a specific
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direction, the force you apply, or some component of that
force, must be in that specific direction.

Which is the greater limitation on impulse—the force
or the time? Try self-experiment 3.7 to help answer this
question.

Self-Experiment 3.7

See how far (or fast) you can throw a very light object
(such as a table tennis ball) compared to a very heavy
object (such as a 16 1b [7.3 kg] shot). What limited your
throwing performance with the lighter object? Was your
strength the limiting factor (do you have to be exception-
ally strong to throw a table tennis ball fast?) or was it tech-
nique (duration of force application)? What limited your
throwing performance with the heavy object—strength
(force) or technique (duration of force application)?

In self-experiment 3.7, the limiting factor for throw-
ing the very light object was your technique, not your
strength. More specifically, the duration of time during
which you could exert a force on the ball was constrained.
It was very short. The ball sped up so quickly that your
hand had a difficult time keeping up with it and still
exerting a force on it.

Conversely in this experiment, the limiting factor for
throwing the very heavy object was your strength, not
your technique. When you tried to throw (or put) the 16
Ib shot, the limiting factor was not the duration of the
force application but the size of the force itself. The force
you exerted was definitely larger than the force exerted
when you threw the table tennis ball, but the amount of
force you exerted was constrained by your strength. If
you were stronger, the force you could exert on the shot
would have been larger, and the shot would have gone
farther and faster.

When you threw the table tennis ball in self-experi-
ment 3.7, the average net force, SF, wasn’t the problem;
the time of its application, Az, was. In the shot put, the
time of application was long, but the amount of force
applied was limited. In both instances, maximizing both
quantities, SF and At, will result in the fastest throw or
put. But in throwing a lighter object, technique (dura-
tion of force application) is more important for success,
whereas in throwing heavy objects, the force applied is
more important. Compare baseball pitchers and javelin
throwers to shot-putters. Shot-putters are bigger and
stronger. Their training and selection have been based
on their ability to produce large forces (XF in impulse).
Baseball pitchers and javelin throwers are not as strong.
They’re successful because their techniques maximize
the duration of force application (Af in impulse).

Now let's try an activity in which the force element
of the impulse is constrained so that we are forced to

emphasize duration of force application (Af) in the
impulse equation. Try self-experiment 3.8.

Self-Experiment 3.8

Fill several balloons with water so that each one is about
the size of a softball. Take these balloons outside to an
empty field or empty parking lot. Now, see how far you
can throw one without having it break in your hand. If you
exert too large a force against the balloon, it will break.
To throw the balloon far, you must maximize the dura-
tion of force application during the throw while limiting
the size of the force you exert against the balloon so that
it doesn't break. Don't constrain your technique to what
you perceive as normal throwing styles. Remember, the
best technique will be the one in which you accelerate
the balloon for the longest possible time while applying
the largest (but non-balloon-breaking) force against the
balloon.

Let’s summarize what we’ve learned about impulse
and momentum so far. The relationship is described
mathematically by equation 3.29:

:) IF At= m(vf— V)
impulse = change in momentum

where

TF = average net force acting on an object,
At = interval of time during which this force acts,
m = mass of the object being accelerated,

V= final velocity of the object at the end of the
time interval, and

v, = initial velocity of the object at the beginning
of the time interval.

In many sport situations, the goal is to impart a fast
velocity to an object. The initial velocity of the object is
zero, and the final velocity is fast, so we want to increase
its momentum. We accomplish this by exerting a large
force against the object for as long a time as possible (by
exerting a large impulse). Techniques in sport activities
such as throwing or jumping are largely based on increas-
ing the time of force application to obtain a large impulse.

:) Techniques in sport activities such
as throwing or jumping are largely
based on increasing the time of force
application to obtain a large impulse.



Using Impulse to Decrease
Momentum

In certain other activities, an object may have a fast initial
velocity and we want to decrease this velocity to a slow
or zero final velocity. We want to decrease its momentum.
Can you think of any situations like this? What about
landing from a jump? Catching a ball? Being struck by a
punch? Does the impulse—-momentum relationship apply
in an analysis of these situations? Yes. Let’s try another
activity. Try self-experiment 3.9 (it’s best to try this on
a warm day).

Self-Experiment 3.9

Fill a few more water balloons and take them outside.
With a friend, play a game of catch with a water balloon.
See how far apart you can get from one another and still
catch the balloon intact. If you can't find a friend willing
to take part in this activity, play catch by yourself. Throw
a balloon up in the air and catch it without breaking it.
Try to throw it higher and higher.

What does your catching technique look like when
you try to catch a water balloon in self-experiment 3.9?
To catch the balloon without breaking it, your arms have
to “give” with the balloon. You start with your arms
outstretched and then move them in the direction of the
balloon’s movement as you begin to catch the balloon.

This giving action increases the impact time, At, in
the impulse—-momentum equation, equation 3.29. This
increase in the impact time decreases the average impact
force, TF, required to stop the balloon. This smaller
average impact force is less likely to break the balloon.

Why does the balloon become more difficult to catch
as you and your friend get farther apart or as you throw
it higher and higher? As you move farther apart or throw
the balloon higher, the impulse you exert on the balloon
must be larger to create the greater change in momentum
required to stop it. It becomes more difficult to create a
large enough impulse to stop the balloon without allowing
the impact force to exceed the point at which the balloon
will break. The technique used in landing from a jump is
similar to that used to catch a water balloon if you think
of the jumper as the water balloon. Try self-experiment
3.10 to see.

Self-Experiment 3.10

Stand on a chair. Now, jump off the chair and land on your
feet. How did you reduce the impact force? You flexed
your knees, ankles, and hips. This increased the impact
time—the time it took to slow you down. This increased
At in the impulse-momentum equation (equation 3.29)
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and thus decreased the average impact force, SF, since
the change in momentum, m(vf -v), would be the same
whether you flexed your legs or not.

What would happen if you landed stiff-legged? (Don’t
try it!) The impact time would be much smaller, and
the average impact force would have to be much greater
because the change in momentum would still be the same.
This impact force might be great enough to injure you.

Let’s examine the impulse-momentum equation
(equation 3.29) again to see why this is so:

IF At= m(vf,— v)

The right side of this equation is the same whether you
jump from the chair and land stiff-legged or flex your
legs. Your mass, m, does not change. Your final velocity,
v, is the same for both conditions. This is your velocity
at the end of the landing, which will be zero. Your initial
velocity, v, is also the same for both conditions if you
jump from the same height. This is your velocity when
your feet first make contact with the ground. Your change
in velocity, (vf -v), is the same for both conditions. So
your change in momentum, m(v, = v), the right side of
equation 3.29, is the same whether you land stift-legged
or flex your legs. But how can the average impact forces
differ between conditions?

The change in momentum is the same for the two
landing techniques, which means that the impulse, SF At
the left side of equation 3.29, must also be the same for
the two techniques. This doesn’t mean that the average
impact force, > F, must be the same for both conditions,
or that the impact time, Af, must be the same. It means
only that the product of the two, SF times At, must be
the same for the two landing techniques. If the impact
time, At, is short, the average impact force, >F, must
be large. If the impact time, At, is long, the average
impact force, £F, must be small. As long as the change
in momentum, m(vf -v), is the same for both activities,
changes in impact time, At, are accompanied by inversely
proportional changes in average impact force, XF.

In some sports and activities, athletes or participants
may not be able to land on their feet and flex their legs
to reduce the average impact force. How do high jumpers
and pole-vaulters land? They land on their backs—not on
the hard ground, but on soft landing pads. If they landed
on their backs on the hard ground, the impact time would
be short, and the large impact forces would definitely
cause injury. How do landing pads prevent them from
being injured? Landing pads are made of cushioned mate-
rials that slow the jumper down over a longer time. This
longer impact time means that the average impact forces
are lessened proportionally. Pole vault landing pads are
thicker than high jump landing pads because vaulters fall
from greater heights and have faster velocities at impact,
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so the impact time must be more greatly increased to
reduce their average impact forces to safe levels.
Gymnasts don’t usually land on their backs, but their
landings from apparatus dismounts or floor exercise
routines are worth more points if they allow less flexion
at their knees, ankles, and hips. If these landings occurred
on hard floors, there would be many more injuries in
gymnastics. But the gymnasts don’t land on hard floors;
their apparatus dismounts are onto a padded surface.
Likewise, their landings after floor exercise stunts are
onto the elevated, padded, and sprung gymnastics floor.
The gymnastics floor and the mats around gymnastics
apparatus increase the time of impact during landings.
This increased impact time decreases the average impact

AlVIF PROBLEIV] :

force. It should be noted that the increase in impact time
is not of the same magnitude as that experienced by high
jumpers and pole-vaulters, even though gymnasts may
be jumping, and thus falling, from similar heights. Thus,
gymnasts are more likely to experience injuries due to
hard landings than are high jumpers.

Now think about other equipment that is used to
cushion impacts by increasing the time of impact. You
may have thought of the padding and equipment worn
by football and hockey players, boxing gloves, baseball
gloves, the midsole material used in running shoes,
wrestling mats, and so on.

The impulse-momentum relationship provides the
basis for techniques used in many sports and human

A boxer is punching the heavy bag. The time of impact of the glove with the bag is 0.10 s. The mass of
the glove and his hand is 3 kg. The velocity of the glove just before impact is 25 m/s. What is the average

impact force exerted on the glove?

Solution:

Step 1: Identify the known quantities and quantities that can be assumed.

Ar=0.10s
m=3kg
v, =25 m/s

Assume that the glove comes to a stop at the end of the impact, that the punch is in the horizontal plane,
and that no other significant horizontal forces act on the glove and hand.

vf:Om/s

Step 2: Identify the unknown variable that the question asks for.

F=?

Step 3: Search for the appropriate equation that has the known and unknown variables in it (equation 3.29).

SF At= m(vf— v)

In this case, the average net force is the force exerted by the bag on the glove.

SF=F

Step 4: Substitute known quantities into the equation and solve for the unknown force.

FAt= m(vf— V)
F (0.10 s) = (3 kg)(0 — 25 m/s)
F=-750N

The negative sign indicates that the force from the bag to the glove is in the opposite direction of the

glove’s initial velocity.

Step 5: Common sense check.

I don’t know much about the impact forces in boxing, but 750 N seems reasonable. It’s almost 170 Ib.



movement skills. In throwing events, an athlete lengthens
the duration of force application to increase the change of
momentum of the object being thrown. This results in the
thrown object having a faster release velocity. The same
principle applies to jumping activities, but in this case
the “thrown” object is the athlete. In catching, landing,
and other impact situations, the goal may be to decrease
the magnitude of the impact force. By increasing the
duration of application of the impact force (increasing
the impact time), the size of the average impact force is
reduced. Now let’s move on to Newton’s third law of
motion, which provides more insight into what a force is.

Newton’s Third Law of
Motion: Law of Action-
Reaction

Actioni contrariam semper et aequalem esse
reactionem: sive corporum duorum actiones
in se mutuo semper esse aequales et in partes
contrarias dirigi. (Newton 1686/1934, p.
644)

This is Newton’s third law of motion in Latin as presented
in Principia. It is commonly referred to as the law of
action-reaction. Translated directly, this law states, “To
every action there is always opposed an equal reaction:
or the mutual actions of two bodies upon each other are
always equal and directed to contrary parts” (Newton
1686/1934, p. 13). Newton used the words action and
reaction to mean force. The term reaction force refers
to the force that one object exerts on another. This law
explains the origin of the external forces required to
change motion . More simply stated, Newton’s third law
says that if an object (A) exerts a force on another object
(B), the other object (B) exerts the same force on the
first object (A) but in the opposite direction. So forces
exist in mirrored pairs. The effects of these forces are
not canceled by each other because they act on different
objects. Another important point is that it is the forces
that are equal but opposite, not the effects of the forces.
Let’s try self-experiment 3.11 for a better understanding
of this law.

=) Ifan object exerts a force on another
object, the other object exerts the
same force on the first object but in
the opposite direction.

Self-Experiment 3.11

Go over to a wall and push hard against it. What hap-
pens when you push against the wall? The wall pushes
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back against you. The force the wall exerts against you
is exactly equal to the force you exert against the wall,
but it pushes in the opposite direction. Think about what
you feel with your hand as you push against the wall.
What direction is the force that you feel through your
hand? The force that you feel is in fact the force of the
wall pushing against you, not the force of you pushing
against the wall. When you push or pull on something,
what you feel is not the force that you are pushing or
pulling with; it is the equal but opposite reaction force
that is pushing or pulling on you.

When you pushed against the wall in self-experiment
3.11, why didn’t you accelerate as a result of the force the
wall exerted against you? At first, you might say that the
force the wall exerted against you was canceled out by the
force you exerted against the wall, so the net force was
zero and no acceleration occurred. Would this be a correct
explanation? No. The force you exerted against the wall
does not act on you, so it can’t counteract the effect of the
force the wall exerts on you. What other forces act on you
when you push against the wall? Gravity pulls down on
you with a force equal to your weight. The floor pushes
up against the soles of your shoes or your feet. And . . . a
frictional force from the floor also acts against your feet.
This frictional force opposes the pushing force from the
wall and prevents you from accelerating as a result of the
wall pushing against you.

What about forces that cause accelerations—do they
come in pairs also? Let’s try self-experiment 3.12.

Self-Experiment 3.12

Hold a ball in your hand. What happens when you push
against it in a horizontal direction (as you do when you
throw it)? The ball pushes back against you in the oppo-
site direction with a force exactly equal to the force you
exert against it. In this case, though, the ball accelerates
as a result of the force. It still exerts a force against you
while it accelerates. Again, think about what you feel
with your hand as you throw the ball. The ball pushes
against your hand. If you try to throw it harder, you feel
a larger force against your hand. In which direction does
this force act? It acts in the opposite direction of the ball's
acceleration. It pushes back against your hand. The force
that your hand exerts on the ball acts in the direction of
the ball’s acceleration.

Let’s imagine this situation. You are lined up opposite
an offensive lineman from a National Football League
team. He weighs twice as much as you do. Your job is
to push him out of the way. When you push against him,
he pushes against you. Who pushes harder? According
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to Newton’s third law of motion, the force that he pushes
against you is exactly equal to the force that you push
against him. What about the effects of these forces?
Newton’s second law of motion tells us that the effect of
a force on a body is dependent on the mass of the body
and the other forces acting on the body. The larger the
mass, the smaller the effect. The smaller the mass, the
larger the effect. Because his mass is so large, and the
friction force beneath his feet is probably large as well,
the effect of your pushing force on him will be small.
Because your mass is small relative to his, and the friction
force beneath your feet is probably less than the friction
force beneath his feet, the effect of his pushing force on
you will be greater.

Newton’s third law of motion helps explain how
forces act and what they act on. It gives us the basis for
drawing free-body diagrams. It does not explain what
the effects of forces will be, however. It tells us only that
forces come in pairs, and that each force in a pair acts on
a separate object.

Newton’s Law of Universal
Gravitation

Newton’s law of universal gravitation gives us a better
explanation of weight. This law was purportedly inspired
by the fall of an apple on his family’s farm in Lincolnshire
while he was residing there during the plague years (see
figure 3.8). He presented this law in two parts. First, he
stated that all objects attract each other with a gravita-
tional force that is inversely proportional to the square
of the distance between the objects. Second, he stated

Figure 3.8 The alleged inspiration for Newton's law of
universal gravitation.

that this force of gravity was proportional to the mass
of each of the two bodies being attracted to each other.
The universal law of gravitation can be represented
mathematically as

m ]m2

F= G(—z) (3.30)
r

where F is the force of gravity, G is the universal constant
of gravitation, m, and m, are the masses of the two objects
involved, and r is the distance between the centers of mass
of the two objects.

Newton’s universal law of gravitation was momen-
tous because it provided a description of the forces that
act between each object in the universe and every other
object in the universe. This law, when used with his laws
of motion, predicted the motion of planets and stars. The
gravitational forces between most of the objects in sport
are very small—so small that we can ignore them. How-
ever, one object that we must be concerned with in sport
is large enough that it does produce a substantial gravi-
tational force on other objects. That object is the earth.
The earth’s gravitational force acting on an object is the
object’s weight. For an object close to the earth’s surface,
several of the terms in equation 3.30 are constant. These
terms are G, the universal constant of gravitation; m.,, the
mass of the earth; and 7 the distance from the center of
the earth to its surface. If we introduce a new constant,

m
o= G(r_;) (3.31)

then equation 3.30 becomes
F=mg

or
W=mg

where W is the force of the earth’s gravity acting on the
object, or the weight of the object; m is the mass of the
object; and g is the acceleration of the object caused by
the earth’s gravitational force. This is the same equation
for weight we first saw in chapter 1. Now we know the
basis for the equation.

Summary

The basics of linear kinetics, explaining the causes of
linear motion, lie in Newton’s laws of motion. Newton’s
first law explains that objects do not move or do not
change their motion unless a net external force acts on
them. An extension of the first law is the conservation of
momentum principle. Newton’s second law explains what
happens if a net external force does act on an object. It
will accelerate in the direction of the net external force,
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and its acceleration will be inversely related to its mass. increases the change in momentum. Newton’s third law
The impulse—-momentum relationship presents Newton’s explains that forces act in pairs. For every force acting
second law in a way that is more applicable to sports on an object, there is another equal force acting in the
and human movement. The basis for the techniques opposite direction on another object. Finally, Newton’s
used in many sport skills is in the impulse-momentum law of universal gravitation gives us the basis for the
relationship. Increasing the duration of force application force of gravity.

KEY TERMS

coefficient of restitution (p. 96)
impulse (p. 103)

linear momentum (p. 90)
reaction force (p. 89)

REVIEW QUESTIONS

1. Can an object be in motion if no external forces act on it?

2. Can external forces act on an object and not cause acceleration? Explain.

3. When you turn a corner while walking, what force causes you to change directions and where does this force

act on you?

4. Show how Newton’s first law of motion can be derived from Newton’s second law of motion.

Newton’s third law states that for every action there is an equal but opposite reaction. When you are standing on
the floor, the force of gravity pulls down on you. What is the equal but opposite reaction to the force of gravity?

6. Can an object change its direction of motion if no external forces act on it?

10.
11.
12.
13.
14.

Mike’s team and Pete’s team are in a tug-of-war contest. Mike’s team pulled harder initially, and now Pete’s
team, the rope, and Mike’s team are all moving with constant velocity in the direction of the pulling force from
Mike’s team. Which team is pulling with greater force on the rope at this instant?

When you are lifting a weight upward, the weight often feels “heavier” near the beginning of the lift and “lighter”
near the end of the lift, especially if the lift is done quickly. Why?

The weight of the average NFL football player increased by 10% percent in 20 years. Describe the mechanical
advantages that a heavier player has over a lighter player.

Describe an example in sports or other human movement of Newton’s first law of motion.
Describe an example in sports or other human movement of Newton’s second law of motion.
Describe an example in sports or other human movement of conservation of momentum.

Describe an example in sports or other human movement of the impulse and momentum principle.

Describe an example in sports or other human movement of Newton’s third law of motion.

PROBLEMS

1.

2.

3.

Quentin is lifting a 10 kg dumbbell by pulling upward on it with a 108.1 N force. What is the acceleration of
the dumbbell as a result of this force?

Grant accelerates a 1 kg ball 5.0 m/s? horizontally. The vertical acceleration of the ball is zero. The force of
gravity is the only external force acting on the ball other than the forces Grant exerts on it.

a. How large is the horizontal force Grant exerts on the ball at this instant to cause its 5.0 m/s? horizontal
acceleration?

b. How large is the vertical force Grant exerts on the ball at this instant?

During a fastball pitch, the maximum horizontal acceleration of the 146 g baseball is 1000 m/s2. What horizontal
force is the pitcher exerting on the baseball at this instant to cause this acceleration?
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4. Tonya crashes into Nancy while they are practicing their figure skating routines. Tonya's mass
is 60 kg and Nancy's mass is 50 kg. Just before the collision occurs, Tonya's velocity is 5 m/s
and Nancy's velocity is 6 m/s in the opposite direction. During the collision, Tonya exerts an
average force of 1000 N against Nancy.

a. How big is the average force Nancy exerts against Tonya during the collision?

b. If this is the only horizontal force acting on each skater during the collision, what average
horizontal acceleration does each skater experience during the collision?

c. If the collision is perfectly inelastic, how fast and in what direction will Tonya and Nancy
be moving immediately after the collision?

5. Doris is trying to lift a stack of books off the table. The stack of books has a mass of 15 kg. What
minimum upward force must Doris exert on the books to lift the books off the table?

6. Blanche, a 100 kg shot-putter, is putting the 4 kg shot in a track meet. Just before she releases
the shot, Blanche is in the air (her feet are off the ground). At this instant, the only force she
exerts against the shot is an 800 N horizontal force directed forward.

a. What is Blanche’s horizontal acceleration at this instant?
b. What is Blanche’s vertical acceleration at this instant?

c. What is the shot’s horizontal acceleration at this instant?
d

What is the shot’s vertical acceleration at this instant?

7. Jay is gliding north on his cross-country skis across a flat section of snow at 7 m/s. Jay’s mass
is 100 kg. The coefficient of dynamic friction between the skis and the snow is 0.10. The coef-
ficient of static friction between the skis and the snow is 0.12. The force of air resistance is 1.9
N acting backward (south) on Jay. If friction between the skis and snow and air resistance are
the only horizontal forces acting on Jay, what is his horizontal acceleration?




12.

13.

14.

. Mary is trying to stop a 5 kg bowling ball that is rolling toward her. Its horizontal velocity is 8.0

m/s when she begins to stop it. It takes her 2.0 s to stop the ball. What average force did Mary
exert on the ball during this 2.0 s to stop it?

A 0.43 kg soccer ball is stationary on the field when Darryl kicks it. Darryl’s foot is in contact
with the ball for 0.01 s during the kick. The horizontal velocity of the ball as it leaves his foot is
25 m/s. What is the average horizontal force exerted by Darryl’s foot on the ball during the 0.01
s of contact (assume that friction between the ball and the field is zero)?

. Peter, a 100 kg basketball player, lands on his feet after completing a slam dunk and then imme-

diately jumps up again to celebrate his basket. When his feet first touch the floor after the dunk,
his velocity is 5 m/s downward; when his feet leave the floor 0.50 s later, as he jumps back up,
his velocity is 4 m/s upward.

a. What is the impulse exerted on Peter during this 0.50 s?
b. What is the average net force exerted on Peter during this 0.50 s?

c. What is the average reaction force exerted upward by the floor on Peter during this 0.50 s?

. Scott is rolling down a 30° slope on his skateboard. The total mass of Scott and the skateboard

is 75 kg. The rolling friction between the skateboard wheels and the concrete is 9 N acting
backward against the skateboard. The drag force due to air resistance is 11 N acting backward
against Scott. What is Scott’s acceleration?

To earn the FIFA Approved label, a soccer ball must bounce at least 135 cm high and no more
than 155 cm high when dropped from a height of 200 cm onto a steel plate.

a. What is the minimum coefficient of restitution of a FIFA Approved soccer ball?
b. What is the maximum coefficient of restitution of a FIFA Approved soccer ball?

A warm hockey puck has a coefficient of restitution of 0.50, while a frozen hockey puck has
a coefficient of restitution of only 0.35. In the NHL, the pucks to be used in games are kept
frozen. During a game, the referee retrieves a puck from the cooler to restart play but is told by
the equipment manager that several warm pucks were just put into the cooler. To check to make
sure he has a game-ready puck, the referee drops the puck on its side from a height of 2 m. How
high should the puck bounce if it is a frozen puck?

A 0.15 kg baseball collides with a 1.0 kg bat. The ball has a velocity of 40 m/s immediately
before the collision. The center of mass of the bat also has a velocity of 40 m/s, but in the oppo-
site direction, just before the collision. The coefficient of restitution between the bat and the
ball is 0.50. Estimate how fast the baseball is moving as it leaves the bat following the collision.
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15. Maddie is standing still when her dancing partner, Paul, begins to lift her up and throw her into
the air. Maddie’s mass is 40 kg. Paul exerts an average vertical force of 500 N for 1.0 s on Maddie
during the lift and throwing motion.

a. What is Maddie’s vertical velocity when Paul releases her?

b. If Maddie’s center of gravity was 1.5 m above the floor when Paul released her, what peak
height will she reach?

Motion Analysis Exercises Using MaxTRAQ

If you haven’t done so already, review the instructions for downloading and using the educational ver-
sion of the MaxTRAQ motion analysis software at the beginning of this book, then download and install
the software. Once this is done, you are ready to try the following two-dimensional kinematic analyses
using MaxTRAQ.

1. Open MaxTRAQ. Select Tools in the menu bar and then open Options under the Tools menu. In
the Options submenu, select Video. To the upper right side of the Video window, under Video
Aspect Ratio, make sure that Default-Used Preferred Aspect Ratio is selected. In the lower half of
the right side of the Video window, under Deinterlace Options, select None. Click OK, then close
MaxTRAQ and reopen it to have the deinterlace options take effect. Now, open the Lacrosse Ball
COR video from within MaxTRAQ. This video was taken with a camera operated at 600 frames
per second (fps), so one video frame is recorded every 1/600 s (0.00167 s). Events recorded in
two consecutive video frames are separated in time by 1/600 s. MaxTRAQ doesn’t recognize the
frame rate of this video, so it assumes a frame rate of 30 fps. That means that the time shown is
incorrect. To determine the time, you’ll have to multiply the frame number by 1/600 s (or just
divide by 600). When you open the video, you should see black background with a ruler on the
top and a lacrosse ball at the left side of the video window. The camera that recorded this video
was on its side, so horizontal is vertical in the video. Up is to the left, and down is to the right.

2. Make sure the the scaling/calibration tool is activated by clicking View on the menu bar, then
selecting Tools from the drop-down menu, and making sure Show Scale is checked. Open the
scaling tool by clicking on Tools on the menu bar, selecting Scale. In the Scaling Tool window
that opens, set the gauge length to 64 mm—the diameter of a lacrosse ball—and then click OK.
Place the cursor over the leftmost point on the ball and click the left mouse button once; then
place the cursor over the rightmost point on the ball and click the left mouse button a second
time. The scale should appear in the video window. Hide the scale by selecting View in the menu
bar; then click Tools and uncheck Show Scale.

a. What is the vertical velocity of the lacrosse ball just before impact? Use the digitizing
function and digitize a point on the ball three frames before impact. Digitize the same point
again one frame before impact. A good way to make sure you digitize the same point is to
activate the grid in MaxTRAQ and then digitize the farthest left point on the ball that lies
on one of the horizontal grid lines. To turn on the grid, click the button on the tool bar, or
select Grid from the View menu. Determine the displacement of the ball between these two
frames. Divide this displacement by the elapsed time (divide the displacement by the number
of frames and multiply by 600).

b. What is the vertical velocity of the lacrosse ball just after impact? Use the digitizing func-
tion to measure the position of the ball in the first frame when it is no longer in contact with
the ground and again two frames after that. Determine the displacement of the ball between
these two frames. Divide this displacement by the elapsed time.

c. What is the coefficient of restitution (COR) of the lacrosse ball? Divide the velocity com-
puted in question 1b by the velocity computed in question la. The absolute value of this
number is the COR. A NOCSAE (National Operating Committee on Standards for Athletic
Equipment)-approved lacrosse ball has a COR between 0.60 and 0.70.



3. Open the Golf Ball COR video from within MaxTRAQ. If you did not set the video aspect ratio

and deinterlace options in exercise 1, do so now by following the instructions. This video was
taken with a camera operated at 1200 frames per second (fps), so one video frame is recorded
every 1/1200 s (0.00083 s). Events recorded in two consecutive video frames are separated in
time by 1/1200 s. MaxTRAQ doesn’t recognize the frame rate of this video, so it assumes a frame
rate of 30 fps. That means that the time shown is incorrect. To determine the time, you’ll have
to multiply the frame number by 1/1200 s (or just divide by 1200). When you open the video,
you should see a golf ball on a tee. Make sure the scaling/calibration tool is activated by clicking
View on the menu bar, then selecting Tools from the drop-down menu, and making sure Show
Scale is checked. Open the scaling tool by clicking on Tools on the menu bar and selecting Scale.
In the Scaling Tool window that opens, set the gauge length to 316 mm, then click OK. Place
the cursor over the upper left corner of the inner video window and click the left mouse button
once; then place the cursor over the upper right corner of the inner video window and click the
left mouse button a second time. The scale should appear in the video window. Hide the scale
by selecting View in the menu bar; then click Tools and uncheck Show Scale.

a. What is the horizontal velocity of the golf club head just before impact? Use the digitizing
function to measure the position of the tail of the club head two frames before impact and
one frame before impact. Determine the horizontal displacement of the club head between
these two frames. Convert the displacement from mm to m by dividing by 1000 mm/m,
then divide this displacement by the elapsed time 1/1200 s. Dividing by 1000 mm/m and
then dividing by 1/1200 s is the same as multiplying by 1.2 m/mm/s. So, just multiply the
displacement in mm by 1.2 m/mm/s to get the velocity in m/s.

b. What is the horizontal velocity of the golf club head just after impact? Use the digitizing
function to measure the position of the tail of the club head in one frame after impact and
two frames after impact. Determine the horizontal displacement of the club head between
these two frames and then compute velocity from this displacement.

c. What is the horizontal velocity of the golf ball just after impact? Use the digitizing function
to measure the position of the center of the ball one frame after impact and two frames after
impact. Determine the horizontal displacement of the ball between these two frames and
then compute velocity from this displacement. In the first frame after impact, the center of
the ball is coincides with a point midway between the two black stripes on the ball. In the
second frame after impact, the center of the ball coincides with a point at the right end of
these two black stripes on the ball.

d. Estimate the coefficient of restitution (COR) of the golf ball with the club head. Subtract
the velocity computed in question 2b from the velocity computed in question 2c. Divide
this difference by the velocity computed in question 2a. The absolute value of this number
is the COR. A USGA-approved driver and golf ball cannot have a COR above 0.83. The
driver used in this video is quite old and the ball is a range ball, so the COR for this driver
and ball is much less than 0.83.
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chapter 4

Work, Power, and Energy

Explaining the Causes of Motion Without Newton

objectives

When you finish this chapter, you should be able to do the following:
* Define mechanical work
e Distinguish the differences between positive and negative work
e Define energy
¢ Define kinetic energy
e Define gravitational potential energy
e Define strain energy
* Explain the relationship between mechanical work and energy

* Define power
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A pole-vaulter runs down the runway, slowly lowering the pole as he approaches
the takeoff. He is moving as fast as a sprinter when suddenly he drops the end of
the pole into the vault box and jumps off the ground. The pole bends and bends
and bends as the vaulter's forward movement slows and he swings upward. For a
moment, it appears as if the pole will break. But then the pole begins to unbend.
The unbending pole appears to fling the vaulter upward as he hangs on to it. The
vaulter then swings into a handstand on the pole as the pole straightens to a verti-
cal position. The vaulter pushes off the pole with one hand and soars up and over
the crossbar to finish the vault. Wow! How is the vaulter able to convert the speed
of his run-up into the height needed to get over the crossbar? The relationship
between mechanical work and energy provides an answer to this question. This
chapter introduces mechanical work and energy and covers material concerning

their use in analysis of movement.

This chapter continues e

study of linear kinetics begun in the previous chapter.
The explanations for the causes of motion given in this
chapter do not rely on Newton’s laws of motion, but
rather on the relationships between work, energy, and
power, which were discovered and developed by several
different scientists in the two centuries following Isaac
Newton’s achievements. Theoretically, all we need to
analyze and explain linear motion are Newton’s laws of
motion. But some analyses and explanations are easier
if based on work and energy relationships rather than
Newtonian mechanics. So this chapter provides more
tools for analyzing and explaining sport skills.

Work

What is work? There are many definitions for work.
Webster’s New World Dictionary uses almost one full
column (half a page) to list all the various definitions
of work. In mechanics, however, work is the product of
force and the amount of displacement in the direction of
that force (it is the means by which energy is transferred
from one object or system to another). Mathematically,
this can be expressed as

U=F(d) 4.1
where

U = work done on an object (the letter W would be a
better abbreviation for work, but we already used it
to represent weight),

F =force applied to an object, and

d = displacement of an object along the line of
action of the force.

Because work is the product of force and displacement,
the units for work are units of force times units of length.
These may be ft-1b or Nm. In the International System of
Units, the joule (abbreviated with the letter J) is the unit
of measurement for work; 1J is equal to 1 Nm. The joule
was named for James Prescott Joule (an English brewer
who finally established the law of conservation of energy
through practical experiments . . . more about this later).

—) Work is the product of force and
displacement.

How can we best describe a force used to create displace-
ment? Try self-experiment 4.1.

Self-Experiment 4.1

If you put this book on a table and push it so that it moves
across the table, you have done work to the book. Try it.
To quantify the amount of work you did, you would have
to know what force you exerted against the book and how
far you moved the book in the direction of the force (its
displacement). Measuring the displacement is easy, but
what about the force? When you pushed against the book,
did you push with the same amount of force throughout
the movement of the book or did the force change? The
force probably varied somewhat, so it wasn't constant. If
the force wasn't constant, what value should we use for
the force, F, in equation 4.1? The force at the start of the
movement? The force at the end of the movement? The



peak force? How about the average force? This makes
sense. The best value to describe a force that has many
values during its application would be the average of these
values—the average force, as in equation 4.2.

Equation 4.1 really describes only the work done
by a constant force. The work done by a force whose
magnitude varies is

= U=F) 4.2)
where

U = work done on an object,

F = average force exerted on an object, and

d = displacement of an object along the line of
action of the average force.

To determine the amount of work done on an object,
we need to know three things:

1. The average force exerted on the object
2. The direction of this force

3. The displacement of the object along the line of
action of the force during the time the force acts
on the object

Now let’s look at an example. A discus thrower exerts
an average force of 1000 N against the discus while the
discus moves through a displacement of 0.6 m in the
direction of this force (see figure 4.1). How much work
did the discus thrower do on the discus?

U=F(d)
U = (1000 N)(0.6 m)
U =600 Nm =600 J

o)

Figure 4.2 The phases of a bench press.

Work, Power, and Energy

This was easy because the average force and displace-
ment were given. Let’s try something more difficult. A
weightlifter bench presses a 1000 N barbell as shown in
figure 4.2. He begins the lift with his arms extended and
the barbell 75 cm above his chest. The lifter then lowers
the barbell and stops it when it is 5 cm above his chest.

Figure 4.1 A discus thrower does work on a discus by

exerting an average force of 1000 N on the discus while
moving it through a displacement of 0.6 m.
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He pauses there and then lifts the barbell upward away
from his chest and back to the original starting position
75 cm above his chest. The average force exerted on the
barbell by the lifter while lowering the weight is 1000
N upward. The average force exerted by the lifter while
raising the weight is also 1000 N upward. (Could you
determine this using Newton’s laws?) So the average
force exerted on the barbell by the lifter is 1000 N for
the whole lift. How much work did the lifter do on the
barbell from the start until the finish of the lift?

U=F(d)
U = (1000 N)(d)

What was the displacement of the barbell? The starting
and ending positions of the barbell were the same, so the
displacement was zero.

U = (1000 N)(0) = 0

If the displacement was zero, the work done was also
zero. Whoa! This doesn’t seem correct! Certainly the
lifter thinks he did work. He expended some calories in
performing this lift. It is true that, physiologically, the
lifter did some work, but mechanically, no work was
done on the barbell because it was in the same position
when the lift ended as when it started.

AlVIF PIROBLEIV] 4

Was any work done during the raising of the barbell?
U=F(d)

U = (1000 N)(d)

The displacement of the barbell during its raising was
d = final position — initial position = Vi~ Y 4.3)
d=75cm -5 cm =70 cm upward.

If we convert 70 cm into meters, we get

70 cm

—— =070m=d.
100 cm/m

So the work done was

U = (1000 N)(0.70 m) = 700 Nm = 700 J.

The lifter did do work on the barbell when he raised it.
He did 700 J of work. Then how can the total work he did
on the barbell for the whole lift be zero? Let’s determine
the work done during the lowering of the barbell.

U=F(d)

U = (1000 N)(d)

What was the displacement of the barbell during the
lowering phase? Its initial position was 75 cm above

A therapist is helping a patient with stretching exercises. She pushes on the patient’s foot with an average
force of 200 N. The patient resists the force and moves the foot 20 cm toward the therapist. How much
work did the therapist do on the patient’s foot during this stretching exercise?

Solution:

Step 1: Identify the known quantities.
F=200N
d

=-20cm

Since displacement was in the opposite direction of the force, it is negative.

Step 2: Identify the variable to solve for.
Work done=U =?

Step 3: Search for the appropriate equation that includes the known and unknown variables.

U=F(d)

Step 4: Substitute the known quantities and solve the equation.

U=F(d)

U= (200 N)(-20 cm) = -4000 N cm = —40 Nm =-40J



the chest, and its final position after lowering was 5 cm
above the chest, so:

d = final position — initial position = Y=Y
d=5cm—-75cm=-70cm

The displacement was —0.7 m, or 0.7 m downward. In
which direction was the force exerted on the barbell? The
force was upward, and the displacement was downward,
$0, using equation 4.2, the work is

U=F(d)
U = (1000 N)(—=0.70 m) = =700 Nm = =700 J

The work done during the lowering of the barbell was
negative 700 J of work. That sounds weird; how can
work be negative? Mechanical work is negative if the
force acting on an object is in the opposite direction of
the motion (displacement) of the object.

Now it is more clear why zero work was done during
the whole lift. If =700 J of work was done during the
lowering of the barbell and +700 J of work was done
during the raising of the barbell, the work done for the
whole lift would be —700 J plus 700 J, or zero.

whole lift — Ul(rwering + raising

U =700J +7007J

whole lift =

U

whole lift —

0

Work can be positive or negative. Positive work is done
by a force acting on an object if the object is displaced in
the same direction as the force. A pitcher does positive
work against a baseball when throwing it. A weightlifter
does positive work against a weight when lifting or rais-
ing it. A gymnast does positive work when pulling up on
the uneven bars. A high jumper does positive work when
jumping off the ground.

Negative work is done by a force acting on an object
when the object is displaced in the direction opposite the
force acting on it. A first baseman does negative work
against the ball when catching it. A weightlifter does
negative work against a weight when lowering it. A gym-
nast does negative work when landing from a dismount.
Friction does negative work on a skier sliding down a hill.

) Positive work is done by a force
acting on an object if the object is
displaced in the same direction as
the force. Negative work is done by
a force acting on an object when the
object is displaced in the direction
opposite the force acting on it.

Work, Power, and Energy

Muscles can also do mechanical work. When a muscle
contracts, it pulls on its points of attachment. Positive
work is done by a muscle when it contracts and its points
of attachment move in the direction of the muscle force
pulling on them. The force (muscle force) and the dis-
placement (displacement at the point of muscle attach-
ment) are in the same direction. The muscle shortens,
and the muscle contraction is a concentric contraction.

Negative work is done by a muscle when it contracts
and its points of attachment move in the opposite direc-
tion of the muscle force pulling on them. The force
(muscle force) and the displacement (displacement at the
point of muscle attachment) are in opposite directions.
The muscle lengthens, and the muscle contraction is an
eccentric contraction.

Not all muscle contractions produce mechanical work.
A muscle can contract and do zero mechanical work. This
occurs when a muscle contracts and its points of attach-
ment do not move relative to each other. The displacement
at the point of muscle attachment is zero. The muscle
length remains unchanged, and the muscle contraction
is an isometric contraction.

Energy

What is energy? Like work, energy is a term that has
many meanings. In mechanics, energy is defined as the
capacity to do work. There are many forms of energy:
heat, light, sound, chemical, and so on. In mechanics,
we are concerned primarily with mechanical energy,
which comes in two forms: kinetic energy and potential
energy. Kinetic energy is energy due to motion, whereas
potential energy is energy due to position.

:) Mechanical energy comes in two
forms: kinetic energy, which is energy
due to motion, and potential energy,
which is energy due to position.

Kinetic Energy

A moving object has the capacity to do work due to its
motion. This capacity is the kinetic energy of the object.
But how is kinetic energy quantified? What affects it?
Let’s try self-experiment 4.2 to see if we can get some
insights into kinetic energy.

Self-Experiment 4.2

Close the book and lay it flat on a desk or table. Now
take another book and give it a quick push so that it slides
across the desk and strikes the first book. What happened?
The book you slid across the desk did work on the first
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book. It exerted a force on the first book, and the first book
was displaced by this force. The book sliding across the
desk had the capacity to do work because it had kinetic
energy—energy due to its motion.

Try this experiment again, only this time give the
book a bigger push so it slides faster. Was more work
done this time? Yes. Because the book was sliding faster,
it had more kinetic energy and thus a greater capacity
to do work. Try the experiment one more time, but this
time slide a heavier book (but slide it just as fast). Was
more work done this time? Somehow, the larger mass of
the book meant that it had more kinetic energy and thus
a greater capacity to do work. (And you also have now
had the satisfaction of pushing this textbook off the desk
several times!)

The kinetic energy of an object is affected by the mass
and velocity of the object. If we made more precise mea-
surements, we would discover that the kinetic energy is
proportional to the square of the velocity. Mathematically,
we define kinetic energy as follows:

KE = %va 4.4)

where
KE = Kkinetic energy,
m = mass, and
v = velocity.

The units for kinetic energy are units of mass times
velocity squared, or kg(m?s?), but this is the same as
[kg(m/s?)]m, which is equivalent to Nm, which is a joule.
The unit of measurement for kinetic energy is the same
as the unit of measurement for work. To determine the
kinetic energy of an object, we must know its mass and
its velocity.

How much kinetic energy does a baseball thrown
at 80 mi/h (35.8 m/s) have? A baseball’s mass is 145 g
(0.145 kg). To determine the ball’s kinetic energy, use
equation 4.4:

KE = lmv2
2

KE = % (0.145 kg)(35.8 m/s)’

KE=9291]

Determining the kinetic energy of an object is easier
than determining the work done by a force, because we

can measure mass and velocity more easily than we can
measure force.

Potential Energy

Potential energy is the energy (capacity to do work) that
an object has due to its position. There are two types of
potential energy: gravitational potential energy, which is
energy due to an object’s position relative to the earth;
and strain energy, which is due to the deformation of an
object.

Gravitational Potential Energy

Gravitational potential energy is potential energy due to
an object’s position relative to the earth. The gravitational
potential energy of an object is related to the object’s
weight and its elevation or height above the ground or
some reference. Let’s try self-experiment 4.3 to see a
demonstration of gravitational potential energy.

Self-Experiment 4.3

Get a hammer and nail and a block of wood. Hold the nail
on the block of wood. If you lift the hammer only a few
inches above the nail and drop it, the hammer does not
drive the nail into the wood very far. It does little work
on the nail because it has little potential energy. If you lift
the hammer much higher above the nail and let it swing
down and strike the nail, it drives the nail much farther.
The hammer does more work on the nail because it had
greater potential energy (it was higher above the nail).
Suppose you used a heavier hammer. Would it drive the
nail farther if swung from the same height?

Mathematically, gravitational potential energy is
defined as follows:

~> PE=Wh 4.5)
or

PE = mgh (4.6)
where

PE = gravitational potential energy,

W = weight,

m = mass,

g = acceleration due to gravity = 9.81 m/s? and

h = height.



The units for potential energy are units of force times
units of length, or Nm, which is equivalent to joules, the
same unit of measure as for kinetic energy and work. To
determine an object’s gravitational potential energy, we
must know its weight and its height above the ground.

How much gravitational potential energy does a 700 N
ski jumper have when taking off from the 90 m jump? We
can use equation 4.5 to determine this, but what should we
use for the height, #? The 90 m ski jump is 90 m above
the base of the hill, but the takeoff point is on the hill
itself and is only about 3 m above the ground at the side
of the hill. Potential energy is a relative term—because
height is measured relative to some point that should be
referred to in describing potential energy. In this case,
let’s use the base of the hill as our reference point. The
height is then 90 m, and equation 4.5 becomes

PE = Wh = (700 N)(90 m)
PE = (700 N)(90 m) = 63,000 Nm
PE = 63,000 J

Strain Energy

Another type of potential energy is also used in sport.
Strain energy is energy due to the deformation of an
object. When a fiberglass vaulting pole bends, strain
energy is stored in the bent pole. Likewise, when an archer
draws his bow or a diver deflects a diving board, strain
energy is stored in the deformed bow or diving board.
The greater the deformation of the object, the greater the
strain energy stored in the object. Try self-experiment 4.4
to get a better feel for strain energy.

Self-Experiment 4.4

Take a rubber band and stretch it. By stretching it, you
have given the rubber band strain energy. If you stretch
it further, you increase the strain energy in the rubber
band. The stiffer the object is, the greater its strain energy
when it is deformed. Stretch a wider rubber band or two
rubber bands parallel to each other. The strain energy with
stretching the wider rubber band or two rubber bands is
greater than the strain energy in the smaller or single
stretched rubber band.

The strain energy of an object is related to its stiff-
ness, its material properties, and its deformation. Math-
ematically, the strain energy of a material with a linear
stress—strain relationship is defined as

1

SE=—k Ax® 4.7)

Work, Power, and Energy

where
SE = strain energy,
k = stiffness or spring constant of material, and

Ax = change in length or deformation of the
object from its undeformed position.

If the stiffness constant is expressed in N/m, then the
strain energy is expressed in (N/m)m?, or Nm, which is
equivalent to joules—the same unit of measurement as for
gravitational potential energy, kinetic energy, and work.

How much strain energy is stored in a tendon that is
stretched 5 mm (0.005 m) if the stiffness of the tendon
is 10,000 N/m?

SE=lkAx2
2

SE = %(10,0()0 N/m)(0.005 m)

SE=0.125]

In human movement and sports, energy is possessed by
athletes and objects due to their motion (kinetic energy),
their position above the ground (gravitational potential
energy), and their deformation (strain energy). We will
be concerned primarily with the first two types of energy:
kinetic energy and potential energy.

The Work-Energy
Relationship

The definitions of work and energy indicate that a rela-
tionship exists between them. As a reminder, energy was
defined earlier as the capacity to do work. The definition
of work included this statement: “It is the means by
which energy is transferred from one object or system
to another.” The unit of measure for work and energy
is joules—the same for each quantity. This is another
indication that work and energy are related.

Demonstrating the Work-
Energy Relationship

How are work and energy related? Let’s look at a previ-
ous example to reveal something about the relationship.
Consider the example from earlier in this chapter, the
weightlifter bench pressing a 1000 N barbell. During the
lifting part of the exercise, the barbell was raised 70 cm
and the work done by the lifter was 700 J. How much
more energy did the barbell have after it was lifted? It
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didn’t have any more kinetic energy because it was not
moving before the lift started and it was not moving
at the end of the lift. But its potential energy changed
because it changed heights. What was the change in
potential energy?

APE =PE, ,— PE

initial

APE = Wh,, ,~ Wh

initial

APE = W(hﬁm,/ - hinitial)
APE = 1000 N (0.70 m)
APE=7001]

The change in the potential energy of the barbell was 700
J, the same as the work done to lift the barbell. Perhaps
work done causes a change in potential energy. Or maybe
work causes a change in total mechanical energy.

In the discus-throwing example we looked at earlier
in this chapter (see figure 4.1), a discus thrower exerted
an average force of 1000 N against the discus while the
discus moved through a displacement of 0.60 m in the
direction of the force. The work done by the thrower on
the discus was 600 J. Let’s assume that the force exerted
by the thrower was constant and the displacement was
horizontal, and that the discus was not moving at the
start of the throw. If work does cause a change in total
mechanical energy, the work done by the thrower on the
discus would cause a change in the energy of the discus.
Because the displacement of the discus was horizontal,
there was no change in potential energy, so the work done
by the thrower caused only a change in kinetic energy.
The mass of a discus is 2 kg. Knowing that the work done
was 600 J and that the initial velocity of the discus was
zero, we can determine the velocity of the discus at the
end of the period of work (v ).

Work done = AKE + APE + ASE=AKE +0+0
600J =AKE = KEf— KE,
6007J = KEf— 0

600J= %mv?
1 2
(600 J) = 5(2 kg,

206003)

kg !

| _ [w00y

v,=24.5m/s

The velocity of the discus is 24.5 m/s according to the
work—energy principle. Can we verify this using New-
tonian mechanics? The constant 1000 N horizontal force
acting on the discus is the net horizontal force acting on
the discus. This force would cause the discus to acceler-
ate at 500 m/s%

XF =ma,

_3IF, _1000N

a, =500 m/s’
T oom 2 kg

The average velocity of the discus during the throwing
action, v, was the displacement of the discus during the
throwing action, d, divided by the time of the throwing
action, ¢. With a constant force acting on the discus, the
velocity of the discus would increase linearly. The aver-
age velocity of the discus could also be computed by
dividing the difference between the final ( vf) and initial
(v,) velocities of the discus by 2:

_d
V=—
At
vV, —V.
g = o
2
_ _06m _ v,—0
y = =
At 2

We don’t know the time or duration of the throwing
action, but this would be the time it took to accelerate the
discus from 0 m/s to its final velocity. We know the accel-
eration was 500 m/s?. Average acceleration, @, is change
in velocity divided by time, so time can be computed by
dividing change in velocity by acceleration:

. Vi v, =0
At At
1%
500 m/s* = L
At
Y
500 m/s’

If we substitute this representation for time in the previ-
ous equation, we get

06m _ 0.6m v,

At v, T2
500 m/s”

V:



Solving for the final velocity gives us

— 0.6 m vy
V=——ouou-— =1
v, 2
500 m/s’
2(0.6 m)

500 m/s’
vi=2(0.6 m)(500 m/s’)
v, =600 m?/s?

v, =4600 m*/s’
v,=24.5m/s

Whew! This is the same result we got using the work—
energy principle, but it took a lot more effort using
Newton’s laws. The computations involved in using the
work—energy principle were much less complicated!
The examples of the bench press and the discus throw
demonstrate the work—energy principle: The work done
by the external forces (other than gravity) acting on an
object causes a change in energy of the object. Math-
ematically, this relationship is shown in equation 4.8:

=D U=AE 4.8)
U= AKE + APE + ASE
U=(KE,- KE) + (PE,- PE) + (SE - SE) (4.9)
where

U = work done on an object by forces other than
gravity,

AE = change in total mechanical energy,
KE = final kinetic energy,
KE, = initial kinetic energy,
PE, = final gravitational potential energy,
PE, = initial gravitational potential energy,
SE = final strain energy, and
SE, = initial strain energy.
=) The work done by the external forces
(other than gravity) acting on an

object causes a change in energy of
the object.

Work, Power, and Energy

Doing Work to Increase Energy

Why is the relationship between work and energy so
important? In sports and human movement, we are
often concerned with changing the velocity of an object.
Changing velocity means changing kinetic energy, and
the work—energy principle shows how kinetic energy can
be changed by doing work. More work is done, and thus
a greater change in energy occurs, if the average force
exerted is large or the displacement in line with this force
is long. This sounds very similar to what we discovered
using the impulse—-momentum relationship in chapter 3.
Remember the impulse—momentum relationship?

SFAt= m(v/. -v)
Impulse = change in momentum

Using the impulse—-momentum relationship as the
basis for technique analysis, the creation of a large
change in velocity requires that a large force be applied
over a long time. The work—energy principle indicates
that production of a large change in kinetic energy (and
thus a large change in velocity) requires application of a
large force over a long distance.

Think back to the example of throwing a ball. If you
throw only with your wrist, you are able to exert a force
on the ball through a small displacement. The work
done is small, and as a result, the ball’s change in kinetic
energy is small. The ball’s velocity when it leaves your
hand is slow.

:) A large change in kinetic energy
requires that a large force be applied
over a long distance.

If the wrist and elbow are involved in the throwing
motion, you are able to exert a force on the ball through
alarger displacement. The work done on the ball is larger,
and as aresult, the ball’s change in kinetic energy is larger.
So the ball’s velocity when it leaves your hand is faster.

When you involve your whole arm, your trunk, and
your legs in the throwing motion, you are able to apply
a force to the ball through a much larger displacement.
The work done on the ball is much larger, and as a result,
the ball’s change in kinetic energy is much larger as well.
The ball’s velocity when it leaves the hand is much faster
(more than 100 mi/h [44.7 m/s] for some major league
pitchers).

Something similar to this actually occurred in the
evolution of shot-putting technique. The rules for shot
putting indicate that the put must be made from a 7 ft
(2.13 m) diameter circle. The shot-putter must begin the
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shot put from a standstill, with no body part touching
anything outside of this circle. The putter must complete
the put without touching anything outside of the circle
until the judge has ruled it a fair put. Only then is the
putter allowed to step outside of the “throwing ring,”
but only through the rear half. The size of the ring thus
limits how much work the athlete can do to the shot by
constraining the distance over which the putter can exert
a force on the shot.

Early in the 20th century, shot-putters began their put
from the rear of the ring. The initial stance was similar
to that shown in figure 4.3.

The athlete’s shoulders were aligned approximately
45° to the throwing direction, meaning that the right-
handed athlete faced slightly to the right. The putter
would hop across the ring on his right leg and put the shot.

AlVIF PIROBLEIV] 4

Gradually, the technique evolved, and the putter’s
shoulders were turned more and more toward the rear
of the circle in the initial stance. The greater shoulder
rotation allowed the putter to start from a position that
allowed for greater displacement of the shot before
release. Finally, in the 1950s, Parry O’Brien began put-
ting the shot from an initial position in the rear of the
ring facing the opposite direction of the put. (Figure 4.4
shows an athlete using this technique in his initial stance
at the back of the ring.) This stance put him in a posi-
tion where he could maximize the displacement of the
shot in the direction of his force application. He could
also involve stronger muscle groups and have a larger
force act on the shot during the putting action. The work
done on the shot was thus increased. This increased the
change in energy (potential and kinetic), which resulted

A pitcher exerts an average horizontal force of 100 N on a 0.15 kg baseball during the delivery of the pitch.
His hand and the ball move through a horizontal displacement of 1.5 m during this period of force applica-
tion. If the ball’s horizontal velocity was zero at the start of the delivery phase, how fast would the ball be
going at the end of the delivery phase when the pitcher released it?

Solution:

Step 1: Identify the known quantities.

m=0.15kg
F=100N
d=150m
v,=0

Step 2: Identify the unknown variable to solve for.

=7
Vf b

Step 3: Search for appropriate equations with the known and unknown variables in them.

U=AE
F(d)=AKE =KE, - KE, = %m(v; )

Step 4: Substitute the known quantities and solve for the unknown variable.

(100 N)(1.5 m) = (0.15 kg)(v — 0)/2
v2=2 (100 N)(1.5 m)/(0.15 kg) = 2000 Nm/kg
v,=44.7 m/s

Step 5: Common sense check.

This is very fast—the speed of a major league fastball.



in a greater height and velocity of the shot at release. The
result was a longer put.

Doing Work to Decrease
(or Absorb) Energy

The work—energy principle can also be used to explain
the techniques used in transferring (or absorbing) energy
from an object. When you catch a ball, its kinetic energy
is reduced (or absorbed) by the negative work you do on
it. Similarly, your muscles do negative work on your limbs
and absorb their energy when you land from a jump or
fall. The average force you must exert to absorb energy
in catching a ball or landing from a jump or fall depends
on how much energy must be absorbed and over how
long a distance you can apply the force. If this force is
too great, it may injure you. You attempt to decrease it
by “giving” with a ball when you catch it or by flexing at
your knees, ankles, and hips when you land from a jump
or fall. Remember how you caught water balloons in the
previous chapter. These actions increase the distance

Figure 4.3 Starting the shot put from the rear of the
ring early in the 20th century.

Photo courtesy of University of Michigan, Bentley Historical Library
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Figure 4.4 An athlete using modern shot-putting
technique begins in a position turned farther away from
the putting direction.

over which the force acts, thus decreasing the average
value of the force.

The safety and protective equipment used in many
sports uses the work—energy principle to reduce poten-
tially damaging impact forces. The landing pads used in
gymnastics, high jumping, and pole vaulting all increase
the displacement of the athlete during the impact period as
the kinetic energy of the athlete is decreased (absorbed).
The impact force is thus decreased because the displace-
ment during the impact is increased. The sand in a long-
jumping pit does the same thing when you jump into it, as
does the water in a pool when you dive into it, the midsole
material in your running shoes when you run on them, the
padding in a boxing glove when you punch with it, the
air bag in a car when you crash into it, and so on. All of
these materials may be referred to as “shock absorbing,”
but they are actually energy-absorbing materials.

Conservation of Mechanical
Energy

The work—energy relationship is also useful when we
examine situations in which no external forces act other
than gravity. In these situations, no work can be done
because no external forces act. If no work can be done,
the total mechanical energy of the object in question is
conserved; it cannot change, and equation 4.8 becomes
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A rider in an equestrian event falls off her horse and strikes her head on the ground. Luckily, she is wearing
a helmet. At the first instant of impact the vertical velocity of the rider’s head is 5.8 m/s. The mass of the
rider’s head is 5 kg. The helmet is lined with energy-absorbing material that is 3.0 cm thick. The thickness
of the hard outer shell of the helmet, as well as the innermost padding used for fit and comfort, allows the
head to displace 1.5 cm during the impact while crushing and compressing the energy-absorbing material
and padding as well as the dirt that her head hits. What is the average force exerted by the helmet on the

rider’s head during the impact from the fall?
Solution:
Step 1: Identify the known quantities.
m=15.0kg
d=15cm
v,=5.8 m/s

vf=0

Step 2: Identify the unknown variable to solve for.

F=?

Step 3: Search for appropriate equations with the
known and unknown variables in them.

U=AE

This equation includes the change in all energies
(potential, kinetic, and strain), but the changes in
potential energy and strain energy of the head are
tiny compared to the change in kinetic energy, so
we’ll just compute the change in kinetic energy.

F(d)=AKE =KE, - KE, = %m(v; )
Step 4: Substitute the known quantities and solve
for the unknown variable.

F (0.015 m) = (5.0 kg)((5.8 m/s)> — 0))/2
F (0.015m)=84.1]

78410
50kg
F =5607 N

Step 5: Common sense check.

This is a large impact force. Since this is an aver-
age impact force, the peak impact force is larger.
A good estimate for a peak impact force is twice
the average impact force. This puts the peak impact
force at

2x5607N=11,214 N.

This is a huge force. The criteria for a cata-
strophic head injury are often expressed in terms of
the peak acceleration of the head. This acceleration
is expressed in terms of the acceleration due to
gravity, or g. A peak acceleration above 300 g will
cause a catastrophic head injury or death. In this
example, we can determine the acceleration from
the 11,214 N force acting on a 5 kg head.

F =ma

11214N=(5kg) a

ue 11,214 N
Skg
a=2243 m/s?

Dividing this value by g = 9.81 m/s? will give us
acceleration in terms of g:

243w
9.81 m/s
a=229¢g

The acceleration is below 300 g but still high
enough to cause a head injury, though probably not
a catastrophic one. The acceleration threshold for a
concussion is estimated to be 80 g. So, although the
helmet may have protected our equestrian athlete
from a catastrophic head injury, it certainly did not
protect her from a less severe head injury such as
a concussion.



U=AE

U=0=AKE + APE + ASE

0= (KE,- KE) + (PE,— PE) + (SE,— SE)

(KE, + PE, + SE) = (KE, + PE, + SE))

E=E, (4.10)

The total mechanical energy of the object is constant
if no external forces other than gravity act on the object.
This principle may be useful for examining projectile
motion. Gravity is the only external force that acts on a
projectile. If this is true, the total mechanical energy of a
projectile does not change during its flight. Let’s consider
dropping a ball as an example. Just before you let go of it,
the ball has potential energy but no kinetic energy. During
the ball’s fall, its potential energy decreases because its
height decreases. At the same time, though, its kinetic
energy increases as it is accelerated downward by grav-
ity. This increase in kinetic energy is exactly matched by
the decrease in potential energy, so the total mechanical
energy of the ball remains the same.

:) The total mechanical energy of an
object is constant if no external
forces other than gravity act on the
object.

Let’s try some numbers in this example. Suppose you
drop a 1 kg ball from a height of 4.91 m (that’s about 16
ft). When you first let go of the ball, its potential energy
(measured relative to the ground) would be

PE = Wh = mgh
PE = (1 kg)(9.81 m/s*)(4.91 m)

When you first let go of the ball, its velocity is zero, so
its kinetic energy would be zero. The instant before the
ball strikes the ground, it has no height above the ground,
so its potential energy would be zero. The kinetic energy
of the ball at this time would be

1
KE, = E(l kg)v_?
If we use equation 4.10, we can determine how fast the
ball is going just before it hits the ground:
E=E .
(KE. + PE. + SE) = (KEf+ PEf+ SEf)

PE,=KE,

Work, Power, and Energy

L
mgh = Emv/.
2
V= mgh
m
Vi =2gh 4.11)
v; =2(9.81 m/s*)(4.91m)

v, = 2(9.81 m/s*)4.91 m)

v,= 9.81 m/s

Just before the ball hits the ground, its velocity is 9.81 m/s
downward. Hmm. The falling ball was a projectile. We
could have computed its final velocity using the projectile
equations from chapter 2. Look at equation 2.18 from
chapter 2. It describes the final velocity of a falling object.

Vi =2gAy

Now compare this equation to equation 4.11, which we
just derived from the conservation of energy principle.

v;=2gh

They are really the same equation and just an extension
of equation 2.15, which describes the vertical velocity
of a projectile if its initial vertical velocity is not zero.

vi =v7+2gAy

The v? term in equation 2.15 comes from the initial
kinetic energy a projectile may have due to its initial
vertical velocity. This equation can be derived from the
conservation of energy principle if we start with an initial
kinetic energy due to the vertical velocity of the projectile
as well as an initial height.

The conservation of mechanical energy principle gives
us another tool for analyzing and understanding projectile
motion. It can also allow us to analyze other situations in
which no work is done. For instance, in the pole vault, if
the vaulter does no work during the vault itself, her total
mechanical energy at the instant of takeoff should equal
the total mechanical energy at bar clearance. In this case,
the vaulter’s kinetic energy at takeoff is transformed into
strain energy as the pole bends, and this strain energy is
in turn transformed into potential energy as the vaulter is
lifted by the unbending pole. How high a pole-vaulter can
vault thus has a lot to do with how fast the vaulter can run.

Power

The ability of an athlete to increase the displacement of
an object (or body part) while exerting a force affects
performance in many skills. Success in these skills thus
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requires the athlete to exert a large amount of work on an
object (or body part). In some sports, excelling requires
not just the ability to do a large amount of work, but
also the ability to do that work in a short time. Power
is the mechanical term that describes this ability. Like
work and energy, power is another word that you have
some familiarity with and that has numerous meanings.
In mechanics, power is the rate of doing work, or how
much work is done in a specific amount of time. Math-
ematically, power is defined as

U

= A 4.12)

where
P = power,
U = work done, and
At = time taken to do the work.

Power can be thought of as how quickly or slowly
work is done. The ST units for power are watts (abbrevi-
ated with the letter W), named after the Scottish inventor
James Watt; 1 W equals 1 J/s. You may be familiar with
watts because light bulbs, amplifiers, and other electri-
cal devices are rated in watts. Another unit of measure-
ment for power is horsepower, but the watt is the unit of
measure for power in the International System of Units.

—) Power can be thought of as how
quickly or slowly work is done.

If we examine equation 4.12 more closely, another
way of defining power can be derived:

U
At
pFd)_ F(i)
At At
P=Fv 4.13)

Power can be defined as average force times average
velocity along the line of action of that force.

The concept of power is useful in biomechanics for
several reasons. The best way to explain one use of power
is by example. Suppose you have to move a stack of books
from one table to another, and you want to finish this
task as quickly as possible. This means that you want to
maximize your power output. Numerous strategies are
available to you, from moving the books one at a time
to moving them all at once. The amount of work done to

the books will be the same, but the time it takes (and thus
the power output) may differ. Carrying the entire stack
at once would require a large force, and the movement
would be slow. Carrying a few books at a time in several
trips wouldn’t require as much force, and each trip would
be quicker. In the first case, you are exerting large forces
but moving with a slow velocity. In the second case, you
are exerting smaller forces but moving with a faster veloc-
ity. The combination of force and velocity determines the
power output. Does the larger force in the first case make
up for its decreased velocity, or does the larger velocity
in the second case make up for its decreased force? What
is the tradeoff between force and velocity?

You are faced with similar questions in certain sports
and activities. How do you choose which gear to use while
pedaling your bicycle? Do you use a high gear, which
requires larger pedal forces and a slower pedaling rate,
or do you use a lower gear, which requires smaller pedal
forces but a faster pedaling rate? When you’re running,
how do you choose your stride length and stride rate?
Do you use a long stride, which requires larger forces
and a slower stride rate, or do you use a short stride,
which requires smaller forces and a faster stride rate?
These questions are difficult to answer because of the
number of variables involved, so you have to experiment.
One clue to answering these questions may come from
studying muscles.

Because the power we produce in our movements
ultimately originates in our muscles, the power produc-
tion characteristics of muscles may provide some insight
into the questions just raised. As a muscle’s velocity of
contraction increases, its maximum force of contraction
decreases. So a muscle contracting slowly can produce
greater force than the same muscle contracting at a faster
rate. If the muscle’s velocity of contraction is multiplied
by its maximum force of contraction for that velocity,
the muscle’s power output for each velocity can be
determined. The maximum power output occurs at a
velocity approximately one-half the muscle’s maximum
contraction velocity. This would mean that the best gear
to use in cycling may not be the highest or the lowest,
but one in between. The best stride length may not be
the longest or the shortest, but one in between. The best
way to move that stack of books may not be to carry them
all at once or one at a time, but several at once. The best
choice of bicycling gear, stride length, and so on may
be the one in which your muscles contract at a velocity
corresponding to their velocity of maximal power output.
The mechanics of muscular contraction are discussed
further in chapter 11.

Another reason that power is an important topic in the
study of human movement is that it is actually a constraint



on human movement. What does that mean? Consider an
Olympic weightlifter performing a clean and jerk. The
forces he exerts on the barbell and the fast movement
of the barbell indicate that the power output of the lifter
is quite large—but only for a brief interval of time. If
the time interval were longer, would the lifter be able
to produce as much power? The duration of the activity
influences the sustainable power output of an individual.
A sprinter can maintain a high power output for only a
short time (0-60 s). A middle-distance runner’s power
output is smaller but sustained for a longer time (1-7
min). A marathon runner’s power output is smaller still,
but it is sustained for a much longer time (2-4 h). Figure
4.5 shows the theoretical relationship between maximum
power output and the duration of that power output
for humans. This relationship shows the mechanical
constraint placed on humans by their power-generating
system (their metabolic system).

Summary

In this chapter, we learned the mechanical definitions
of work, energy, and power. Work done by a force is the
force times the displacement of the object along the line
of action of the force acting on it. Energy was defined as
the capacity to do work. Mechanically, energy takes two
forms: potential energy, which is energy due to position
or deformation, and kinetic energy, which is energy due
to motion. Potential energy could be due to the position
of the object in a gravitational field, called gravitational
potential energy, or to its bending, stretch, or deformation,
called strain energy. The work done by a force (other than

Work, Power, and Energy

Power output
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Figure 4.5 Maximal power output decreases with
increased duration of the activity.

gravity) on an object causes a change in energy of the
object. If a force does work, a change in energy results.
Likewise, if a change in energy is observed, a force did
work to cause this change in energy.

Power is defined as the rate of doing work. An alterna-
tive definition of power is average force times average
velocity. In human movement, the maximum power
output a human is capable of producing is related to the
duration of the activity involved. This has to do with the
metabolic capabilities of the human body.

KEY TERMS

energy (p. 119)
gravitational potential

energy (p. 120)
joule (p. 116)

power (p. 128)

kinetic energy (p. 119)
potential energy (p. 119)

strain energy (p. 121)
watts (p. 128)
work (p. 116)
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REVIEW QUESTIONS

1.

et

10.
11.

12.

The sand in a long-jump pit serves two purposes. First, it enables measurement of the distance of
the jump by marking the jumper's landing. Second, it cushions the landing of the jumper. Give
a mechanical explanation for how the sand "cushions" the landing of the jumper.

Why is a windup or backswing important in throwing and striking activities?
Why is a follow-through important in throwing and striking activities?

Most major league pitchers tend to be taller and longer limbed than other players. Is this an
advantage in throwing and striking activities? Explain.

Why do safety helmets for bicycling, lacrosse, football, ice hockey, and so on have to be so thick?

. As speed increases, is there a proportional increase in stopping distance—that is, if you double

your speed, does your minimum stopping distance also double? Explain.

. If you drop a basketball and a tennis ball together so that the basketball bounces on the floor and

the tennis ball bounces on top of the basketball, what will happen? Explain.

How does an air bag protect you in an accident?

Why is running on loose sand more fatiguing than running on a rubberized track?

Why is it more appropriate for young children to play with softer and lighter balls and implements?

What advantages might a sprinter with well-designed prosthetic legs (below the knee) have over
a sprinter with legs? Assume the prosthetic devices have been optimized for sprinting.

Imagine that you are in a room on the second floor of a burning building. The only way out is
through a window, and the window’s sill is 5 m above the ground. Describe what actions you
would take to minimize your chance of injury if you exited the building through the second-story
window. Explain the mechanical basis for each action.

PROBLEMS

1. How much kinetic energy does a 2 kg discus have if its velocity is 20 m/s?

2.

Which of the balls or implements shown in table 2.3 (p. 65) has
a. the greatest kinetic energy?
b. the least kinetic energy?

At the top of a giant swing on the gymnastics high bar, Candy’s velocity is 1 m/s, and she is 3.5
m high. If Candy’s mass is 50 kg, what is her total mechanical energy at this instant?

You are slowly forcing your opponent's wrist to the table in an arm-wrestling match.

a. Are you doing any mechanical work against your opponent? If so, is the work positive or
negative?

b. What type of contractions do your arm and shoulder muscles produce?
c. Is your opponent doing any work against you? If so, is the work positive or negative?

d. What type of contractions do your opponent’s arm and shoulder muscles produce?

. An archer draws his compound bow and shoots an arrow. The 23 g arrow leaves the bow with a

velocity of 88 m/s. The power stroke of the bow is 57 cm; that is, the bowstring exerts force on
the arrow through a displacement of 57 cm. The peak draw weight of the bow is 312 N. (This is
the maximum force that the archer has to exert on the bowstring.)

a. How much kinetic energy does the arrow have after release?
b. How much work does the bowstring do on the arrow?

c. What average force does the bowstring exert on the arrow?



10.

11.

12.

13.

. During the pitching motion, a baseball pitcher exerted an average horizontal force of 60 N

against the 0.15 kg baseball while moving it through a horizontal displacement of 2.0 m before
he released it.

a. How much work did the pitcher do to the baseball as a result of this force?
b. Was the work done positive or negative?

c. If the baseball's velocity at the start of the pitching action was zero, how fast was the ball
moving at the instant of release?

. A baseball strikes the catcher's glove with a horizontal velocity of 40 m/s. The mass of the base-

ball is 0.15 kg. The displacement of the baseball due to the deformation of the catcher's glove
and the movement of the catcher's hand is 8 cm from the instant it first makes contact with the
glove until it stops.

a. How much kinetic energy does the baseball possess just before it strikes the glove?
b. How much work does the catcher do on the baseball during the catch?
c. Is the work done positive or negative?
d. What is the average impact force exerted by the glove on the baseball?
Which bowling ball has more energy, a 5 kg ball rolling at 4 m/s or a 6 kg ball rolling at 3 m/s?

To test the impact performance of a 10 cm thick gymnastics mat, a 20 kg cylindrical mass is
dropped onto the mat from a height of 1 m above the mat. During the impact, the cylinder’s
vertical velocity reaches zero at the instant the mat has compressed to only 4 cm thick.

a. How much kinetic energy does the cylinder have at the instant just before it contacts the mat?
b. How much work does the mat do to stop the fall of the cylinder?

c. What average vertical force does the mat exert on the cylinder during the impact, from
contact until the cylinder’s vertical velocity is zero?

A gymnast falls from the high bar and lands on a 10 cm thick gymnastics mat. The gymnast
strikes the back of his head against the mat during his landing. His head is moving at 7 m/s when
it first strikes the mat. The mass of his head is 5 kg. The impact ends when the gymnast’s head
comes to a stop after deflecting the mat 6.5 cm.

a. How much kinetic energy does the gymnast’s head have at the instant just before it contacts
the mat?

How much work does the mat do to stop the motion of the gymnast’s head?
What average impact force does the mat exert on the gymnast’s head during the impact?

Estimate the peak impact force exerted by the mat on the gymnast’s head.

o & 0 T

Estimate the peak acceleration of the gymnast’s head.
f. Express this peak acceleration in g’s.

Jon snatched 100 kg. In a snatch, the barbell is moved from a stationary position on the floor to
a stationary position over the athlete's head. Only 0.50 s elapsed from the first movement of the
barbell until it was overhead, and the barbell moved through a vertical displacement of 2.0 m.
What was the Jon’s average power output during the 1ift?

In a vertical jump-and-reach test, 60 kg Nellie jumps 60 cm, while 90 kg Ginger jumps 45 cm.
Assuming both jumps took the same amount of time, which jumper was more powerful?
Zoe is pole-vaulting. At the end of her approach run, she has a horizontal velocity of 8§ m/s and

her center of gravity is 1.0 m high. If Zoe’s mass is 50 kg, estimate how high she should be able
to vault if her kinetic and potential energies are all converted to potential energy.

. Mike is a 70 kg pole-vaulter. He falls from a peak height of 5.90 m after pole-vaulting over a

crossbar set at that height. He lands on a thick mat. When Mike first makes contact with the mat,
his center of gravity is only 1.0 m high. During Mike’s impact with the mat, the mat compresses.
At the point of maximum compression, Mike’s vertical velocity reaches zero, and his center of
gravity is only 0.5 m high. What average force did the mat exert on Mike during this impact?
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Motion Analysis Exercises Using MaxTRAQ

If you haven’t done so already, review the instructions for downloading and using the educational ver-
sion of the MaxTRAQ motion analysis software at the beginning of this book, then download and install
the software. Once this is done, you are ready to try the following two-dimensional kinematic analyses
using MaxTRAQ.

1. Open MaxTRAQ. Select Tools in the menu bar and then open Options under the Tools menu. In
the Options submenu, select Video. To the upper right side of the Video window, under Video
Aspect Ratio, make sure that Default-Used Preferred Aspect Ratio is selected. In the lower
half of the right side of the Video window, under Deinterlace Options, select BOB, use Odd
lines first, and Stretch Image Vertically. Click OK. Close MaxTRAQ and reopen it to have the
deinterlace options take effect. Next, open the High Jump video from within MaxTRAQ. Make
sure the scaling/calibration tool is activated by clicking View on the menu bar, then selecting
Tools from the drop down menu, and making sure Show Scale is checked. Open the scaling tool
by clicking on Tools on the menu bar and select Scale. In the Scaling Tool window that opens,
set the gauge length to 480 cm and click OK. Place the cursor over the lower left corner of the
video window and click the left mouse button once, then place the cursor over the lower right
corner of the video window and click the left mouse button a second time. The scale should
appear in the video window. Hide the scale by selecting View in the menu bar; then click Tools
and uncheck Show Scale.

a. What is the vertical velocity of the high jumper at the instant when her takeoff foot touches
the ground? Advance the video to two frames before touchdown of the left foot. Activate
the digitizing function and digitize the anterior edge of the stripe on the jumper’s shorts at
the waistband. We’ll use this point as a very rough estimate for the location of the jumper’s
center of gravity. Advance the video two frames to the instant when the jumper’s foot first
contacts the ground, and digitize this point again. Determine the vertical displacement of
the jumper between these frames. Divide this displacement by the elapsed time (divide the
displacement by the number of frames, 2, and multiply by 60) to compute vertical velocity.

b. What is the vertical displacement of the high jumper from the instant her left foot touches
the ground to the instant her left foot leaves the ground? Advance the video to the first frame
when the left foot contacts the ground. Activate the digitizing function, and digitize the ante-
rior edge of the stripe on the jumper’s shorts at the waistband. Advance the video to the first
frame when the jumper’s left foot is no longer in contact with the ground, and digitize this
point again. Determine the vertical displacement of the jumper between these two frames.

c. What s the vertical velocity of the high jumper at the instant when her takeoff foot leaves the
ground? Advance the video to the last frame when the jumper’s left foot is in contact with
the ground. Activate the digitizing function, and digitize the anterior edge of the stripe on
the jumper’s shorts at the waistband. Advance the video two frames and digitize this point
again. Determine the vertical displacement of the jumper between these frames. Divide this
displacement by the elapsed time (divide the displacement by the number of frames, 2, and
multiply by 60) to compute vertical velocity.

d. If the jumper’s mass is 70 kg, what change in potential energy occurs from touchdown to
takeoff?

e. If the jumper’s mass is 70 kg, what change in kinetic energy occurs as a result of her change
in vertical velocity from touchdown to takeoff?

f. How much work was done by the jumper in the vertical direction during the takeoff phase,
from touchdown until takeoff of the left foot?

g. Estimate the size of the average ground reaction force that acts on the jumper’s left foot
during the takeoff phase, from touchdown until takeoff of the left foot.
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Torques and Moments
of Force

Maintaining Equilibrium or Changing Angular Motion

objectives

When you finish this chapter, you should be able
to do the following:

Define torque (moment of force)
Define static equilibrium
List the equations of static equilibrium

Determine the resultant of two or more
torques

Determine if an object is in static equilib-
rium, when the forces and torques acting
on the object are known

Determine an unknown force (or torque)
acting on an object, if all the other forces
and torques acting on the object are
known and the object is in static equi-
librium

Define center of gravity

Estimate the location of the center of
gravity of an object or body
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You're sitting in the gym contemplating your next lat pull on the weightlifting
machine when you notice that the stack of weight you're about to lift doesn't
look heavy enough to be the 90 Ib indicated by the label on the weights. But,

when you sit down on the bench and pull down on the bar, it feels like 90 Ib. How
do the pulleys, levers, and cables of the machine make a relatively small stack of
metal plates feel like 90 Ib? The answer has to do with the torques created by the
weight stack and those pulleys, levers, and cables. This chapter introduces the
concepts of torque and center of gravity and also adds to the concept of static
equilibrium.

Th | SC h d pfel’ |S about torques. Torques

cause changes in angular motion. The movements of our
limbs at joints are controlled by the torques produced by
muscles. Muscles create torques about joints, and these
torques control and cause the movements of the limbs and
the entire body. Torques are important even if you aren’t
moving. Equilibrium and balance are affected not only
by forces but by torques as well. In this chapter, you will
learn about torques, equilibrium of forces and torques,
center of gravity, and stability. All of these concepts are
related to torque in some way.

What Are Torques?

The turning effect produced by a force is called a torque.
The torque produced by a force may also be called a
moment of force. Occasionally, this term is simplified
further and shortened to moment. One way to think of
torque is to think of it as an angular or rotary force. To get
a greater understanding of how forces produce torques,
let’s try self-experiment 5.1.

Self-Experiment 5.1

a. Place a book flat on a table or desk. Using two
fingers (or a pencil), strike the book on its side to create
a force directed through the center of gravity of the
book (see figure 5.1a). (If you could balance the book
on a pencil point, the book's center of gravity would lie
vertically above this point of balance. A more complete
discussion of center of gravity appears later in this chap-
ter. For now, consider the center of gravity of the book as
the center of the book.) What happens as a result of the
force you exerted on the book? The book moves linearly.
The net force acting on the book (your pushing force
minus friction) was directed through the book’s center

of gravity, and this net force caused a linear acceleration
of the book. Little if any turning or rotation of the book
occurred. Evidently, this type of force does not produce
a turning effect or torque on the book.

b. Now try the experiment again, only this time hit
the book with your fingers or a pencil so that the force
is not directed through the book’s center of gravity (see
figure 5.10). What happened? The linear motion of the
book changed (the book's center of gravity translated),
but the book rotated also. In this case, the net force acting
on the book was not directed through the book’s center
of gravity, and this net force caused a linear acceleration
of the book as well as a rotation of the book. This type
of force did create a torque on the book.

c. Repeat the experiment a third time, but use both
hands (or two pencils) this time. Strike the book on the
top left side with the fingers of your left hand while
simultaneously striking the book on the bottom of the
right side with the fingers of your right hand (see figure
5.1¢). Try to create the same size force against the book
with each hand, but have these forces act in opposite
directions. What happened? In this case, the book rotated,
but its center of gravity barely moved, if at all. The forces
acting on the book caused the book to rotate, but not
translate. The combination of these two forces created a
torque on the book.

:) The turning effect produced by a
force is called a torque.

An examination of the results of these self-experiments
leads to some generalizations. In self-experiment 5.1a,
the resultant force acting on the book was directed
through the center of gravity of the book. An external
force directed through the center of gravity of an object
is called a centric force. The effect of a centric force is
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Figure 5.1 Sliding a book on a table so that it (a) translates, (b) translates and rotates, and (c) rotates.

to cause a change in the linear motion of the object, as
predicted by Newton’s second law and as shown in this
first experiment.

In self-experiment 5.1b, the resultant force acting on
the book was not directed through the center of gravity
of the book. An external force not directed through the
center of gravity of an object is called an eccentric force.
(Eccentric in this case refers to a type of force, not a type
of muscular contraction.) The effect of an eccentric force
is to cause a change in the linear and angular motions
of an object. Both motions were observed in this second
experiment. The change in linear motion is explained
by Newton’s second law. The torque produced by the
eccentric force caused the book to rotate.

In self-experiment 5.1c, a pair of forces acted on the
book. These forces were equal in size but opposite in
direction and noncolinear. A pair of such forces is called
a force couple. The effect of a force couple is to cause
a change only in the angular motion of an object. The
resultant of the two forces in a force couple is a force of
zero, so according to Newton’s first and second laws, no
change in linear motion occurs, and none was observed
in this third experiment. (Any translation of the book that
occurred was small and due to the fact that the forces you
exerted on the book were not exactly equal in size and
opposite in direction.) The torque produced by the force
couple caused the book to rotate.

In general, then, a centric force will cause or tend
to cause a change in the linear motion of an object; an
eccentric force will cause or tend to cause changes in
the linear and angular motions of an object; and a force
couple will cause or tend to cause only a change in the
angular motion of an object. In this chapter we further
examine the turning effect or torque produced by the
eccentric force in the second case and by the force couple
in the third case.

Mathematical Definition
of Torque

What affects the size of a torque and how is it quantified?
Intuitively, you would think that the size of the force that
produces the turning effect would influence the size of
the torque. To verify this, try self-experiment 5.1b again
several times and increase the size of the eccentric force
you exert on the book each time. As you increased the size
of the force, the turning effect increased, as evidenced by
the increase in the amount of rotation caused. Do the same
with self-experiment 5.1c. Try it again several times and
increase the size of the forces in the force couple each
time. Again, as the size of the forces in the force couple
increased, the amount of rotation increased, so the turning
effect increased. Intuition was correct in this case; torque
is directly related to the size of the force that creates it.
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The torque produced by a force does not depend on
the force alone, however. If this were the case, a turning
effect would have been produced by the centric force you
exerted on the book in self-experiment 5.1a. The only
difference between self-experiments 5.1a and 5.1b was
the line of action of the force you applied to the book.
What else besides force affects torque? Self-experiment
5.2 may help answer this question.

Self-Experiment 5.2

Now do self-experiment 5.1a again. Strike the book so
that the force your fingers create is directed through the
center of gravity of the book. Do it again, only this time
direct the force so its line of action is just off center,
causing the force to be an eccentric force. Repeat the
experiment a number of times; each time, strike the book
so the line of action of the force is farther and farther away
from the center of gravity of the book. Try to keep the
size of the force the same in each trial. What happens?
As you strike the book farther and farther from its center
of gravity, the torque created by the force becomes larger
and larger, causing the book to rotate more and more.
To reinforce this concept, try self-experiment 5.1c
again. Apply a pair of forces (a force couple) to the book
at either end of the book and in opposite directions. Do
it again, only this time move your hands so the distance
between them and the forces they apply to the book is
not as great. Repeat this a number of times, so that each
time the lines of application of the forces move closer
and closer together until finally the forces are colinear.
What happens? As the distance between the lines of action
of each of the forces gets shorter and shorter, the torque
produced by the force couple gets smaller and smaller and
disappears completely when the forces become colinear.

Torque is influenced by the position and orientation
of the line of action of the force as well as by its size.
The torque produced by a force is directly proportional
to the size of the force as well as the distance between
the line of action of the force and the point about which
the object tends to rotate (the axis of rotation). In the case
of the force couple, the turning effect is again directly
proportional to the size of the forces and the distance
between the lines of action of these forces. Now we can
expand our definition of torque. A torque is the turning
effect produced by a force and is equal to the product
of the magnitude of the force and the distance between
the line of action of the force and the axis of rotation of
the object (or the axis about which the object will tend
to rotate). This distance between the line of action of the
force and the axis of rotation is the perpendicular distance
between the line of action of the force and a line parallel
to it that passes through the axis of rotation. This distance
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Figure 5.2 The momentarm (r) of a force (F) is the per-
pendicular distance between the line of action of the force
and a parallel line passing through the axis of rotation (a).

is sometimes referred to as the perpendicular distance
and is more often termed the moment arm of the force.
Figure 5.2 shows the force and the moment arm of the
force for self-experiment 5.1b.

Mathematically, then, torque is defined as follows:

=D T=Fxr (5.1)
where

T = torque (or moment of force),

F = force, and

r = moment arm (or perpendicular distance).

The units of measurement for torque are thus units of
force (newtons in the SI system) times units of length
(meters in the SI system). So torque is measured in
newton meters, which are abbreviated Nm.

To fully describe a torque, you must describe the size
of the torque, the axis about which the turning effect is
created, and the sense of the turning effect about that
axis (clockwise or counterclockwise). So torque is a
vector quantity, because the turning effect is around a
specific axis that is directed in a specific direction. As
with forces, once a direction is specified (or axis, in the
case of a torque), a positive (+) or negative (—) sign is
used to indicate the sense of the force or torque along (or
around) that line (or axis). The conventional approach is
to indicate counterclockwise torques as positive (+) and
clockwise torques as negative (—). As with forces, torques
that act about the same axis may be added or subtracted
algebraically. Before getting further into the mathematics,
let’s look at examples of how we use torques.

Examples of How Torques
Are Used

First, let’s consider a door. How do you open or close a
door? You probably grab its handle (or doorknob) and



push or pull. This force that you exert on the door creates
a torque that acts about the axis of rotation of the door,
an axis passing vertically through the door’s hinges. This
torque causes the door to start swinging open or closed,
as shown in figure 5.3. To experience the effect of the
length of the moment arm in the door example, try self-
experiment 5.3.

Self-Experiment 5.3

Why do you suppose doorknobs or door handles are
located on the opposite side of the door from the hinges?
This location makes the moment arm, r in the torque
equation, large so that the force required to create a
large enough torque to swing open the door is small. Try
opening or closing the door by pushing on it with a force
directed closer to the hinges. You have to push with a
greater force to create the same torque. As you move your
hand closer and closer to the hinges, the force required
to move the door gets bigger and bigger, because the
moment arm of the force is getting smaller and smaller.

Axis

b

Figure 5.3 The torque created by the pulling force on
the doorknob causes the door to swing open.

Torques and Moments of Force

A given size torque can be created with a large force
and a small moment arm or with a small force and a large
moment arm. Because the amount of force humans can
exert is generally limited, we use large moment arms
when we want to create large torques. How do the tools
shown in figure 5.4 increase the torque we are capable
of producing?

All of these tools have handles that increase the length
of the moment arm of the force, thus increasing the
torque applied to the screw, nut, and so on. In the case
of the wrench or pliers, holding these tools farther out
on the handle increases the torque in the same way, by
increasing the moment arm of the force. Other everyday
things we turn and thus apply torques to include steering
wheels (why do heavy trucks have larger-diameter steer-
ing wheels than cars?), bicycle handlebars, jar tops, knobs
and dials on appliances, bicycle cranks, light switches,
clothespins, and staplers.

How is torque used in sport? In rowing, canoeing, and
kayaking, torque is applied by the athlete to the oar or
paddle to cause it to rotate. In golf, baseball, and tennis,
torque is applied to the club, bat, or racket to swing these
implements. In any sport in which we turn, spin, or swing
something (including our bodies), torque must be created
to initiate these turns, spins, and swings. The holds used
in wrestling provide great examples of torques that are
used to turn an opponent. Consider the half nelson, as
shown in figure 5.5.

In this hold, your opponent is prone, and you try to
turn him over onto his back by putting your hand under
his shoulder and onto the back of his head. If you then
push down on his head with your hand and use your arm
to lift up under his shoulder, you produce a force couple
that creates a torque about a longitudinal axis through
your opponent. This torque creates a turning effect that
tends to turn your opponent over. To counter this, your
opponent could create a torque with his other arm by
abducting it so that it is perpendicular to his body. Push-
ing down onto the mat with this arm and hand creates a
torque about the same axis but in the opposite direction.

Muscular Torque

The examples given so far are examples of external
torques that act on the body or other objects. What about
within the body? What creates the turning effects that
cause our limbs to rotate about our joints? Muscles create
the torques that turn our limbs. A muscle creates a force
that pulls on its points of attachment to the skeletal system
when it contracts. The line of action (or line of pull) of
a muscle force is along a line joining its attachments
and is usually indicated by the direction of its tendons.
The bones that a muscle attaches to are within the limbs
on either side of a joint, or two or more joints in some
cases. When a muscle contracts, it creates a pulling force
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Figure 5.4 Common tools that you exert forces (F) on, thus creating torques around the axes (a).
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Figure 5.5 The forces exerted by a wrestler using a half nelson on his opponent create a torque that tends to turn
the opponent over. The opponent can counter this torque by pushing down on the mat with his outstretched arm.

on these limbs. Because the line of action of the muscle
force is some distance from the joint axis, a moment arm
exists, and torques about the joint axis are produced by
the muscle force on the limbs on either side of the joint
where the muscle attaches. The torque produced by the
muscle on the distal limb will tend to rotate that limb
in one direction about an axis through the joint, and the
torque produced by the muscle on the proximal limb will
tend to rotate that limb in the opposite direction about
the same axis. Figure 5.6 shows how the force produced
by the biceps brachii muscle creates a torque that tends
to rotate the forearm around the elbow joint.

What happens to the torque on the forearm produced
by the biceps brachii muscle as the forearm is moved from
full extension to 90° of flexion at the elbow joint? Can
the muscle create the same torque throughout this range
of motion? If the muscle produces the same force and the
moment arm of the muscle stays the same throughout the
range of motion, the torque produced will not change.
Let’s try self-experiment 5.4 to see if the moment arm
of the muscle stays the same length.

Self-Experiment 5.4

Hold a heavy book in your hand and extend your right
forearm. Now use the thumb and index finger of your left
hand to pinch your right elbow. Your index finger should
be able to feel the tendon of your right biceps brachii,
and your thumb should feel the back of your elbow, the
olecranon process of your ulna. Now flex your forearm
at the elbow. Does the distance between your thumb

Figure 5.6 The biceps brachii exerts a torque around
the axis of the elbow joint by producing a force (F_) with
a moment arm (r) around the joint.

and forefinger change? It gets bigger as the degree of
elbow flexion approaches 90°. This distance is a crude
measurement of the moment arm of the biceps brachii
muscle about the elbow joint. The moment arm of the
biceps brachii is largest when the elbow is at 90° and gets
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smaller as the elbow is flexed or extended away from this
position. Figure 5.7 shows how the moment arm of the
biceps brachii muscle changes with elbow joint position.

The results of self-experiment 5.4 show that the biceps
brachii’s ability to create a torque about the elbow joint
is dependent on the position of the elbow joint because
the moment arm of the muscle changes as the elbow is
flexed and extended. A similar situation exists for most
of our muscles and the joints they cross. Changing the
angle at the joint changes the moment arm of the muscles
that cross that joint. This partially explains why our
muscles are apparently stronger in some joint positions
than others.

Strength Training Devices
and Torque

Strength training exercises with free weights or weight-
lifting machines provide many examples of torques that
are exerted on our limbs by nonmuscular forces. Consider
an arm curl exercise. In this exercise, you hold a dumbbell
in your hand and lift it by flexing at the elbow joint. We
already saw how contraction of the biceps brachii muscle
produces a torque around the elbow joint. As you lift the

F

m

- A
\

Figure 5.7 The moment arm of the biceps brachii
muscle decreases from rto r' as the elbow extends from
90°.

dumbbell, its weight produces a torque around the elbow
joint as well, but this torque tends to rotate the forearm
in the opposite direction. It creates a torque that would
tend to extend your forearm at the elbow joint.

We already saw how the biceps brachii torque could
change as the arm moved through its range of motion at
the elbow joint, because the moment arm of the biceps
brachii changed with changing joint position. What hap-
pens to the torque produced around the elbow joint by the
dumbbell when an arm curl exercise is performed? The
dumbbell doesn’t get heavier, but the torque gets larger
as the elbow is flexed. This occurs because the line of
action of the dumbbell’s weight moves farther from the
elbow joint as the exercise is performed, thus increasing
the moment arm. When the forearm is horizontal and
the elbow is at 90°, the moment arm of the dumbbell is
at maximum and the torque is greatest. Flexion beyond
this position results in a smaller moment arm and thus a
smaller torque, as does extension beyond this position.
For most exercises involving free weights, the torques
produced by the weights vary as the moment arms of
these weights change during the movement.

Weightlifting machines may or may not have this char-
acteristic. To analyze the torques a weightlifting machine
exerts on you, you must first identify the resistance force.
Often cables or chains are used to redirect the line of
action of the force of gravity acting on the weight stack.
The direction of this cable (where it attaches to the arm
or cam of the part of the machine you actually move)
indicates the line of action of the resistance force. You
would then determine the moment arm by measuring the
perpendicular distance between this line of action and the
axis of rotation of the arm or cam of the device.

Let’s examine a leg extension machine, which is
common in many weight training facilities (see figure
5.8). The resistance force is provided by a stack of
weights. This force is then transmitted to the arm of the
machine via a cable attached to the middle of the arm. As
the exercise is performed, the cable pulls on the machine
arm. A torque is created about the axis of the machine
arm because the cable pulls some distance away from this
axis. As the exercise is performed, the line of action of the
cable force changes, and the moment arm gets smaller as
the leg reaches full extension at the knee. The resistance
torque produced by this machine is thus largest at the
starting position with the knee at 90° and gets smaller as
the leg extends. Could you think of a way to redesign this
machine so that the torque remains constant throughout
the exercise? The design goal of some exercise machines
on the market is to provide a constant resistance torque
throughout the range of motion of the exercise. Other
machines are designed to provide a resistance torque that
varies in proportion to the changes in the moment arm of
the muscle being exercised as the exercise is performed.



In these machines, the design goal is to have the muscle
produce a constant force throughout the range of motion
of the exercise. This is the premise behind the design of
the Nautilus-type weight machines.

By now you should have an understanding of what a
torque is and how it is quantified. The fact that torques
can be added (and subtracted) was briefly noted, but
we have not discussed the effects that multiple torques
have when acting on the same object. Can torques be
added together to form an equivalent net torque? What
if the torques act in opposite directions? Must there be
equilibrium of torques (as is the case for forces) for an
object to be in equilibrium?

Forces and Torques

in Equilibrium

In chapter 1, the concept of static equilibrium was intro-
duced during the discussion of forces. If an object is at
rest, it is described as being in a state of static equilibrium.
For an object to be in static equilibrium, the external
forces acting on it must sum to zero (i.e., the net exter-
nal force must equal zero). Our experiment with a force
couple acting on a book earlier in this chapter indicated
that a net force of zero is not the only condition of static
equilibrium. A net force of zero ensures that no change
will occur in the linear motion of an object, but it does

Torques and Moments of Force

not constrain the object’s angular motion. The net torque
acting on an object must be zero to ensure that no changes
occur in the angular motion of the object. For an object
to be in static equilibrium, the external forces must sum
to zero and the external torques (about any axis) must
sum to zero as well. Mathematically, these conditions
are expressed as

= IF=0
ST=0 (5.2)
where
> F = net external force and
>'T = net torque.
) For an object to be in static equilib-
rium, the external forces must sum to

zero and the external torques (about
any axis) must sum to zero as well.

Net Torque

Earlier in this chapter, when we came up with a math-
ematical definition of torque, we also said that torques
that acted around the same axis could be added or sub-
tracted algebraically, just like forces that act in the same

Figure 5.8 A leg extension machine. The torque varies with position due to the change in the size of its moment arm (r).
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AlVIF PROBLEIV]

Jeff is pushing on a door with a horizontal force of 200 N. The moment arm of this force around the hinges
of the door is 60 cm. Ted is pushing in the opposite direction on the other side of the door. The moment arm
of his pushing force is 40 cm. How large is the force that Ted pushes with if the door is in static equilibrium?
Solution:

Step 1: List the known quantities.

Fj=200N
rj=6OCm
rt=40cm

Step 2: Identify the unknown variable to solve for.
F =7

Step 3: Draw a free-body diagram.

60 cm

Y

T

Hinge 200 N

40 cm

Y...

Step 4: Search for equations with the known and unknown variables.
>T=0
Measure torques about the hinge joint.
ST=0=(F)(r) +(F)r)=0
Step 5: Substitute known quantities and solve the equation for the unknown quantity.

2.T=0= (200 N)(60 cm) + (F)(40 cm) =0

F,=—(200 N)(60 cm)/(40 cm) = -300 N
The negative sign indicates that Ted’s force is in the opposite direction of Jeft’s force.

Step 6: Common sense check.
The force Ted exerts should be larger than the force Jeff exerts due to Ted’s smaller moment arm.
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direction. In a planar situation, then, we compute a net
torque by summing the torques that act on an object. To
investigate net torques, try self-experiment 5.5.

Self-Experiment 5.5

For this experiment and the examples that follow, let's
use a simple system. Find a ruler, a rubber eraser, and
10 same-denomination coins—we’ll use pennies as our
example. Balance the ruler on the edge of the eraser.
If you don't have an eraser, find something with a flat
surface about 1/4 in. (0.6 cm) wide that you can balance
the ruler on. If the ruler is 12 in. (30 cm) long it probably
balances with the eraser at 6 in. (15 cm). Now place a
penny on the ruler 5 in. (13 cm) to the left of the eraser.
Does the ruler stay balanced (is it in a state of static
equilibrium)? No. Why not?

The penny in self-experiment 5.5 created a counter-
clockwise torque about the eraser that caused the ruler to
rotate counterclockwise. The moment arm of the penny
was 5 in. The force created by the penny was the weight
of the penny. The torque created about the eraser was
one pennyweight (“p”) times 5 in., or 5 penny inches
of torque. In this case, the net torque acting on the ruler
about an axis through the eraser was caused only by the
weight of the penny.

ST=3(Fxr)
>T = (-1 penny)(-5 in.)
>'T = +5 penny inches (p-in.)

This torque is positive because it tended to cause a rota-
tion of the ruler in the counterclockwise direction.

Now place a penny on the right side of the ruler 3 in.
(about 8 cm) from the eraser. What is the net torque acting
on the ruler about an axis through the eraser in this case?

Torques and Moments of Force
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The net torque is

ST=3Fxr)
>T=(-1p)(-5in.)+ (-1 p)(+3 in.)
>T =+5 p-in. + (-3 p-in.)

>T =45 p-in. — 3 p-in.

>T =42 p-in.

The net torque is still counterclockwise (+), but it has
been reduced to 2 p-in. by the clockwise torque created
by the penny on the right side of the ruler.

Now place another penny on the right side of the ruler
2 in. (5 cm) to the right of the eraser. What happens? The
ruler balances on the eraser. It is in static equilibrium.

This seems odd, because there are twice as many
pennies on the right side of the ruler. Maybe an analysis
of the free-body diagram shown in figure 5.9 will help
explain the situation.

What is the net torque acting on the ruler about an axis
through the eraser? The net torque is

2T=3(Fxr)

>T=(-1p)(-5in.) + (-1 p)(+3 in.) + (-1 p)(+2 in.)
>T =+5 pin. + (=3 p-in.) + (-2 p-in.)

>T =45 p-in. — 3 pin. — 2 p-in.

>T=0

The ruler balances (it is in static equilibrium) because
the net torque acting on it is zero.

Let's try another example. Clear the pennies off the
ruler. Now, stack four pennies on the ruler 3 in. (about 8
cm) to the right of the eraser. What net torque do these
pennies create about the eraser? Four pennies times 3 in.
is 12 p-in. of torque in the clockwise direction about an
axis through the eraser. If you had only two pennies left
to use to balance the ruler, where would you stack them?

1p 1p 1p
(- | a [ - ] [ - ]
[ I I I I I I I I I I I ]
=
T 2in.
R4¢———p
» 5in. . 3in -

Figure 5.9 Free-body diagram of a ruler balanced on an eraser with pennies on the ruler. R is the reaction force
exerted by the support of the ruler, and a is the axis. (The weight of the ruler is omitted in this diagram.)
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Because we now know that the net torque has to be
zero if the ruler is balanced (and in static equilibrium),
we can solve this problem mathematically as follows:

ST=Y(Fxr)=0
0= (=2 p)(r) + (-4 p)(+3 in.)
(-2 p)(r) = (4 p)(+3in.)

_Uép@in) _

—61in.

Two pennies will create a counterclockwise torque of
12 p-in. (to counter the 12 p-in. of clockwise torque
created by the four pennies) if you stack them 6 in. to
the left of the eraser (the negative sign before the 6 in.
indicates that the moment arm is to the left of the axis).
Two pennies times 6 in. equals 12 p-in. of torque in the
counterclockwise direction.

Muscle Force Estimates
Using Equilibrium Equations

Now let’s examine how the conditions for static equilib-
rium allow us to estimate the forces our muscles produce
to lift or hold up objects. Suppose you are holding a 20 Ib
(9 kg) dumbbell in your hand and your elbow is flexed 90°
so that your forearm is parallel to the floor. If the moment
arm of this dumbbell is 12 in. (30 cm) about the elbow
joint axis, what torque is created by this dumbbell about
your elbow joint axis? Using equation 5.1, the torque is

T=Fxr
T =(-201b)(-12 in.)
T = +240 1b-in.

The dumbbell creates a torque of 240 Ib-in. about the
elbow joint axis in the counterclockwise direction.

To hold up this dumbbell, your elbow flexor muscles
must create a clockwise torque equal to the counter-
clockwise torque created by the dumbbell (if the weight
of the forearm and hand are ignored). If the moment arm
of these muscles is 1 in. (2.5 cm), what force must they
pull with to hold the dumbbell in the position described?
Because the forearm must be in static equilibrium, the
problem is solved as follows (let F represent the muscle
force):

ST=Y(Fxr)=0
Y(Fxr)=(-201b)(-12in.) + F, (-1 in)=0
F (~1in.)=— (=20 Ib)(-12 in.)

b _(201b)(=12in) _

m

- +240 1b
—1in.

Wow! Your elbow flexor muscles must create a force of
240 1b (about 1068 N) just to hold up a 20 1b dumbbell!
This seems to be too large a force, but our muscles are
arranged so that their moment arms about the joints are
short. This means that they must create relatively large
forces to produce practically effective torques about the
joints.

More Examples of Net Torque

Now let’s look at some examples of net torques in sport.
Consider a pole-vaulter. What external forces act on a
pole-vaulter? Gravity pulls downward on the vaulter with
a force equal to his weight, and the pole exerts forces on
each of the vaulter’s hands where he grips it. Figure 5.10
shows a free-body diagram of the pole-vaulter with values
of the external forces estimated as well.

What net torque acts on this vaulter around an axis
through his center of gravity? Is the vaulter in equilib-
rium? The 500 N force acting at the vaulter’s left hand
has a moment arm of 0.50 m about his center of gravity.
This force creates a clockwise torque about the vaulter’s
center of gravity. The 1500 N force acting at the vaulter’s
right hand has a moment arm of 1.00 m about his center
of gravity. The torque created by this force about the
vaulter’s center of gravity is also clockwise. The vaulter’s
weight of 700 N acts through his center of gravity, and
thus the moment arm of this weight is zero, so it does
not create any torque about the vaulter’s center of gravity.

Figure 5.10 Free-body diagram of a pole-vaulter just
after takeoff. The reaction forces from the pole create
clockwise torques on the vaulter.



Mathematically, the net torque about a transverse axis
through the vaulter’s center of gravity is

YT =Y(F x r) = (=500 N)(0.50 m)
~ (1500 N)(1.00 m)

YT=-250 Nm — 1500 Nm
YT=-1750 Nm

The negative sign on this net torque indicates that it acts in
a clockwise direction. The 1750 Nm net torque produces
a turning effect that tends to rotate the vaulter clockwise
onto his back, as if he were doing a backward somersault.

Now let’s consider what happens to the vaulter later
in the vault, when he is in the position shown in the free-
body diagram in figure 5.11.

What is the net torque acting on the vaulter in this
situation? The 300 N force acting on the vaulter’s left
hand has a moment arm of 0.50 m and still creates a
clockwise (—) torque about the vaulter’s center of grav-
ity. The 500 N force acting on the vaulter’s right hand
also has a moment arm of 0.50 m, but it now creates a
counterclockwise (+) torque about the vaulter’s center of
gravity. The net torque is

500 N

300 N

0.50 m
0.50 m

Figure 5.11 Free-body diagram of a pole-vaulter
midway through the vault. The reaction forces from the
pole create torques in opposite directions on the vaulter.
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YT =Y(F x r) = (300 N)(0.50 m)
+ (500 N)(0.50 m)

YT =-150 Nm + 250 Nm
YT =+100 Nm

The positive sign on this net torque indicates that it acts
in the counterclockwise direction. The turning effect
produced by the forces acting on the vaulter thus tends
to rotate the vaulter counterclockwise, as if he were
doing a forward somersault or to slow down the vaulter’s
clockwise rotation. The latter is likely the case, since the
pole vaulter was rotating clockwise earlier in the vault.
This counterclockwise torque will stop the clockwise
rotation as the vaulter lines up his or her body with the
pole in preparation for going over the crossbar. It will
eventually cause the vaulter to rotate counterclockwise.
This counterclockwise rotation is helpful as the vaulter’s
body rotates over the crossbar during the clearance.

What Is Center of Gravity?

By now you should understand what a torque is and how
it is created by external forces as well as muscular forces,
how to determine a net torque, and what the conditions of
static equilibrium are. The expression “center of gravity”
has been used several times in this chapter. You probably
have heard this expression before and already have some
ideas about what it means. In this section, the concept of
center of gravity is defined and explained.

Center of gravity is the point in a body or system
around which its mass or weight is evenly distributed
or balanced and through which the force of gravity acts.
Center of mass is the point in a body or system of bodies
at which, for certain purposes, the entire mass may be
assumed to be concentrated. For bodies near the earth,
this coincides with the center of gravity. Because all of
the human movement activities we are concerned with
occur on or near the earth, center of gravity and center of
mass are equivalent terms and may be used interchange-
ably. The center of gravity is an imaginary point in space.
It is not a physical entity; its location is not marked on
an object. The center of gravity is a useful concept for
analysis of human movement because it is the point at
which the entire mass or weight of the body may be con-
sidered to be concentrated. So the force of gravity acts
downward through this point. If a net external force acts
on a body, the acceleration caused by this net force is the
acceleration of the center of gravity. If no external forces
act on an object, the center of gravity does not accelerate.
When we are interpreting and applying Newton’s laws of
motion, it is the center of gravity of a body whose motions
are ruled by these laws. It is thus important to know how
to locate or estimate the location of the center of gravity
of a body or object.
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:) The center of gravity is the point at
which the entire mass or weight of
the body may be considered to be
concentrated.

Locating the Center of Gravity
of an Object

The definition of center of gravity gives an indication of
how to find its location: The center of gravity is the point
in the body around which its weight is balanced. The
center of gravity is the point of balance. What does this
mean? Every object can be considered to be composed
of many smaller elements. These smaller elements may
represent the parts that make up the object. In the human
body, these elements might be represented by the limbs,
trunk, and head (i.e., two hands, two forearms, two upper
arms, two feet, two shanks, two thighs, one torso, one
neck, and one head make up the human body). At the
most basic level, these elemental parts could represent
molecules or atoms. The force of gravity pulls downward
on each of these smaller elements. The sum or resultant
of these forces is the total weight of the object. This
weight acts through a point about which the moments of
the weights of each of the elemental parts (the torques
created by their weights) sum to zero, no matter what
position the object is in. Self-experiment 5.6 demonstrates
variations in center of gravity using the ruler, eraser, and
pennies you gathered earlier in this chapter.

Self-Experiment 5.6

Take out the ruler, eraser, and pennies again. First, balance
the ruler on the edge of the eraser. By our definition of
center of gravity as "the point of balance," the center of
gravity of the ruler must lie above the points of support
provided by the edge of the eraser. The counterclockwise
torque created by the weight of the ruler to the left of
the eraser balances the clockwise torque created by the
weight of the ruler to the right of the eraser. Now, make
two stacks of pennies with four pennies in each stack.
Place one stack 1 in. (2.5 cm) to the left of the eraser
and the other stack 1 in. to the right of the eraser so that
the ruler remains balanced. The center of gravity of the
pennies and the ruler is still above the eraser.

Now slide the right stack of pennies 1 in. to the right
and move the eraser so that the ruler remains in equi-
librium. Which way did you have to move the eraser?
Which way did the center of gravity move? To keep the
ruler balanced, you had to move the eraser to the right a
little. The center of gravity of the ruler and pennies also
moved to the right.

Now, move the right stack of pennies all the way to the
right end of the ruler and move the eraser so that the ruler

remains balanced. You again had to move the eraser to
the right, so the center of gravity of the system (ruler and
pennies) moved to the right. You didn't have to move the
eraser as far as you had to move the pennies, though. If
some of the elemental parts of an object move or change
position, the center of gravity of the object moves as well,
although not as far.

Now, take three pennies off of the left stack and move
the eraser so that the system remains in balance. You had
to move the eraser to the right again, so the center of grav-
ity moved to the right as well. If an elemental part of an
object is removed from the object, the center of gravity
of the object moves away from the point of removal.

Now, add three pennies to the right stack and move
the eraser so that the ruler remains balanced. The eraser
is now farther to the right, and the center of gravity of
the system has also moved farther to the right. If mass
is added to an object, the center of gravity of the object
moves toward the location of the added mass. Observe
how many pennies are on either side of the center of
gravity of the system now. The weights on either side of
the center of gravity do not have to be equal—one penny
does not equal seven pennies—but the torques created
by these weights about the center of gravity must equal
each other.

Mathematical Determination of
the Center-of-Gravity Location

If the weights and locations of the elemental parts that
make up an object are known, the center-of-gravity loca-
tion can be computed mathematically. The definition
of center of mass indicated that it is the point at which
the entire mass (or weight) may be considered to be
concentrated. By this definition, a ruler with six pennies
distributed on it at 2 in. (5 cm) intervals is equivalent
to a ruler with six pennies stacked on it at one location
if that location is the center of gravity of the first ruler.
Let’s look more closely at this. Suppose the first ruler had
pennies placed onitatthe 1,3,5,7,9, and 11 in. marks.
This ruler and its equivalent are shown in figure 5.12.
If you closed your eyes and picked up one of these
rulers by the end, and then the other ruler by its end, they
would feel identical. You wouldn’t be able to tell which
ruler had the pennies distributed on it at 2 in. intervals
and which ruler had the pennies all stacked in one place.
The rulers would weigh the same, and you would have
to create the same torque on the end of each ruler to
hold it up with one hand. This is the key to determin-
ing the center-of-gravity location mathematically—the
two rulers create the same torque about their ends. The
sum of the moments of force created by each of the
elemental weights, the pennies in this case, equals the
moment of force created by the total weight stacked at
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Figure 5.12 A ruler with six pennies on it, one placed every 2 in., feels the same and is equivalent to a ruler with six

pennies stacked at the center of the ruler.

the center-of-gravity location. Mathematically, this can
be expressed as

D IT=YWxn=EWxr, (

where

(9}
(7]
~

W = the weight of one element,
r = the moment arm of an individual element,
> W = the total weight of the object, and

r., = the moment arm of the entire weight of the
object (the location of the center of gravity of
the object relative to the axis about which the
moments of force are being measured).

Equation 5.3 can be used to solve for the location of
the center of gravity, rog Let’s use the end of the first ruler
shown in figure 5.12 as the axis about which the moments
of force will be measured (any axis may be used in this
calculation, so long as the same one is used on either
side of the equation).

SWxr)=@EWxr,

YWx r)=(1p)1in.) + (1 p)3 in.) + (1 p)(5 in.)
+(1p)(7in)+ (1 p)Qin.) + (1 p)(11in.)

> (W x r)=36p-in.

(ZW)erg=(1p+lp+1p+1p+1p+lp)xrcg
=(6p)xr,

S(Wxr)=36pin.=(6p)xr, =(EW)xr,

36 p-in.
p-in -
6p #

r_=6in.
cg

So the center of gravity of the ruler is 6 in. from the end
of the ruler. If all six pennies were stacked at this point
rather than distributed across the ruler at 2 in. intervals,
this ruler would feel the same as the first ruler.

To determine the location of the center of gravity
mathematically, we use the relationship between the
sum of the moments of force created by the elemental
weights and the moment of force created by the sum of
the elemental weights (i.e., they are equal). Stated more
simply, the sum of the moments equals the moment of
the sum. Try self-experiment 5.7.

Self-Experiment 5.7

Let’s try another example. Take out the ruler, eraser, and
pennies again. Place three pennies on the ruler at the 1
in. (2.5 cm) mark and seven pennies on the ruler at the 8
in. (20 cm) mark. Without picking up the ruler, can you
determine where its center of gravity is?

Mathematically, we can solve for the location of the
center of gravity as we did in the previous example.
Let’s measure the moments about the end of the ruler for
convenience (remember, we can measure these moments
about any axis, so we choose an axis that is convenient).

2XWxr)=QW)xr,
YWxr)=@p)(1in.) + (7 p)8in.)
=GBp+Tpxr,=(EIW)xr,

3 p-in. + 56 p-in. = (10 p) x Feg

59 pin. = (10 p) x 7.

59 pin. -
10p “

r =59in.
cg
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AlViF PRROBLEIV!

A weightlifter has mistakenly placed a 20 kg plate on one end of the barbell and a 15 kg plate on the other
end of the barbell. The barbell is 2.2 m long and has a mass of 20 kg without the plates on it. The 20 kg
plate is located 40 cm from the right end of the barbell, and the 15 kg plate is located 40 cm from the left
end of the barbell. Where is the center of gravity of the barbell with the weight plates on it?

Solution:

Step 1: Draw a free-body diagram of the barbell and plates.

O
W3
Y
W2 W1
Y
}j_
r3
<
r2
< >

Step 2: Sum the moments of the weights about the right end of the barbell.
2T=Wr +Wyr,+ Wr,=(mg)r, +(mgr, + (mg)r,
YT =g(mr, +myr,+myr)=g[(20 kg)(0.4 m) + (15 kg)(1.8 m) + (20 kg)(1.1 m)]
>T=g (57 kg:m)
Step 3: Equate this to the moment of the total weight about the right end of the barbell and solve for r_.
>T= W . I = (mmlg)rcg =g (57 kg'm)
g(35kg)r, =g (57 kgm)
r., = (57 kg-m)/55 kg
re= 1.04 m
The center of gravity is 1.04 m from the right end of the barbell.

Step 4: Common sense check.
The center of gravity is to the right of the center of the barbell (1.04 m vs. 1.10 m). This makes sense
because the larger plate is on the right side.
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The center of gravity is 5.9 in. (15 cm) from the end of the
ruler. Pick up the ruler 5.9 in. from its end and see if it will
balance on your finger at that location. If it does, you’ve
verified that 5.9 in. is the center-of-gravity location.

With the pennies and ruler, we found the center of
gravity along one dimension only. For more complex
objects, the center-of-gravity location is defined by three
dimensions, because most objects occupy space in three
dimensions. To determine the center-of-gravity location
for an object in three dimensions, the procedure we used
in the previous two examples is repeated for each dimen-
sion, with gravity assumed to be acting in a direction
perpendicular to that dimension.

Center of Gravity
of the Human Body

Now let’s consider the human body and the location of its
center of gravity. The human body is not a rigid object,
so the location of its center of gravity depends on the
position of its limbs, just as the location of the center of
gravity of the ruler and pennies depended on the positions
of the pennies on the ruler. Let’s assume you are standing
up with your arms at your sides, as shown in figure 5.13.

Because your left and right sides are symmetrical, your
center of gravity lies within the plane that divides your
body into left and right halves (the midsagittal plane). If

cg height

Figure 5.13 In anatomical position, the height of your
center of gravity is 55% to 57% of your standing height.

Torques and Moments of Force

you lift your left arm away from your side, your center
of gravity shifts to the left. Although your body is not
symmetrical from front to back, the center of gravity
lies within a plane that divides your body into front
and back halves (the frontal plane). This plane passes
approximately through your shoulder and hip joints and
slightly in front of your ankle joints. If you raise your
arms in front of you, your center of gravity will be moved
forward slightly.

The center-of-gravity location in these two dimen-
sions, front to back and side to side, is easy to approximate
if you are in anatomical position. The location of the
center of gravity in the vertical dimension is more difficult
to estimate. The center of gravity from top to bottom lies
within a plane that passes horizontally through your body
1to2in. (2.5 to 5 cm) below your navel, or about 6 in. (15
cm) above your crotch. This plane is slightly higher than
half of your standing height, about 55% to 57% of your
height. If you reach overhead with both arms, your center
of gravity will move upward slightly (about 2 or 3 in. [5
to 8 cm]). Someone with long legs and muscular arms
and chest has a higher center of gravity than someone
with shorter, stockier legs. A woman’s center of gravity
is slightly lower than a man’s because women have larger
pelvic girdles and narrower shoulders relative to men. A
woman’s center of gravity is approximately 55% of her
height from the ground, whereas a man’s center of grav-
ity is approximately 57% of his height from the ground.
Infants and young children have higher centers of gravity
relative to their height because of their relatively larger
heads and shorter legs.

The center of gravity of the human body will move
from the position just described if the body parts change
their positions. If the limbs, trunk, head, and neck are
considered the elemental units of the body, then their
positions determine the center-of-gravity location of the
body. You can estimate the center-of-gravity location of
the body for any body position using the following pro-
cedure. First, imagine the body in the standing position
shown in figure 5.13 and locate the center of gravity for
this position using the information given in the previous
paragraphs. Then consider the movement that each limb
had to make to get into the position being described. For
each limb movement, the center of gravity of the entire
body shifts slightly in the direction of that movement.
How much it moves depends on the weight of the limb
that moved and the distance it moved. Raising one leg
out in front of you will move your center of gravity for-
ward and upward farther than will raising one arm out
in front of you. Practice estimating the location of the
body’s center of gravity for each of the positions shown
in figure 5.14.

For the high jumper in the arched position over the
crossbar shown in figure 5.14a, her center of gravity is
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Figure 5.14 Where is the athlete’s center of gravity located in each of these body positions?

actually outside of her body, as it may be for the diver
in the piked position shown in figure 5.14b and the
pole-vaulter shown in figure 5.14¢. The flexibility and
complexity of the human body allows you to assume
positions in which your center of gravity may actually
lie outside of your body.

Center of Gravity
and Performance
Now let’s consider how your limb movements may actu-

ally affect your performance of a skill by affecting your
center-of-gravity position. In a vertical jump-and-reach



test, the objective is to jump up and reach as high as pos-
sible with one hand. Try the various jump-and-reach test
techniques described in self-experiment 5.8.

Self-Experiment 5.8

Find a room with a very high ceiling and a clear space
next to a wall. You may have to go outside to perform
this experiment. First, from a standing position, jump
up and reach up to touch the wall as high as you can
with one hand. Keep your other hand down at your side.
See how high you can touch on the wall. This might be
difficult to do while you are jumping, so have a friend
watch to see how high you reach. Try this three times to
get a good idea about how high you can jump and reach
using this technique.

Next, jump from a standing position again and reach as
high as you can with one hand, but reach overhead with
your other hand as well. Try this technique three times
also. Did you reach as high?

Now, jump from a standing position again and reach as
high as you can with both hands as you did in the previ-
ous case, but this time, when you are in the air, lift your
knees and legs so your heels touch your buttocks. Try
this technique three times also. Did you reach as high?

Using the first technique, you probably reached the
highest. Using the second technique, your reach was
probably 1 or 2 in. (2.5 to 5 cm) lower. And your reach
with the third technique was probably 4 to 6 in. (10 to
15 cm) lower. Why?

With all three techniques, your center of gravity prob-
ably reached the same height if you jumped off the ground
with the same effort each time. But wait—wouldn’t your
center of gravity be higher when you raised both arms
over your head, and higher still when you lifted your legs
up as well? Well, we did say that your center of grav-
ity moved upward when any part of your body moved
upward, but we should have said that center-of-gravity
movement was a relative movement. In other words,
raising your arms over your head causes your center of
gravity to move higher in relation to your other body
parts, for instance, your head. When you raise both arms
over your head, your center of gravity moves closer to
your head. In absolute terms (i.e., movement measured
in relation to a fixed point on the earth), this could mean
that (1) your center of gravity actually did move upward
and higher off the ground; (2) your center of gravity
stayed the same height off the ground and your head and
other parts moved downward or closer to the ground to
compensate for other parts moving upward; or (3) some
combination of (1) and (2).

Torques and Moments of Force

The explanation for what happened in the jumping
tests comes from our early discussion of the center-of-
gravity concept. The application and interpretation of
Newton’s laws to the motion of a complex object are
simplified by the center-of-gravity concept. It is the center
of gravity whose motion these laws govern. When you
jumped up in the air during the jump-and-reach tests,
the only external force acting on you was the force of
gravity (your weight). This force causes your center of
gravity to accelerate downward at a constant rate. You
were a projectile once your feet left the ground. The
motion of your limbs when you were in the air could not
alter the motion of your center of gravity because they
were not pushing or pulling against anything external to
your body. The net force acting on you was still only the
downward pull of gravity. The path that your center of
gravity followed was not changed by your limb actions,
but these actions caused the motion of your other limbs
and trunk to change. Lifting your arms caused something
else to move downward in order for your center of gravity
to continue moving along its parabolic path. When you
raised your arms and legs, your head and trunk got lower
to compensate for this movement.

Here’s another way to interpret or explain why you
were able to reach the highest with only one hand above
your head versus with both arms, or with both arms and
both legs raised. First, let’s assume that the center of
gravity reached the same peak height. If this is the case,
then to maximize the reach of one hand (its height above
the ground), you want to maximize the vertical distance
between the center of gravity and the outstretched arm.
Raising both arms, or both arms and both legs, moves the
center of gravity closer to the head and thus closer to the
reaching hand. Keeping all of the limbs and body parts
(with the exception of the reaching arm and hand) as low
as possible relative to the center of gravity maximizes the
distance from the reaching hand to the center of gravity.
Figure 5.15 demonstrates this graphically.

A basketball player jumping up to block a shot can
reach higher if only one hand reaches up and the other
arm and the legs are not lifted in relation to the trunk.
This is also true for a volleyball player trying to block
a spike, although the volleyball player may be more
effective reaching up with both hands. The player’s
hands won’t reach as high, but they will block a greater
area. In basketball, the direction of the shot is known to
the defender—it’s toward the goal, so only one hand is
needed to block a shot. In volleyball, the direction of
the spike is not known, so two hands are used to cover
a greater area.

Let’s consider one final jumping activity. How do
basketball players, dancers, figure skaters, and gymnasts
appear to “hang in the air”? During some of their jumps,
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Figure 5.15 Three different vertical jump techniques result in three different reach heights, but the height of the center
of gravity (cg) above the ground may be similar.
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Figure 5.16 During a leap, the jumper’s head stays at the same level but the center of gravity follows a parabolic path.
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it appears that their bodies are suspended in the air for
a short time, rather than rising and falling in a parabolic
path as a projectile should. Can you explain how these
athletes “defy gravity”? Perhaps figure 5.16 will help.

If we follow the path of the jumper’s center of gravity,
it does indeed rise and fall through a parabolic curve.
But the jumper’s head and trunk appear to be suspended
at the same height during the middle stage of the leap.
During this time, the jumper’s legs and arms rise and
then fall. These movements account for the rise and fall
of the center of gravity, so the head and trunk do not rise
appreciably.

Center of Gravity and Stability

Our final topic concerning the center of gravity and
performance in sports and human movement is stabil-
ity. What is stability? When you say that something or
someone is stable, what characteristic are you speaking
of? There are a variety of definitions for the word stable.
It can mean a structure for housing domestic animals,
typically horse — oops, that’s a definition for the noun
stable. We’re looking for the definition for the adjective
stable. Stable can mean not easily moved or thrown off
balance; firm; steady. This is probably similar to your
own definition of the word stable. Stable can also mean
capable of returning to equilibrium or original position
after having been displaced. This is a mechanical defini-
tion of stable. Stability is thus the capacity of an object
to return to equilibrium or to its original position after it
has been displaced.

:) Stability is the capacity of an object
to return to equilibrium or to its
original position after it has been
displaced.

In many sports and human movement activities, the
athletes or performers do not want to be moved from a
particular stance or position. They want to be in a very
stable position. Wrestlers, football linemen, and even
basketball players are more successful at certain skills
if they adopt stable positions. In other sports, success
may be determined by how quickly an athlete is able to
move out of a position. The receiver of a serve in tennis
or racquetball, a sprinter, a swimmer, a downhill skier,
and a goalie in soccer are more successful if their stance
is less stable.

Factors Affecting Stability

What factors affect stability? How can you make yourself
more or less stable? For some insights, try balancing this
book on a table. In what position is it most easily bal-
anced (i.e., which is its most stable position)? The book

Torques and Moments of Force

is most stable when it is lying flat on the table. This is
the orientation that puts its center of gravity at the lowest
position. This is also the position that offers a base of
support with the largest area. If the book weighed more,
would it be more or less stable? A heavier book would
be more stable. Apparently, the stability of an object is
affected by the height of the center of gravity, the size
of the base of support, and the weight of the object. The
base of support is the area within the lines connecting the
outer perimeter of each of the points of support. Figure
5.17 shows examples of various stances and their bases of
support. Which of these stances are most stable? Which
of these stances are least stable?

) The stability of an object is affected
by the height of the center of gravity,
the size of the base of support, and
the weight of the object.

What is the mechanical explanation for the fact that
center-of-gravity height, base of support size, and weight
affect stability? Let’s examine the forces and moments
of force that act on a book when a toppling force is
exerted on it.

Stand a book on its edge and exert a horizontal force
against it to tip it over. If the book remains in static equi-
librium, the net force and torque acting on the book must
be zero. The external forces acting on the book include
the book’s weight, W, acting through its center of gravity,
cg, the toppling force, P; and the reaction force, R. If we
examine the situation in which the toppling force is just
large enough that the book is almost starting to move, the
free-body diagram shown in figure 5.18 is appropriate.

If moments of force are measured about an axis, a,
through the lower left corner of the book, the sum of
moments about this point is zero:

ST,=0

0=(Pxh)—(Wxb)

Pxh=Wxb (5.4
where

P = toppling force,

h = moment arm of the toppling force,

W = weight of the book (object),

b = moment arm of the book (object),

Ff= friction force (in figure 5.18), and

R = normal contact force (in figure 5.18).
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Figure 5.17 Stances and their

corresponding bases of support
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Figure 5.18 Free-body diagram of a book standing on
its edge with a toppling force, P, exerted on it.

The terms on the left side of equation 5.4 are ones that
are minimized to increase stability, and the terms on the
right are ones that are maximized to increase stability. On
the right side of equation 5.4, two variables appear: W,
the weight of the object, and b, the moment arm of this
weight. Increasing the weight will increase the stability
because the moment of force keeping the object upright
will be larger. Likewise, increasing the moment arm of
the object’s weight will increase stability. This dimen-
sion, b, is related to the size of the base of support, but it
may be smaller or larger depending on which direction
the toppling force comes from. Figure 5.19 demonstrates
this for objects of various shapes.

The triangular block is less stable and more likely
to be tipped over if the toppling force is directed to the
left (figure 5.19a) rather than to the right (figure 5.190).
Stability is directional. An object can be more stable in
one direction than in another. It is not the size of the base
of support that affects stability, but the horizontal distance
between the line of gravity and the edge of the base of
support in the direction in which the toppling force is
pushing or pulling.

On the left side of equation 5.4, the toppling force, P,
is a factor that is not related to any characteristic of the
object. The moment arm of this toppling force, &, is a
characteristic of the object. This distance is related to the
height of the object, which is also related to the height of
the center of gravity. So a lower center of gravity, which
implies a lower height and a shorter moment arm for the
toppling force, increases stability.

A
o

Torques and Moments of Force

Stability and Potential Energy

This explanation of why height or center of gravity affects
stability is rather weak. It is actually an explanation of
why the height of the object might affect stability. A better
way of explaining why center-of-gravity height affects
stability uses the concepts of work and potential energy.
Consider the block shown in figure 5.20.

As long as the center of gravity of the block is to the
left of the lower right corner, the weight creates a righting
moment of force in opposition to the toppling moment of
force created by the force P. But when the block is tipped
past the configuration shown in figure 5.20b, where the
center of gravity lies directly over the supporting corner,
the moment of force created by the weight changes direc-
tion and becomes a toppling moment that causes the block
to topple, as shown in figure 5.20c.

To move the block from its stable position (figure
5.20a) to the brink of instability (figure 5.20b), the
center of gravity had to be raised a distance, Ah. Work
was required to do this, and the potential energy of the
block increased.

Now let’s examine what happens if the center of grav-
ity is higher or lower. Figure 5.21 shows three blocks of
the same shape and weight but with differing center-of-
gravity heights.

The figure shows the vertical displacement, Ah, that
each block undergoes before it topples. The higher the
center of gravity, the smaller this vertical displacement,
thus the smaller the change in potential energy and the
smaller the amount of work done. So a block with a lower
center of gravity is more stable because more work is
required to topple it.

If the distance from the line of gravity to the edge
of the base of support about which toppling will occur
(the moment arm of the weight) is increased, the verti-
cal displacement that the center of gravity goes through
before the object topples also increases, so the object is
more stable. Figure 5.22 shows two blocks with identi-
cal center-of-gravity heights but different horizontal
distances from the line of gravity to the edge of the base
of support.

The most stable stance or position an object or person
can be in is the one that minimizes potential energy.
Moving to any other position increases potential energy
and requires work to be done on the object or person.
Positions that place the center of gravity below the points
of support are more stable than positions that place the
center of gravity above the base of support.

— The most stable stance or position
that an object or person can be in
is the one that minimizes potential
energy.
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Figure 5.19 Stability is affected by the moment arm (b) of an object’s weight around the edge of the base of support
toward which the toppling force (P) pushes or pulls.
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Figure 5.20 As an object is toppled, the center of gravity is raised and the righting moment of the weight decreases.
In (a), the weight creates a righting moment (W x b); in (b), the weight creates no moment (W x 0); and in (c), the weight
creates a toppling moment [W x (=b)].
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Figure 5.21 A block with a lower center of gravity must undergo a greater increase in its potential energy before it

topples.
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Figure 5.22 The greater the moment arm of the weight,
the greater the vertical displacement of the center of
gravity, Ah, before toppling occurs.

If the center of gravity is below the base of support,
after any displacement of the object, the object will return
to its original equilibrium position. This is an example
of stable equilibrium. A gymnast hanging from the hori-
zontal bar is an example of stable equilibrium. When the
center of gravity lies above the base of support, stability is
maintained only as long as the line of gravity falls within
the base of support (see figure 5.23).

Center of Gravity, Stability,
and Human Movement

Our discussion of stability has focused primarily on rigid
objects with fixed centers of gravity and bases of support.
The human body is not rigid, and its center-of-gravity
position and base of support can change with limb move-
ments. Humans can thus control their stability by chang-
ing their stance and body position. Before examining how
athletes manipulate their centers of gravity and bases of
support to affect stability, let’s look at a few activities.

Figure 5.23 Line of gravity (a) and base of support (b)
for normal stance.

How do you initiate a walking step? You don’t just lift
your foot and place it in front of you. You lean forward
until your line of gravity falls in front of your feet and
you lose your stability. You begin to fall forward, and
you step with one foot to catch your fall and reestablish
your stability. So walking could be described as a series
of falls and catches!

In athletic activities, athletes may want to maximize
their stability in general or in a specific direction, or they
may want to minimize stability (increase their mobility).
During the first period of a wrestling match, the two
wrestlers are standing, and each is trying to take the other
down. The direction of the toppling force is unknown;
the other wrestler may be pulling or pushing forward,
backward, or to the left or right. To maximize stability
(while still maintaining the ability to move), the wrestler
crouches to lower his center of gravity and widens his
base of support by placing his feet slightly wider than
shoulder-width apart in a square stance (figure 5.24a) or
by placing one foot in front of the other, again slightly



farther than shoulder-width apart, in a staggered stance
(figure 5.24b).

When the wrestler is in a defensive position on his
belly and trying not to be turned over onto his back, he
maximizes his stability by sprawling his limbs to the sides
to maximize the size of his base of support and to lower
his center of gravity as much as possible (figure 5.25).

Torques and Moments of Force

When force is expected from a specific direction, the
base of support is widened in that direction. If a heavy
medicine ball were thrown to you, the most stable stance
for you to be in to catch the ball would be a staggered
stance, with one foot in front of the other in line with the
direction of the throw and your body leaning toward the
front foot (figure 5.26).

Figure 5.24 Two wrestling stances, square (a) and staggered (b), that represent compromises between stability and

mobility.

Figure 5.25 The defensive sprawl of a wrestler maxi-
mizes his stability by minimizing the height of his center
of gravity and maximizing his base of support.

Figure 5.26 A staggered stance provides directional
stability for catching.
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This type of stance might be adopted by competitors
at the start of a tug-of-war, except that they would shift
their weight over the rear foot. Boxers also use staggered
stances, as do tennis players, baseball batters, and so on.
This is a popular stance in many sports, not only because
it allows momentum to be reduced or increased by force
application over a long time, but also because it is a more
stable position.

Unless some other part of our body or an implement
we use touches the ground, the size of our base of support
is limited by our shoe size and the stances being adopted.
In sport, skis increase stability forward and backward.
In physical rehabilitation and medicine, crutches, canes,
walkers, and so on are used to increase the base of support
and stability of people who are injured, sick, or infirm.

In some activities, stability is minimized to enhance
quick movement. For instance, in a track sprint start, in
the set position, the sprinter raises her center of gravity
and moves it forward to the edge of the base of support
over her hands. At the starter’s signal, lifting her hands
off the track puts her line of gravity well in front of her
base of support, and the sprinter falls forward. A similar
strategy is used in swimming starts.

Summary

The turning effect created by a force is a moment of force,
also called a torque. A torque is equal to the magnitude

of the force times the perpendicular distance between the
line of action of the force and the axis of rotation about
which the torque is being measured. This perpendicular
distance is called the moment arm of the force. Torque is
a vector quantity. Its direction is defined by the orienta-
tion of the axis of rotation and the sense of the torque
(clockwise or counterclockwise) about that axis of rota-
tion. The units for torque are units of force times units
of distance, or Nm in the SI system.

For an object to be in balance (in a state of equilib-
rium), the external forces acting on it must sum to zero
and the moments of those forces must also sum to zero.

The center of gravity of an object is its balance point
or the point about which the moments of force created by
the weights of all of the parts of the object sum to zero.
To locate an object’s center of gravity, you can balance
it, suspend it, or spin it. In the human body, the center of
gravity lies on the midline left to right and front to back
and between 55% and 57% of a person’s height above
the ground when the person is standing in anatomical
position.

Stability is affected by the position of an object’s
center of gravity above the ground and relative to the
edges of the support base. Stability increases as the center
of gravity is lowered and moved farther from any edge
of the base of support. Increasing weight also increases
stability.

KEY TERMS

base of support (p. 153)
center of gravity (p. 145)
centric force (p. 134)

eccentric force (p. 135)
force couple (p. 135)
moment arm (p. 136)

moment of force (p. 134)
stability (p. 153)
torque (p. 134)



REVIEW QUESTIONS

1.

Why is it recommended that you flex your knees and hips (squat down) when lifting a heavy
load off the floor, rather than just flexing your hips and back (leaning over)?

Which exercise is easier to do, a straight-arm pullover with a 45 Ib barbell or a bent-arm pullover
with a 45 1b barbell? Why? In a pullover exercise, the lifter lies supine on a bench with his arms
holding a barbell and extended past the end of the bench and his head. He then rotates his arms
at the shoulder joints and moves the barbell to a position directly over his chest. In a straight-arm
pullover, the arms stay extended at the elbow, while in a bent-arm pullover, the elbow is flexed.
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Straight-arm pullover Bent-arm pullover

. You are doing abdominal crunches on a bench whose incline can be adjusted. As you increase

the incline of the bench, your feet get higher than your hips. What effect does the increase in the
incline of the bench have on the abdominal crunch exercise?

. Stand with your back and heels against a wall. Now try to lean forward and pick something up

off the floor while still keeping your heels against the wall. Can you do this without falling over?
Why is this so difficult or impossible to do?

. Why is it more difficult to get up out of a chair whose seat is lower to the ground than if the

seat is higher?

John jumps up in the air to block a shot in basketball. After he is off the ground, John raises
both hands over his head. Explain how this action affects the flight path of his center of gravity.

7. Describe the best position to be in when you compete in a tug-of-war.

10.

. In basketball, which is easier to do—a one-handed dunk or a two-handed dunk? Explain.

Can a high jumper clear a cross bar even if her center of gravity doesn’t go above the height of
the cross bar? Explain your answer.

Explain how larger handles on doors, valves, and so on are helpful to a person with limited
dexterity and hand strength.
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PROBLEMS

1. The Achilles tendon inserts on the calcaneus (the heel bone) at a distance of 8 cm from the axis
of the ankle joint. If the force generated by the muscles attached to the Achilles tendon is 3000 N,
and the moment arm of this force about the ankle joint axis is 5 cm, what torque is created by
these muscles about the ankle joint?

Ankle joint center

2. Leigh is doing a knee extension exercise using a 100 N weight strapped to her ankle 40 cm
from her knee joint. She holds her leg so that the horizontal distance from her knee joint to the
weight is 30 cm.

a. For this position, what torque is created by the dumbbell about her knee joint axis?

b. If the moment arm of the knee extensor muscles is 4 cm about the knee joint axis, what
amount of force must these muscles produce to hold the leg in the position described?
Ignore the weight of the leg.
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30 cm

3. Katherine is attempting a biceps curl with a 100 N dumbbell. She is standing upright, and her
forearm is horizontal. The moment arm of the dumbbell about Katherine’s elbow joint is 30 cm.

a. What torque is created by the dumbbell about the elbow joint?

b. What torque is created by Katherine’s elbow flexor muscles to hold the dumbbell in this
position? Ignore the weight of her arm and hand.

c. If the elbow flexor muscles contract with a force of 1000 N and hold the barbell in static
equilibrium, what is the moment arm of the elbow flexor muscles about the elbow joint?

4. Cole is trying a biceps curl and attempting to lift a 150 N dumbbell. The moment arm of this
weight about his elbow joint is 25 cm. The force created by the elbow flexor muscles is 2000 N.



The moment arm of the elbow flexor muscles is 2 cm. Is Cole able to lift the weight with this
amount of force in his flexor muscles?

. Matt has a portable basketball goal in his driveway. He has the basket set 8 ft (2.4 m) high so he

can practice dunking the ball. He slams the ball through the hoop and then hangs onto the rim.
This exerts a downward force of 600 N on the front of the rim. The front of the rim is 1.1 m in
front of the front edge of the portable basketball goal’s base. The mass of the whole portable
basketball goal is 70 kg. The center of gravity of the portable basketball goal is 1.0 m behind
the front edge of its base.

a. How much torque is produced around the front of the goal base by the 600 N force Matt
exerts on the front of the rim?

b. How much torque would be needed to tip the goal?

What is the largest vertical force that can be exerted on the front edge of the rim before the
portable basketball goal begins to tip?

F

11m 10m
<> |

6. A baseball batter sets up in the batting box and holds his bat still over the plate for a moment.

The batter holds the 0.91 kg bat in a horizontal position with only one hand. The hand is 10 cm
from the knob end of the bat. The bat is 89 cm long, and its center of gravity is 60 cm from the
knob end of the bat.

a. How large is the vertical force exerted by the batter’s hand on the bat?

b. How large is the torque exerted by the batter’s hand on the bat?

cg
N —

<

60 cm

89 cm
-t g
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0.10m

7. A pole-vaulter is holding a vaulting pole parallel to the ground. The pole is 5 m long. The vaulter
grips the pole with his right hand 10 cm from the top end of the pole and with his left hand 1 m
from the top end of the pole. Although the pole is quite light (its mass is only 2.5 kg), the forces
that the vaulter must exert on the pole to maintain it in this position are quite large. How large
are they? (Assume that the vaulter exerts only vertical—up or down—forces on the horizontal
pole and that the center of gravity of the pole is located at the center of its length.)
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25m

25m

10m
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8. The patellar tendon attaches to the tibia at the tibial tuberosity. The tibial tuberosity is 7 cm from
the center of the knee joint (a). The patellar tendon pulls at an angle of 35° to a line passing through
the tibial tuberosity and the center of the knee joint. If the patellar tendon produces an extension
torque around the knee joint equal to 400 Nm, how large is the force in the patellar tendon?

9. A 60 kg gymnast holds an iron cross position on the rings. In this position, the gymnast’s arms
are abducted 90° and his trunk and legs are vertical. The horizontal distance from each ring to
the gymnast’s closest shoulder is 0.60 m. The gymnast is in static equilibrium.

a. What vertical reaction force does each ring exert on each hand?

b. What torque is exerted by the right ring about the right shoulder joint?

c. How much torque must the right shoulder adductor muscles produce to maintain the iron

cross position?

d. If the moment arm of the right shoulder adductor muscles about the shoulder joint is 5 cm,
how much force must these muscles produce to maintain the iron cross?




10. A barbell is loaded with two 20 kg plates on its right side and two 20 kg plates on its left side.
= The barbell is 2.2 m long, and its unloaded mass is 20 kg. The two 20 kg plates on the right
side are locked in place at 35 cm and 40 cm from the right end of the bar. The two 20 kg plates
on the left side have slipped. One is 30 cm from the left end of the bar, and the other is 20 cm

from the left end of the bar. Where is the center of gravity of this barbell with the four plates?

30cm 40 cm

20cm 35cm
4—>| e ]

Left C - [ ) Right

22m
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chapter 6

Angular Kinematics
Describing Objects in Angular Motion

objectives

When you finish this chapter, you should be able
to do the following:

Define relative and absolute angular posi-
tion, and distinguish between the two

Define angular displacement

Define average angular velocity

Define instantaneous angular velocity
Define average angular acceleration
Define instantaneous angular acceleration

Name the units of measurement for angu-
lar position, displacement, velocity, and
acceleration

Explain the relationship between average
linear speed and average angular velocity

Explain the relationship between instan-
taneous linear velocity and instantaneous
angular velocity

Define tangential acceleration and explain
its relationship to angular acceleration

Define centripetal acceleration and
explain its relationship to angular velocity
and tangential velocity

Describe the anatomical position

Define the three principal anatomical
planes of motion and their correspond-
ing axes

Describe the joint actions that can occur
at each of the major joints of the append-
ages
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A hammer thrower steps into the throwing circle. After a few windups, the thrower
begins rotating as he swings the hammer around and moves across the circle.
The turning rate increases as he approaches the front of the circle. Suddenly he

lets go of the hammer, and it becomes a fast-moving projectile. The 16 Ib (7.3 kg)
steel ball seems to fly forever before it buries itself into the ground with a thud
250 ft (76 m) away. Wow! How did the thrower's rotary motion cause the hammer
to move so fast and go so far linearly when he let go of it? To answer this ques-
tion, you need to know something about angular kinematics and its relationship
to linear kinematics. Both of these topics are discussed in this chapter.

Th | SC h ad pfer |S concerned with angular

kinematics, the description of angular motion. Recall that
in chapter 2, we described kinematics as part of dynamics,
which is a branch of mechanics. In chapter 2, we also
learned about linear kinematics. Angular kinematics is
the other branch of kinematics. Angular motion occurs
when all points on an object move in circular paths about
the same fixed axis. Angular motion is important because
most human movements are the result of angular motions
of limbs about joints. An understanding of how angular
motion is measured and described is important.

Angular Position
and Displacement

Before further discussion, a definition of angle is needed.
What is an angle? An angle is formed by the intersection
of two lines, two planes, or a line and a plane. The term
angle refers to the orientation of these lines or planes to
each other (figure 6.1).

Figure 6.1 An angle () formed by the intersection of
two lines.

:) An angle is formed by the intersec-
tion of two lines, two planes, or a line
and a plane.

In figure 6.1, the Greek letter @ (theta) is used to rep-
resent the angle formed by the intersections of the lines
and planes. Greek letters are used to represent many of
the terms used in angular kinematics.

Angular Position

Angular position refers to the orientation of a line
with another line or plane. If the other line or plane is
fixed and immovable relative to the earth, the angular
position is an absolute angular position. The angle
your forearm makes with a horizontal plane describes
the absolute angular position of your forearm, because
a horizontal plane is a fixed reference. These absolute
angular positions are our primary concern in the first
part of this chapter.

If the other line or plane is capable of moving, the
angular position is a relative angular position. The angle
your forearm makes with your upper arm describes a rela-
tive angular position of your forearm, or your elbow joint
angle. Angles formed by limbs at joints describe relative
angular positions of limbs. Anatomists have developed
special terms for describing the relative positions and
movements of limbs at joints. These anatomical terms
are presented in the last part of this chapter.

What units of measurement are used for angles? You
probably are most familiar with measuring angles in
degrees, but there are units of measurement for angles
besides degrees, just as there are units of measurement
for linear distance besides feet. If we wanted to measure
the absolute angle of line AB, as shown in figure 6.2a,
with a horizontal plane, we might imagine a horizontal



Figure 6.2 A circle is used in describing the angle of a
line (a) if the center of the circle coincides with the inter-
section of the lines defending the angle (b).

line BC with the same length as AB. We could then draw
a circle using the length of AB as the radius and the point
B as the center (figure 6.2b). The angle of ABC could
then be described as the fraction of the circle created by
the pie ABC. An angle of 1° represents 1/360 of a circle
because there are 360° in a circle.

Another way to describe an angle is to measure how
many radii are in the arc length AC if one radius is equal
to the length of line segment BC or AB. In other words,
if the length BC represents 1 radius, how long is the arc
from A to C measured using this radius as the unit of
measure? Mathematically, an angle measured in radius
units (we’ll call these radians) is

_arc length _ {

0 (6.1)

r r
where
6 = angular measurement in radians,

¢ = arc length, and

r = radius.

Angular Kinematics

The radian (abbreviated rad) unit of measure for an angle
is really a ratio of arc length divided by the radius.

Figure 6.3 graphically shows the definition of an
angle of 1 rad, n (pi) rad, and 2n rad. If you recall from
geometry, the circumference of a circle is 2n7; so there
are 2nrad in a circle or 2n rad in 360°. These conversions
are as follows:

360° 2mrad 6.28 rad
circle circle circle

360°  57.3°
2m rad rad

Angular Displacement

Angular displacement is the angular analog of linear
displacement. It is the change in absolute angular position
experienced by a rotating line. Angular displacement is
thus the angle formed between the final position and the
initial position of a rotating line. (We often speak of the
angular displacement of an object when the object is not
a line. To measure such a displacement, choose any two
points on the object. Imagine a line connecting these two
points. If the object is rigid, the angular displacement of
this line segment is identical to the angular displacement
of the object.)

=0 Angular displacement is the change
in absolute angular position experi-
enced by a rotating line.

As with linear displacement, angular displacement
has direction associated with it. How is angular direction
described? Clockwise and counterclockwise are common

« radiang

U 1 radius

<7 ragian®

Figure 6.3 The relationships among the radius of a
circle, the arc length along a circle, and an angle mea-
sured in radians.
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terms used to describe the direction of rotation. The hands
of a clock rotate in a clockwise direction when you view
a clock face from the front. If you could view a clock face
from the back, would you still see the hands rotating in a
clockwise direction? Because your viewpoint changed,
the clock hands would now appear to be rotating counter-
clockwise! They didn’t change the direction of rotation;
you just changed your viewing position. If you describe
an angular displacement as clockwise, a person must
know your viewing position to be certain of the direction
of the angular displacement.

One way of overcoming this possible source of confu-
sion is to first identify the axis of rotation and the plane
in which the part rotates. The axis of rotation is always
perpendicular to the plane in which the motion occurs.
This axis of rotation is like the axle of a bicycle wheel,
and the spokes of the wheel lie in the plane of motion.
Along the axis of rotation, establish a positive direction. If
you situate the thumb of your right hand so that it points
in the positive direction along the axis of rotation, the
direction in which your fingers curl is the positive direc-
tion of rotation. This is called the right-hand thumb rule.

Now consider the direction of rotation of the hands of
a clock. The plane of their motion is the clock face, and
the axis of rotation is a line through the plane of the clock
face. If the positive direction along this axis is established
as pointing out of the clock face toward you, the positive
direction of rotation is counterclockwise as you face the
clock. Check this by pointing your right thumb out away
from the clock in the positive direction of the axis of
rotation. Then observe the direction in which your fingers
curl—counterclockwise (see figure 6.4).

Most screws, nuts, and bolts have right-handed
threads. They follow the right-hand thumb rule. If you

Figure 6.4 The right-hand thumb rule. The direction
in which the fingers curl indicates the positive angular
direction if the right thumb points in the positive linear
direction along the axis of rotation.

point your right thumb in the direction you want the
screw or nut to move, your right fingers curl in the
direction in which the screw or nut must be turned. This
sign convention also applies to torques and measures of
angular position.

Now let’s consider how angular displacement is
measured. A pitcher is being evaluated for shoulder
joint range of motion. The measurement begins with
the pitcher’s arm at his side, as shown in figure 6.5. The
pitcher then raises his arm away from his side as far as
he can (he abducts his shoulder). What is the angular
displacement of his arm?

The axis of rotation is the anteroposterior axis, a line
through the shoulder joint with the positive direction
pointing out of the page toward us. The plane of motion
is the frontal plane—the plane formed by his arms, legs,
and trunk. If the initial position of the arm is 5° from the
vertical and its final position is 170° from the vertical,
the angular displacement is

AO=0,-0, (6.2)
Af=170° - 5°
AQ = +165°

170°

Figure 6.5 Angular displacement of a pitcher's arm at
the shoulder joint around the anteroposterior axis.



where
A6 = angular displacement,
Hf= final angular position, and
0.= initial angular position.

The displacement is positive because the rotation is in
the direction in which the fingers of your right hand curl
if your thumb is pointed in the positive direction of the
axis of rotation (anteriorly and away from the shoulder).

As a coach or teacher, you will rarely measure angular
displacements precisely, but in some sports, angular dis-
placement is an important part of the skill. The number of
twists or somersaults done in diving, gymnastics, or figure
skating is a measure of angular displacement and plays
an important role in how many points a judge awards.
The angular displacement of a swing (range of motion)
in golf or tennis affects the manner in which the ball is
hit in these sports.

Angular and Linear
Displacement

In chapter 5, we discovered that our muscles must pro-
duce very large forces to lift modest loads. The reason
for this is that most muscles attach to bones close to the
joint; thus they have small moment arms about the joint.
Because of the small moment arm, large forces must be
produced by the muscles to produce modest torques about
the joints. The muscles are at a mechanical disadvantage
for producing torque. Is there any advantage to this
arrangement? Try self-experiment 6.1 for some insight
into the advantages.

Self-Experiment 6.1

Place your forearm on the desk or table in front of you.
Now flex at the elbow and bring your hand off the table.
Move it toward your shoulder as far as it can go while
keeping your elbow on the desktop as shown in figure 6.6.

All the parts of the arm underwent the same angular
displacement, but which moved farther, your hand (point
A in figure 6.6) or the point of attachment of your biceps
muscle (point B in figure 6.6)? Obviously your hand
moved farther. The linear distance it traveled (arc length
AA, €, in figure 6.6) and its linear displacement (chord
AA, d, in figure 6.6) are larger than the linear distance
traveled (arc length BB, {,) and linear displacement
(chord BB, d ) of the biceps insertion.

How far any point on the arm moves when you flex
your arm, as in self-experiment 6.1, is dependent on

Angular Kinematics

Figure 6.6 The distance that the hand or wrist (A) moves
(2, or d) when your elbow (B) flexes is greater than the
distance that the insertion point of the biceps moves (£,
or d,). The ratio of these distances to each other is the
same as the ratio of the radius r, to the radius r,.

how far that point is from the elbow. This relationship is
actually apparent in the definition of an angle measured
in radians, as shown in equation 6.1:
arc length  (
AQ = drelengin £
r r
For our example, then, let’s use an angular displace-
ment measured in radians, and

ngolte_ by
r ra r[)
gl] ra
f—= r_ (6.3)
b b

If the angular displacement of the arm was 1 rad, r, was
10 in. (25 cm), and r, was 1 in. (2.5 cm), then

ao=%
-

£ =A0r = (1rad)(10in.) = 10 in.

~ 2

a

L
7

~

b

0, = za(r—bjz 10 in.( Lin. ):1 in.
T, 10 in.

In this example, the hand moves 10 times as far as the
insertion of the biceps tendon. The linear distance (arc
length) traveled by a point on a rotating object is directly
proportional to the angular displacement of the object and
the radius, the distance that point is from the axis of rota-
tion of the object. If the angular displacement is measured
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in radians, the linear distance traveled (the arc length)
is equal to the product of the angular displacement and
the radius. This is true only if the angular displacement
is measured in radians. This relationship is expressed
mathematically in equation 6.4:

= (=06 (6.4)
where

¢ = arc length,

A6 = angle measured in radians, and

r = radius.

The relationship between angular displacement and
arc length as expressed in equation 6.4 provides the basis
for why staggered starting positions are used in track
races around a curve. Without a staggered start, runners
in outside lanes would run farther since the radius of the
curve they must run is larger. The larger radius causes
the length of their lane—the arc length—to be longer.
Staggering the starting positions accounts for the larger
arc lengths in the outer lanes.

Not only is arc length proportional to the radius, but
the linear displacement of a point on a rotating object is
also directly proportional to the distance that point is from
the axis of rotation (the radius). This linear displacement
is also related to the angular displacement, but it is not

AlVIF PRODBLEIV] ©

directly proportional to the angular displacement. The
relationship is more complex.

The relationship between linear displacement and
radius is easily seen in figure 6.7. The linear displace-
ment and radii form sides of similar triangles, as shown
in figure 6.7. From this, the following relationship can
be established:

\:
U

L=t (6.5)

Figure 6.7 The ratio of the linear displacements of two
points on a rotating object (d./d,) is equal to the ratio
of the radii of these two points from the axis of rotation
(r/r.).

The golfer’s hands move through an arc length of 10 cm during a putt. What arc length does the head of
the putter move through if the hands are 50 cm from the axis of rotation and the putter head is 150 cm

from the axis of rotation?

Solution:

Step 1: Identify the known quantities and inferred
relationships.

¢ =10cm

hands

F s = 50 cm

r =150 cm

putter

The hands, the arms, and the putter move
together as one pendulum, so

Af

hands ~ putter

Step 2: Identify the unknown variable to solve for.

putter — *

Step 3: Search for equations with the unknown and
known variables.

{=NA6Or
AO=tlr=A0, . =A0

putter

([hands)/(rhands) = ([ )/ (r )

putter putter

Step 4: Substitute known quantities and solve for
the unknown quantity.

(10 cm)/(50 cm) = (¢

putter

)/(150 cm)
¢ = (150 cm)(10 cm)/(50 cm) = 30 cm

putter

Step 5: Common sense check.

The putter head moves farther than the hands, and
30 cm is about a foot. This is a reasonable move-
ment for the putter head.



where
r = radius and
d = linear displacement (or chord length).

One advantage of muscle insertions close to joints
should now be clear. The muscle has to contract and
shorten only a short distance to produce a large movement
(linear displacement) at the end of the limb. Because the
distance a muscle can shorten is limited to approximately
50% of its resting length, the range of motion at a joint
would also be further limited if muscles inserted farther
away from the joints.

This concept is useful when we use sport implements.
Small movements of the hands produce large linear dis-
placements at the end of a putter, a badminton racket, a
fishing pole, a hockey stick, and so on.

Angular Velocity

Angular velocity is defined as the rate of change of angu-
lar displacement. Its units of measurement are radians
per second (rad/s), degrees per second (°/s), revolutions
per minute (rpm), and so on. Angular velocity is abbrevi-
ated with the Greek letter omega (w). Angular velocity
is a vector quantity, just like linear velocity, so it has
direction associated with it. The direction of an angular
velocity is determined using the right-hand thumb rule,
as with angular displacement. Because angular velocity
is a vector, a change in the size of the angular velocity or
in the direction of its axis of rotation results in a change
in angular velocity.

—> Angular velocity is defined as the rate
of change of angular displacement.

Average angular velocity is computed as the change
in angular position (angular displacement) divided by
time. Mathematically,

— A@ ef_e,
D=——=—— (6.6)

At At
where
@ = average angular velocity,
A6 = angular displacement,
At = time,
6/: final angular position, and

0. = initial angular position.

If we are concerned with how long it takes for some-
thing to rotate through a certain angular displacement,
average angular velocity is the important measure. If

Angular Kinematics

we are concerned with how fast something is rotating at a
specific instant in time, instantaneous angular velocity
is the important measure. Instantaneous angular veloc-
ity is an indicator of how fast something is spinning at a
specific instant in time. The tachometer on a car’s instru-
ment panel gives a measure of the engine’s instantaneous
angular velocity in revolutions per minute.

The average angular velocity of a batter’s swing may
determine whether or not she contacts the ball, but it
is the bat’s instantaneous velocity at ball contact that
determines how fast and how far the ball will go. Similar
situations exist in all racket sports and striking activities.
To gymnasts, divers, and figure skaters, average angular
velocity is the more important measure. It determines
whether or not they will complete a certain number of
twists or somersaults before landing or entering the water.

Angular and Linear Velocity

In several sports, especially ball sports, implements are
used as extensions to the athletes’ limbs. Golf, tennis,
squash, lacrosse, racquetball, badminton, field hockey,
and ice hockey are examples of these sports. One advan-
tage of using these implements was explained earlier—
they amplify the motion (displacement) of our limbs. Now
compare the velocities of the ball (or shuttlecock or puck)
in each of these sports if it were thrown by hand versus
if it were struck (or thrown) with the respective stick (or
racket or club). Which would be faster? The implements
enable us to impart faster linear velocities to the ball (or
shuttlecock or puck) in each of these sports. Go back to
chapter 2 and take a look at table 2.3 again. Notice that
six of the top seven fastest-moving objects are projectiles
struck with an implement. This faster linear velocity is
another advantage of using a stick, racket, or club. How
is this accomplished?

Deriving the Relationship
Between Linear
and Angular Velocity

The relationship between angular displacement and linear
distance traveled provides the answer. Consider a swing-
ing golf club. All points on the club undergo the same
angular displacement, and thus the same average angular
velocity, because they all take the same time to undergo
that displacement. But a point on the club closer to the
club head (and farther from the axis of rotation) moves
through a longer arc length than a point farther from the
club head (and closer to the axis of rotation). The two
points travel their respective arc lengths in the same time.
The point farther from the axis of rotation must have a
faster linear speed because it moves a longer distance
but in the same time. Mathematically, this relationship
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can be derived from the relationship between angular
displacement and linear distance traveled (arc length),
shown in equation 6.4.

{=AOr

Dividing both sides by the time it takes to rotate through
the displacement gives us

A8
At At
S =aor 6.7)
where

¢ = arc length,

r = radius,

A@ = angular displacement (measured in radians),
t = time,

s = average linear speed, and

@ = average angular velocity (measured in radians
per second).

The average linear speed of a point on a rotating object is
equal to the average angular velocity of the object times
the radius (the distance from the point on the object to
the axis of rotation of the object).

At an instant in time, this relationship becomes

= v=or (6.8)

where

v, = instantaneous linear velocity tangent to the
circular path of the point,

o = instantaneous angular velocity (measured in
radians per second), and

r =radius.

:) The average linear speed of a point
on a rotating object is equal to the
average angular velocity of the object
times the radius.

The instantaneous linear velocity of a point on a rotat-
ing object is equal to the instantaneous angular velocity
of the rotating object times the radius. The direction of
this instantaneous linear velocity is perpendicular to the
radius and tangent to the circular path of the point. The
instantaneous linear velocities for the two points on the
golf club are shown in figure 6.8. For a demonstration
of the relationship between linear and angular velocities,
try self-experiment 6.2.

Figure 6.8 The linear velocity of the club head (v,) is
faster than the linear velocity of a point on the shaft (v )
because the club head is farther from the axis of rotation.

Self-Experiment 6.2

Take out a ruler and place it on a table. Line up five same-
denomination coins in a row on the table alongside the
edge of the ruler. Fix one end of the ruler by pushing down
on it with your finger. This point will be the pivot or axis
of rotation of the ruler. Now draw back the other end of
the ruler and then strike it so that it swings forward and
hits the coins. Which coin went farther and faster? The
coin farthest from the pivot end of the ruler went farther
and faster. The average angular velocity of all points on
the ruler was the same, but the radius, 7, for the part of
the ruler that hit this coin was largest, so this coin had
the largest linear velocity.

Let's try another experiment. Place the ruler on top of
a pencil so that the pencil is under the ruler at the 2 in.
(5 cm) mark. Put a coin on the ruler at the 11 in. (28 cm)
mark and another coin of the same denomination at the
4 in. (10 cm) mark. Now bring your hand downward and
strike the ruler at the O in. end, flipping the coins into the
air. Which coin flew higher and moved faster? The coin
farthest from the axis of rotation (the pencil) went higher
and faster. Now do some experimenting on your own to
see how different locations of the axis of rotation affect
the flight of one coin.



Applying the Relationship
Between Linear and Angular
Velocity

The sticks, clubs, and rackets used in the sports mentioned
at the beginning of this section all use this relationship
between linear and angular velocity and radius. The linear
velocity of a point farther from the axis of rotation is
faster if the angular velocity is the same. The woods, the
longest clubs in a golf bag, are thus used for imparting a
faster velocity to the ball to make it travel farther, whereas
the shorter clubs are used for closer shots. If a batter can
swing a longer bat with the same angular velocity as a
shorter one, he’ll be able to hit the ball farther with the
longer bat. Gripping a tennis (or racquetball or squash)
racket farther down on the grip (farther from the racket
face) increases the radius of the swing and the linear
velocity of the racket’s striking surface (if the player
is still able to swing the racket with the same angular
velocity).

The implements used in these sports and other striking
activities effectively lengthen the limbs of the performer,
but the techniques used by the performer may increase the
effective radius of the striking implements even further.

AlVIF PRODBLEIV] @
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Consider a golf swing. Where is the axis of rotation for
the club during the swing? Actually, the club and arms act
together as one long lever, and the axis of rotation at ball
contact lies along the vertebral column in the trunk, as
shown in figure 6.9. The effective radius of the club head
is thus much longer than just the length of the club itself.

Consider other sports and human movement activities.
Where is the axis of rotation and how long is the effec-
tive radius during serving in tennis? While someone is
chopping wood with a long-handled ax? While swinging
a baseball bat? While bowling? While throwing a ball?
While throwing a punch in boxing? While kicking a ball?
While spiking a volleyball? While executing a badminton
smash? While hitting a kill shot in racquetball? In many
of these examples, the axis of rotation lies within the
body, often between the shoulders.

The relationship among linear and angular velocities
and radius of rotation also explains another advantage of
the insertion of our muscles close to the joints. Consider
the insertion of the biceps on the forearm. If it inserts
only 1 in. from the elbow joint, and the hand is 10 in.
from the joint, when the arm rotates, the linear velocity
of the hand will be 10 times as fast as the linear velocity
of the biceps insertion. Because the velocity of muscular

The sweet spot on a baseball bat is 120 cm from the axis of rotation during the swing of the bat. (This
seems long at first, since the bat is shorter than 120 cm. But the bat’s axis of rotation is outside of the
bat and passes through the body of the batter.) If the sweet spot on the bat moves 40 m/s, how fast is the

angular velocity of the bat?

Solution:

Step 1: Identify the known quantities.
r.,=120cm=12m
V. =40 m/s

Step 2: Identify the unknown variable to solve for.

w="

Step 3: Search for the equation with the known and unknown variables.

V=wr

Step 4: Substitute the known quantities and solve for the unknown variable.

40 m/s = w (1.2 m)
=40 m/s)/ (1.2 m) = 33.3 rad/s

Step 5: Common sense check.

33.3 rad/s is about 5 rev/s—this seems fast, but a 40 m/s velocity at the sweet spot on the bat is fast also.
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Axis

Figure 6.9 The axis of rotation and effective radius of
the club head during a golf swing.

contraction is limited, the insertion of muscles close to
the joint allows a relatively slow contraction velocity of
the muscle to be amplified at the end of a limb. Our hands
and feet can move at linear velocities much faster than
the maximum velocities of the muscles that control the
movements of the arm and leg.

Angular Acceleration

Angular acceleration is the rate of change of angular
velocity. Its units of measurement are radians per second
per second (rad/s/s or rad/s?), degrees per second per
second (°/s/s or °/s?), or some unit of angular velocity
per unit of time. Angular acceleration is abbreviated with
the Greek letter o (alpha). Just like linear acceleration,
angular acceleration is a vector quantity; it has direction
and size. The right-hand thumb rule is used to describe
directions of angular acceleration vectors.

—> Angular acceleration is defined as the
rate of change of angular velocity.

Average angular acceleration is computed as the
change in angular velocity divided by time. Mathemati-
cally,

s0_o,-0
At At

a= (6.9)

where
o = average angular acceleration,
Aw = change in angular velocity,
At = time,
w,= final angular velocity, and
o, = initial angular velocity.

Angular acceleration occurs when something spins faster
and faster or slower and slower, or when the spinning
object’s axis of spin changes direction.

—> Angular acceleration occurs when
something spins faster and faster or
slower and slower, or when the spin-
ning object’s axis of spin changes
direction.

Angular and Linear
Acceleration

When the angular velocity of a spinning object increases,
the linear velocity of a point on the object increases as
well. The angular and linear accelerations of a point on
a spinning object are related.

Tangential Acceleration

The component of linear acceleration tangent to the
circular path of a point on a rotating object is called the
tangential acceleration of that point. Remember that a
line is tangent to a circle if the line intersects the circle
at just one point. A line from this point to the center of
the circle—a radial line—is perpendicular to the tangent
line. Tangential acceleration is related to the angular
acceleration of the object in the following way:

= a=ar (6.10)
where
a,= instantaneous tangential acceleration,

o = instantaneous angular acceleration (measured
in rad/s?), and

r =radius.

A point on a rotating object undergoes a linear accelera-
tion tangent to its rotational path and equal to the angular
acceleration of the object times the radius. Figure 6.10
shows the direction of the tangential acceleration of an
object moving along a curved path.



Centripetal Acceleration

Equation 6.10 indicates that a linear acceleration tangent
to the path of rotation of a point occurs if the rotating
object is being accelerated angularly. What if no angular
acceleration occurs? Does a point on a rotating object
experience any linear acceleration if the object spins at
a constant angular velocity with no angular accelera-
tion? Yes. Remember that linear acceleration occurs if
something speeds up, slows down, or changes direction.
A point on an object spinning at constant angular veloc-
ity doesn’t speed up or slow down, but because the point
follows a circular path, it is constantly changing direction
and is thus experiencing a constant linear acceleration.

a, =ru=

Tangential
acceleration

2

- 2r —
a =wT=lp
r

_ Centripetal
acceleration

Figure 6.10 The directions of tangential and centripetal
accelerations for an object moving in a circular path.

Angular Kinematics

In which direction does this linear acceleration occur?
Tie a weight tightly onto a sturdy string and spin it around
so that it circles with a constant angular velocity, as shown
in figure 6.11.

Which way must you pull on the string to keep the
weight traveling in a circle? You pull on the string with a
force directed toward the center of the circle, toward the
axis of rotation. This must be the force that causes the
linear acceleration of the weight, so the linear accelera-
tion must be directed toward the center of the circle as
well. This acceleration is called centripetal acceleration
(or radial acceleration), and the force causing it is called
centripetal force.

Mathematically, centripetal acceleration can be
defined using two different equations:

a, == (6.11)

= a=wr (6.12)
where

a = centripetal acceleration,

v, = tangential linear velocity,

r = radius, and

o = angular velocity.

Centripetal acceleration is the linear acceleration
directed toward the axis of rotation (see figure 6.10). It
is directly proportional to the square of the tangential
linear velocity and the square of the angular velocity. If
angular velocity is held constant, centripetal acceleration
is directly proportional to the radius of rotation. If the
tangential linear velocity is held constant, centripetal

Figure 6.11 Tie a weight on a string and swing it around in a circle. Which way do you pull on the string?
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acceleration is inversely proportional to the radius of
rotation.

) Centripetal acceleration is the linear
acceleration directed toward the axis
of rotation.

When you run around a curve on the inside lane of a
running track, you experience more centripetal accelera-
tion and thus require more friction on your shoes to exert
centripetal force on yourself than you would if you ran
at the same linear speed in the outside lane (see figure
6.12). In these two cases, tangential linear velocity would
be the same, but the radius of rotation would be larger
in the outside lane. Equation 6.11 (g, = v2/r) would be
the appropriate equation to use to evaluate this situation
because the linear velocities are the same.

On the other hand, a hammer thrower swinging a
hammer with a 1.0 m chain (see figure 6.13a) would have
to pull on the chain with greater force than if he swung a
hammer with a 0.75 m chain at the same angular velocity

(see figure 6.13b). The centripetal acceleration is greater
(and thus the centripetal force provided by the thrower
must be greater) for the hammer with the 1.0 m chain than
for the one with the shorter chain because the radius of
rotation is larger for the hammer with the 1.0 m chain.
Equation 6.12 (a, = @’r) would be the appropriate equa-
tion to use to evaluate this situation because the angular
velocities are the same.

You can try this for yourself by turning in a circle
while holding this book at arm’s length and then pulling
it closer to you while still turning at the same angular
velocity. You have to exert a greater force on the book
when it is farther from the axis of rotation.

Anatomical System
for Describing Limb
Movements

The first part of this chapter dealt with strictly mechanical
terminology for describing angular motion. Anatomists
use their own terminology for describing the relative

Figure 6.12 A runner in the inside lane must exert more centripetal force via friction than a runner in the outside lane
if both runners have the same linear velocity (a, > a, if v, = v,). The centripetal acceleration of the runner in the inside

lane is greater due to the smaller radius (r, <r,).



a
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Figure 6.13 A hammer thrower using a hammer with a 1.0 m chain (a) must exert a greater centripetal force than a
thrower using a 0.75 m chain (b) if the two hammers rotate with the same angular velocity (a, > a, since @, = w, and
r, > r,). The centripetal acceleration of the hammer with the 1.0 m chain is greater due to the larger radius.

angular positions and movements of the limbs of the body.
You probably already have some knowledge of anatomy
and anatomical terminology. This part of the chapter
presents the system used by anatomists and other human
movement professionals to describe relative positions and
movements of the body and its parts.

Anatomical Position

Try to describe where a specific freckle or mole or hair is
on your body. It’s a difficult task. You probably identified
the location of the freckle or mole or hair by describing
where it was in relation to some body part. A similar
situation occurs if you try to describe the movement of
a limb. To describe the location or movement of a body
part, the other parts of the body are used as a reference.
But the human body can adopt many different positions,
and the orientation of the limbs may change as well,
so a common reference position of the body must be
used. The most commonly used reference position of
the human body is called anatomical position. Early
anatomists suspended cadavers in this position to study
them more easily. The body is in anatomical position
when it is standing erect, facing forward, with the feet
aligned parallel to each other, toes forward, arms and
hands hanging straight below the shoulders at the sides,
fingers extended, and palms facing forward. Anatomical
position is the standard reference position for the body
when we describe locations, positions, or movements of
limbs or other anatomical structures. The body is shown
in anatomical position in figure 6.14.

=) Anatomical position is the standard
reference position for the body when
we describe locations, positions, or
movements of limbs or other ana-
tomical structures.

Planes and Axes of Motion

Anatomists have developed names to identify specific
planes that pass through the body. Each plane has a cor-
responding axis that passes perpendicularly through the
plane. These planes are useful to anatomists in describ-
ing planes of dissections or imaginary dissections. The
planes are also useful in describing relative movements
of body parts, with the axes used to describe the lines
around which these motions occur.

Anatomical Planes

A plane is a flat two-dimensional surface. A sagittal
plane, also called an anteroposterior plane, is an imagi-
nary plane running anterior (front) to posterior (back)
and superior (top) to inferior (bottom), dividing the body
into right and left parts. A frontal plane, also called a
coronal or lateral plane, runs side to side and superior
to inferior, dividing the body into anterior and posterior
parts. A transverse plane, or horizontal plane, runs from
side to side and anterior to posterior, dividing the body
into superior and inferior parts. All sagittal planes are per-
pendicular to all frontal planes, which are perpendicular
to all transverse planes.
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Many sagittal planes can be imagined as passing
through the body, but they are all parallel to each other.
Likewise, many frontal or transverse planes can be imag-
ined as passing through the body. A cardinal plane is a
plane that passes through the midpoint or center of gravity
of the body. The center of gravity is the point on which
the body would balance if it were supported at only one
point. The cardinal sagittal plane (midsagittal or median
plane) is the plane that divides the body into equal right
and left halves. The cardinal sagittal, frontal, and trans-
verse planes of the body are shown in figure 6.14.

Biomechanically, the anatomical planes may be useful
for locating anatomical structures, but their greatest worth
is for describing limb movements. How can a plane be
useful for describing movement? Movements of most
limbs occur as rotations of the limbs. Rotations occur
around specific axes of rotation and within specific planes
of movement. Descriptions of the limb movements rela-
tive to each other are thus facilitated by identification of
the axis of rotation around which the limb moves and the
plane within which the limb moves.

:) Biomechanically, the anatomical
planes may be useful for locating
anatomical structures, but their
greatest worth is for describing limb
movements.

— Longitudinal axis

Figure 6.14 Cardinal anatomical
planes and axes of the body.

Anatomical Axes

We’ve defined several specific anatomical planes. What
are the specific anatomical axes? The anatomical axes
correspond to lines that are perpendicular to the previ-
ously defined anatomical planes. An anteroposterior
axis (sagittal, sagittal-transverse, or cartwheel axis) is
an imaginary line running from anterior to posterior
and perpendicular to the frontal planes. The antero-
posterior axis is often abbreviated as AP axis. An AP
axis is defined by the intersection of a transverse plane
with a sagittal plane, so it may also be called a sagit-
tal-transverse axis. A transverse axis (lateral, frontal,
mediolateral, frontal-transverse, or somersault axis) is
an imaginary line running from left to right and perpen-
dicular to the sagittal planes. A transverse axis is defined
by the intersection of a transverse plane with a frontal
plane, so it may also be called a frontal-transverse axis.
A longitudinal axis (vertical, frontal-sagittal, or twist
axis) is an imaginary line running from top to bottom
and perpendicular to the transverse planes. A longi-
tudinal axis is defined by the intersection of a frontal
plane with a sagittal plane, so it may also be called a
frontal—sagittal axis. All AP axes are perpendicular to all
transverse axes, which are perpendicular to all longitudi-
nal axes. An infinite number of these axes pass through
the body. Examples of AP, transverse, and longitudinal
axes are shown in figure 6.14.



Identifying Planes and Axes
of Motion

Now let’s see how axes and planes are used to describe
human motion. Imagine a bicycle wheel. The wheel turns
about an axle. The line along and through the axle of the
wheel defines the axis of rotation of the wheel. This is
the axis around which the wheel rotates. The spokes of
the wheel are perpendicular to the axle or axis of rota-
tion. Thus the spokes must lie in the plane of motion of
the wheel. Now let’s look at an example from the human
body. Stand in anatomical position and flex (bend) your
right arm at the elbow without moving your upper arm, as
shown in figure 6.15. Think of your forearm as a spoke of
the bicycle wheel and your elbow as the axle. What plane
does your forearm lie in throughout the movement? It is
moving within a sagittal plane. What axis is perpendicular
to a sagittal plane? A transverse axis is perpendicular to a
sagittal plane. The movement of your forearm and hand
is in a sagittal plane and around a transverse axis.

Now let’s describe the method we use to identify the
plane or axis of motion for any limb movement. First, one
principle should be noted. If you can identify either the
plane or the axis of motion, the other is easily identified.
If the plane within which the motion occurs is known,
there is only one axis around which the motion can occur,
and that is the axis perpendicular to the plane of motion.
Likewise, if the axis around which the motion occurs is

Elbow
flexion

Figure 6.15 Imagining a bicycle wheel can help you
identify the plane and axis of motion.

Angular Kinematics

known, there is only one plane within which the motion
can occur, and that is the plane perpendicular to the axis of
motion. Table 6.1 lists each of the three planes of motion
along with the corresponding axis that is perpendicular
to that plane of motion.

Table 6.1 Anatomical Planes of Motion
and Their Corresponding Axes of Motion
Plane Axis

Sagittal Transverse

Frontal Anteroposterior (AP)
Transverse Longitudinal

:) If you can identify either the plane or
the axis of motion, the other is easily
identified.

Before describing techniques for determining the
plane of motion, a more precise and accurate definition of
a plane may be helpful. Just as two points geometrically
define a line in space, three noncolinear points or two
intersecting lines define a plane in space. If a table or
chair has only three legs, each of those legs will always
touch a plane, such as the floor, because it takes only three
points to define a plane. Even if the legs are different
lengths and the table tips, three legs will always touch
the floor. A table with four legs will always have three
legs on one plane, but the fourth leg will touch that plane
only if its end lies on the plane defined by the other three
legs. If three legs are the same length and the fourth leg
is a different length, only three legs will touch the floor.

Most of our limbs are longer in one dimension than in
the others, so they can be thought of as long cylinders or
even line segments. These line segments move by swing-
ing or rotating around joints. If you can imagine the line
segment defined by the limb at the start of motion and
the line segment defined by the limb at any other instant
during its motion, these line segments will intersect at the
joint (if it’s a single-joint motion). The plane of motion is
defined by these two line segments. For example, stand
in anatomical position. Imagine the line segment defined
by a line drawn from your right shoulder to your right
wrist. Now abduct at the shoulder (lift your right arm up
and to the side, laterally away from your body, until it is
shoulder height) as shown in figure 6.16. Imagine a line
segment drawn through your shoulder and wrist now.
What planes do both line segments fall within? When
you were in anatomical position, your right arm was in
a sagittal plane and a frontal plane. When you completed
the movement, your arm was in a transverse plane and
a frontal plane. Your arm was in the frontal plane at the
start and end of the movement (and throughout the move-
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the side (sagittally, as shown in figure 6.17a), the full
length of the arm would be in view at the start; but as the
arm moved upward, it would appear to shorten until you
) would only see the hand when the arm reached shoulder
E_g;-:-.\‘___,_.-—w-m__«*-'”‘“f"' /s height. The arm would move toward you. If you viewed
~ the motion from above (transversely, as shown in figure
6.17b), only the shoulder would be in view at the start;
but the full length of the arm would be in view when it
reached shoulder height. The arm would move toward
you. The best view was from the front, so the view was
a frontal view and the movement was in a frontal plane.
The axis perpendicular to a frontal plane is an AP axis.

In some limb movements, the length of the limb
doesn’t swing around an axis, but the limb rotates or
twists about its length. In this case, it is easier to first
determine the axis of rotation of the limb and then deter-
mine its plane of motion. The axis of rotation of a limb
twisting about its length is defined by the direction of the
line running the length of the limb from the proximal to
the distal end. If this line is parallel to a longitudinal axis,
it is a longitudinal axis. If it is parallel to an AP axis, it
is an AP axis. If it is parallel to a transverse axis, it is a
transverse axis.

Shoulder
abduction

Figure 6.16 Frontal view of shoulder abduction.

ment), so the movement occurred within a frontal plane.
Because frontal planes are perpendicular to AP axes, the
movement occurred around an AP axis.

Here’s another procedure for determining the plane
of motion. If you could view the movement from any
vantage point, what vantage point would give you the
best view so that you could always see the entire length
of the moving limb? What vantage point would you view
from so that the moving limb was not moving toward or
away from you, but across your field of view? If the best
viewpoint is from in front or behind, the view of the body
is a frontal view and the movement is in a frontal plane.
If the best viewpoint is from the left or right side, the
view of the body is a sagittal view and the movement is
in a sagittal plane. If the best viewpoint is from above or
below (admittedly difficult vantage points to view from,
but imagine the view if you could get into a position above
or below a person), the view of the body is a transverse
view and the movement is in a transverse plane.

For example, if you viewed the movement described
in the previous example (abduction of the right arm at
the shoulder) from a position in front of (anterior to,

as shown in figure 6.16) or behind (posterior to) the b
person moving, you would see the full length of the arm
throughout the movement, and the arm wouldn’t move Figure 6.17 Sagittal (a) and transverse (b) views of

away from or toward you. If you viewed the motion from shoulder abduction.



For example, stand in anatomical position and turn
the palm of your right hand toward your side and then
to the rear as shown in figure 6.18. Your arm twisted
around an axis through its length. A line drawn from the
proximal to the distal end of your arm is a vertical line
and parallel to a longitudinal axis. The axis of rotation
for this movement was a longitudinal axis. A longitudinal
axis is perpendicular to a transverse plane, so the twisting
motion of your right arm occurred in the transverse plane.

So far, the examples we’ve used have all been move-
ments that occurred within one of the three planes of
motion we defined. Sagittal, transverse, and frontal planes
are primary planes of motion. Other planes exist that are
not primary planes of motion, but movements can occur
within these planes. For example, what plane do your
arms move in when you swing a golf club as shown in
figure 6.197 The best viewpoint wouldn’t be directly in
front or directly above but in front and above. The plane
of motion is a diagonal plane between the transverse
plane and the frontal plane, and the axis of motion is a
diagonal axis between a longitudinal and an AP axis. An
infinite number of diagonal planes and axes exist within
or around which our limbs can move. The principal planes
and axes give us standard planes and axes from which
other, diagonal planes and axes can be described.

Figure 6.18 Movement around a longitudinal axis.

Angular Kinematics

Figure 6.19 Movement in a diagonal plane.

Joint Actions

We can identify the plane and action of limb motions,
but what are the terms that describe the limb motions?
Human movement description uses terminology that
describes the relative movements of two limbs on either
side of a joint (relative angular motion) rather than
terminology that describes individual limb movements
(absolute angular motion). The terms thus describe joint
actions, the relative angular movements of the limbs on
the distal and proximal sides of a joint. From anatomical
position, the joint actions that occur when limbs move
around transverse joint axes and within sagittal planes
are flexion, extension, hyperextension, plantar flexion,
and dorsiflexion. The joint actions that occur when limbs
move around AP joint axes and within frontal planes are
abduction, adduction, radial deviation (radial flexion),
ulnar deviation (ulnar flexion), inversion, eversion,
elevation, depression, lateral flexion to the right, and
lateral flexion to the left. The joint actions that occur
when limbs move around longitudinal axes and within
transverse planes are internal (inward or medial) rota-
tion, external (outward or lateral) rotation, pronation,
supination, horizontal abduction (horizontal extension),
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horizontal adduction (horizontal flexion), rotation left,
and rotation right.

:) Human movement description uses
terminology that describes the
relative movements of two limbs on
either side of a joint (relative angular
motion) rather than terminology that
describes individual limb movements
(absolute angular motion).

Movements Around Transverse Axes

Flexion, extension, and hyperextension are joint actions
occurring at the wrist, elbow, shoulder, hip, knee, and
intervertebral joints. Starting from anatomical posi-
tion, flexion is the joint action that occurs around the
transverse axes through these joints and causes limb
movements in sagittal planes through the largest range of
motion. Extension is the joint action that occurs around
the transverse axes through these joints and causes the
opposite limb movements in sagittal planes that return
the limbs to anatomical position. Hyperextension is the
joint action that occurs around the transverse axes and
is a continuation of extension past anatomical position.
Elbow flexion thus occurs when the forearm is moved
forward and upward and the angle between the forearm
and the upper arm at the anterior side of the elbow joint
gets smaller. Elbow extension occurs when the forearm
is returned to anatomical position. Elbow hyperextension

Flexion

Extension Extension

—

would occur if the forearm could continue extending past
anatomical position. Figure 6.20, a through g, shows the
flexion, extension, and hyperextension joint actions that
occur at the wrist, elbow, shoulder, hip, knee, trunk, and
neck joints, respectively.

Dorsiflexion and plantar flexion are joint actions that
occur at the ankle. Starting from anatomical position,
dorsiflexion is the joint action that occurs around the
transverse axis through the ankle joint and causes the
foot to move in a sagittal plane such that it moves forward
and upward toward the leg. When you lift your toes off
the ground and put your weight on your heels, you are
dorsiflexing at your ankles. Plantar flexion is the joint
action that occurs around the transverse axis through
the ankle joint and causes the opposite movement of the
foot in a sagittal plane so that the foot moves downward
away from the leg. When you stand on your toes, you are
plantar flexing at your ankles. Dorsiflexion and plantar
flexion are also shown in figure 6.20g.

Movements Around Anteroposterior
Axes

Abduction and adduction are joint actions occurring at the
shoulder and hip joints. Starting from anatomical posi-
tion, abduction is the joint action that occurs around the
AP axes through these joints and causes limb movements

Flexion

Flexion

Extension

Hyperextension

—

Figure 6.20 Sagittal plane joint actions at the wrist, elbow, shoulder, hip, knee, trunk, and neck and ankle.
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Figure 6.20 (continued)

in frontal planes through the largest range of motion.
Adduction is the joint action that occurs around the AP
axes through these joints and causes limb movement in a
frontal plane back toward anatomical position. Shoulder
abduction thus occurs when the arm is moved upward and
laterally away from the body. Shoulder adduction occurs

Angular Kinematics

Flexion

Extension

Extension

Hyper- A’—\

extension

Dorsi-

Plantar
g flexion

when the arm is returned to anatomical position. Figure
6.21, a and b, shows the abduction and adduction joint
actions that occur at the shoulder and hip joints.

Ulnar deviation (adduction or ulnar flexion) and radial
deviation (abduction or radial flexion) are joint actions
occurring at the wrist joint (see figure 6.21c¢). Starting
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Lateral flexion
to the right

Figure 6.21 Frontal plane
joint actions at the shoulder,
hip, wrist and ankle, trunk, and
neck.

from anatomical position, ulnar deviation is the joint
action that occurs around the AP axis through the wrist
and causes hand movement in a frontal plane toward
the little finger. Radial deviation is the joint action that
occurs around the AP axis through the wrist joint and

Radial
deviation

deviation

i
i

5 '
\\g C
J Abduction 7
Inversion .
%~ Adduction V\\: Eversion

causes the opposite movement of the hand in a frontal
plane, moving it laterally toward the thumb.

Inversion and eversion are frontal plane movements
that occur at the ankle joint (see figure 6.21¢). These joint
actions occur around an AP axis through the foot. Start-



ing from anatomical position, inversion occurs when the
medial side of the sole of the foot is lifted. The return to
anatomical position and the movement of the foot beyond
anatomical position where the lateral side of the sole of
the foot is lifted is eversion.

The movements of the scapula (the shoulder blade)
and shoulder girdle occur primarily in the frontal plane
as well. These movements include abduction (movement
of the scapula away from the midline) and adduction
(movement of the scapula toward the midline), eleva-
tion (superior movement of the scapula) and depression
(inferior movement of the scapula), and upward rotation
(such that the medial border moves inferiorly and the
shoulder joint moves superiorly) and downward rota-
tion (such that the medial border moves superiorly and
the shoulder joint moves inferiorly).

Lateral flexion to the left or right also occurs in
the frontal plane. Lateral flexion of the trunk to the left
occurs when you lean to the left, and lateral flexion to
the right occurs when you lean to the right. Likewise,
lateral flexion of the neck to the left occurs when you lean
your head toward your left shoulder, and lateral flexion
of the neck to the right occurs when you lean your head
toward your right shoulder. Lateral flexion is shown in
figure 6.21, d and e.

Movements Around Longitudinal
Axes

Internal rotation (inward or medial rotation) and exter-
nal rotation (outward or lateral rotation) are joint actions
occurring at the shoulder and hip joints. Starting from
anatomical position, internal rotation is the joint action
that occurs around the longitudinal axes through these
joints and causes limb movements in the transverse plane
such that the knees turn inward toward each other or the
palms of the hands turn toward the body. External rota-
tion is the joint action that occurs around the longitudinal
axes through these joints and causes the opposite limb
movements in transverse planes and returns the limbs to
anatomical position or moves them beyond anatomical
position. Figure 6.22, a and b, shows the internal and
external rotation joint actions that occur at the hip and
shoulder joints.

Pronation and supination are joint actions occurring
at the radioulnar joint in the forearm. Starting from ana-
tomical position, pronation is the joint action that occurs
around the longitudinal axis of the forearm and through
the radioulnar joint and causes the palm to turn toward
the body. This motion is similar to internal rotation at
the shoulder joint except that it occurs at the radioulnar
joint. Supination is the joint action that occurs around
the longitudinal axis through the radioulnar joint and
causes the opposite limb movement in a transverse plane
and returns the forearm and hand to anatomical position
or moves them beyond anatomical position. Figure 6.22d
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also shows the supination and pronation actions that occur
at the radioulnar joint.

Horizontal abduction (horizontal extension or trans-
verse abduction) and horizontal adduction (horizontal
flexion or transverse adduction) are joint actions occur-
ring at the hip and shoulder joints. These joint actions
do not commence from anatomical position. First, hip or
shoulder flexion must occur and continue until the arm
or thigh is in the transverse plane. Horizontal abduction
is then the movement of the arm or leg in the transverse
plane around a longitudinal axis such that the arm or leg
moves away from the midline of the body. The return
movement is horizontal adduction. These joint actions
are also shown in figure 6.22c¢.

Rotations of the head, neck, and trunk also occur
around a longitudinal axis. Turning your trunk so that you
face left is rotation to the left, and turning your trunk so
that you face right is rotation to the right. These actions
are shown in figure 6.22, e and f.

Circumduction is a multiple-axis joint action that
occurs around the transverse and AP axes. Circumduction
is (a) flexion combined with abduction and then adduc-
tion or (b) extension or hyperextension combined with
abduction and then adduction. The trajectory of a limb
being circumducted forms a cone-shaped surface. If you
abduct your arm at the shoulder joint and then move your
arm and forearm so that your hand traces the shape of a
circle, the joint action occurring at the shoulder joint is
circumduction.

Just as there are diagonal planes and axes, joint actions
may also occur in diagonal planes around diagonal axes.
Such diagonal joint actions may be combinations of
joint actions if they occur at multiple-axis joints, or they
may be one of the joint actions described earlier if the
joint or limb has been moved into a diagonal plane by
the action at a more proximal joint. Each of the terms
describing joint actions really specifies the direction of
relative angular motion at a joint. The joint actions and
the corresponding planes and axes of motion for these
actions are summarized in table 6.2.

:) Each of the terms describing joint
actions really specifies the direction
of relative angular motion at a joint.

Summary

Angular kinematics is concerned with the description of
angular motion. Angles describe the orientation of two
lines. Absolute angular position refers to the orientation
of an object relative to a fixed reference line or plane,
such as horizontal or vertical. Relative angular position
refers to the orientation of an object relative to a nonfixed
reference line or plane. Joint angles are relative, whereas
limb positions may be relative or absolute. The angular

187



188

External
rotation

Internal
rotation

‘f‘—? )
Horizontal
Horizontal abduction
abduction
External ‘
rotation
HorizonN Horizontal
Internal adduction adduction
rotation
a b c
Rotation to
the left
Rotation to
the right
Rotation to
the left
Supination
Rotation to
the right
Pronation

Figure 6.22 Transverse plane joint actions at the hip, shoulder, shoulder and hip, radioulnar joint, neck, and trunk.



Table 6.2 Joint Actions
and Their Corresponding Planes
and Axes of Motion

Plane of

motion Axis Joint actions

Sagittal Transverse Flexion
Extension
Hyperextension
Plantar flexion
Dorsiflexion

Frontal Anteroposterior Abduction
Adduction

Ulnar deviation
Radial deviation
Inversion

Eversion

Elevation
Depression
Upward rotation
Downward rotation
Lateral flexion to
the left

Lateral flexion to the
right

Internal rotation
External rotation
Pronation

Supination
Horizontal abduction
Horizontal adduction
Rotation to the right
Rotation to the left

Transverse Longitudinal

Angular Kinematics

movements of limbs around joints are described with ter-
minology developed by anatomists using the anatomical
position of the body as a reference. The three principal
anatomical planes (sagittal, frontal, and transverse) along
with their corresponding axes (transverse, anteropos-
terior, and longitudinal) are also useful for describing
movements of the limbs.

When an object rotates, it undergoes an angular dis-
placement. To define the angular displacement, the axis
and plane of rotation must be known. The direction of the
angular displacement (and all other angular motion and
torque vectors) is then established using the right-hand
thumb rule. The definitions of angular displacement,
angular velocity, and angular acceleration are similar to
those for their linear counterparts.

The linear displacement and distance traveled by a
point on a rotating object are directly proportional to the
radius of rotation. The linear distance traveled equals the
product of the angular displacement measured in radians
times the radius of rotation.

Tangential linear velocity and acceleration of a point
on a rotating object are directly proportional to the
radius as well. The tangential linear velocity is equal to
the product of the angular velocity times the radius of
rotation. Lengthening the radius while maintaining the
angular velocity is an important principle in a variety of
striking skills. Tangential linear acceleration is equal to
the product of angular acceleration times the radius of
rotation.

Centripetal acceleration (also called radial accelera-
tion) of an object rotating in a circular path is the com-
ponent of linear acceleration directed toward the axis of
rotation. It is directly proportional to the square of the
tangential linear velocity or the square of the angular
velocity. Centripetal force is the force exerted on the
rotating object to cause the centripetal acceleration.

KEY TERMS
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absolute angular position (p. 168)
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REVIEW QUESTIONS

1. Most skeletal muscles in our limbs attach close to the joints.

a. What are the advantages of this arrangement?

b. What is the disadvantage of this arrangement?

. In golf, the longest club is the driver, and the shortest club is the pitching wedge. Why is it easier

to hit the ball farther with a driver than with a pitching wedge?

. What advantages does a longer-limbed individual have in throwing and striking activities?

. Explain how step length (a linear kinematic variable) might increase if flexibility exercises

increase the range of motion at the hip joint, thus increasing the angular displacement (an angular
kinematic variable) of the hip joint during a step.

. Why is sprinting around a curve in lane 1 (the inside lane) more difficult to do than sprinting

around the curve in lane 8 (the outside lane)?

. What is the plane of motion for most of the joint actions that occur during sprint running? What

is the corresponding axis of motion for these joint actions?

. When you swing a baseball bat, what is the plane of motion for the action occurring at your

leading shoulder? What is the axis of motion? What joint action occurs at the leading shoulder
during the swing?

. During the delivery phase of a baseball pitch, what joint actions occur at the shoulder and elbow

joints of the throwing arm?

. What joint action occurs at the shoulder joint and what are the plane and axis of motion during

the pulling-up phase of a wide-grip pull-up?

Wide-grip




10. How do the actions at the shoulder joint differ between a wide-grip pull-up and a narrow-grip
pull-up?

Narrow-grip
pull-up

11. When you spike a volleyball, what joint action occurs at the elbow joint of your hitting arm?

PROBLEMS

1. Fred examines the range of motion of Oscar’s knee joint during his rehabilitation from a knee
injury. At full extension, the angle between the lower leg and thigh is 178°. At full flexion, the
angle between the lower leg and thigh is 82°. During the test, Oscar’s thigh was held in a fixed
position and only the lower leg moved. What was the angular displacement of Oscar’s leg from
full extension to full flexion? Express your answer in (a) degrees and (b) radians.

: : [
82°
178° Full Full
extension flexion

191



192

10.

. Adelaide performs a triple twisting jump while figure skating. She rotates around her longitudinal

axis three times while she is in the air. The time it takes to complete the jump from takeoff to
landing is 0.8 s. What was Adelaide’s average angular speed in twisting for this jump?

. Becky is sparring in a Tae Kwon Do class. Her opponent executes a roundhouse kick. The aver-

age angular velocity of his kicking leg and foot is 20 rad/s. The angular displacement of his foot
to Becky’s head is 5 radians. How much time does Becky have to move if she wants to avoid
being kicked in the head?

. When Josh begins his discus throwing motion, he spins with an angular velocity of 5 rad/s. Just

before he releases the discus, Josh’s angular velocity is 25 rad/s. If the time from the beginning
of the throw to just before release is 1 s, what is Josh’s average angular acceleration?

. The tendon from Lissa’s knee extensor muscles attaches to the tibia bone 1.5 in. (4 cm) below

the center of her knee joint, and her foot is 15 in. (38 cm) away from her knee joint. What arc
length does Lissa’s foot move through when her knee extensor muscles contract and their point
of insertion on the tibia moves through an arc length of 2 in. (5 cm)?

. During Charlie’s golf drive, the angular velocity of his club is zero at the top of the backswing and

20 rad/s at the bottom of the downswing just before ball impact. The downswing lasts 0.20 s, and
the distance from the club head to the axis of rotation is 2.0 m at the bottom of the downswing.

a. What is the average angular acceleration of the club during the downswing?

b. What is the linear velocity of the club head just before impact with the ball?

. A hammer thrower spins with an angular velocity of 1200°/s. The distance from his axis of rota-

tion to the hammer head is 1.2 m.
a. What is the linear velocity of the hammer head?

b. What is the centripetal acceleration of the hammer head?

. During the delivery phase of fastball pitch, the arm internally rotates at the shoulder. The angular

velocity of this internal rotation peaks at 120 rad/s. At this instant, the elbow angle is 90°, so
the angular velocity of the forearm is also 120 rad/s. The baseball in the pitcher’s hand is 35
cm from this axis of rotation through the shoulder joint. At this instant the linear velocity of the
baseball is 45 m/s.

a. How much of the baseball’s total linear velocity is due to the 120 rad/s angular velocity
of the forearm?

b. What is the centripetal acceleration of the baseball at this instant?

c. How large is the force exerted by the pitcher on the baseball to cause this acceleration?
The baseball’s mass is 145 g.

Julie runs around the curve of a track in lane 1 while Monica runs around the curve in lane 8. The
radius of lane 8 is twice as big as the radius of lane 1. If Julie has to run 50 m to get fully around
the curve in lane 1, how far does Monica have to run to get fully around the curve in lane 8?

A hook in boxing primarily involves horizontal flexion of the shoulder while maintaining a
constant angle at the elbow. During this punch, the horizontal flexor muscles of the shoulder
contract and shorten at an average speed of 75 cm/s. They move through an arc length of 5 cm
during the hook, while the fist moves through an arc length of 100 cm. What is the average speed
of the fist during the hook?

. A baseball pitcher pitches a fastball with a horizontal velocity of 40 m/s. The horizontal distance

from the point of release to home plate is 17.50 m. The batter decides to swing the bat 0.30 s
after the ball has been released by the pitcher. The average angular velocity of the bat is 12 rad/s.
The angular displacement of the bat from the batter's shoulder to hitting positions above the
plate is between 1.5 and 1.8 rad.

a. Will the bat be in a hitting position above the plate when the ball is above the plate? Assume
the pitch is in the strike zone.

b. Assume that the batter does hit the ball. If the bat's instantaneous angular velocity is 30
rad/s at the instant of contact, and the distance from the sweet spot on the bat to the axis of
rotation is 1.25 m, what is the instantaneous linear velocity of the sweet spot at the instant
of ball contact?
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Motion Analysis Exercises Using MaxTRAQ

If you haven’t done so already, review the instructions for downloading and using the educational ver-
sion of the MaxTRAQ motion analysis software at the beginning of this book, then download and install
the software. Once this is done, you are ready to try the following two-dimensional kinematic analyses
using MaxTRAQ.

1. Open MaxTRAQ. Select Tools in the menu bar and then open Options under the Tools menu. In
the Options submenu, select Video. To the upper right side of the Video window, under Video
Aspect Ratio, make sure that Default-Used Preferred Aspect Ratio is selected. In the lower half
of the right side of the Video window, under Deinterlace Options, select BOB, use Odd lines first,
and Stretch Image Vertically. Click OK. Close MaxTRAQ and reopen it to have the deinterlace
options take effect. Next, open the Giant Swing video from within MaxTRAQ. Make sure the
scaling/calibration tool is activated by clicking View on the menu bar, then selecting Tools from
the drop down menu, and making sure Show Scale is checked. Open the scaling tool by click-
ing on Tools on the menu bar and selecting Scale. In the scaling tool window that opens, set the
gauge length to 305 cm. Now place the cursor over the lower left corner of the blue stripe in the
center of the back wall and click the left mouse button once, then place the cursor over the lower
right corner of the blue stripe in the center of the back wall and click the left mouse button a
second time. The scale should appear in the video window. Hide the scale by selecting View in
the menu bar; then click Tools and uncheck Show Scale.

a. What is the absolute angular position (measured in degrees from a right horizontal) for the
gymnast at the start of the first swing, in frame 1? Digitize the gymnast’s hip joint center
(the middle of her shorts) and the end of the bar. The end of the bar is at the same level as
the bottom of the blue stripe on the wall in the background. Because you are digitizing more
than one point in the same frame, you will need to increase the number of points listed in
the digitizing controls panel on the right to two. You can do this using the arrow buttons
at the bottom of the list of points. Before selecting each point, make sure that that point
is highlighted in the list to the right. Compute the difference in x-coordinates for the two
points Ax, and the difference in y-coordinates for the two points Ay. When computing the
difference, subtract the bar coordinate from the hip coordinate. Divide Ay by Ax and take the
arctangent of the result. The answer is the angle that the line from the bar to the hip forms
with horizontal. Be sure your calculator angle mode is set to degrees.

193



194

. What is the absolute angular position (measured with a right horizontal) for the gymnast at

the bottom of the first swing, in frame 61?

. What is the absolute angular position (measured with a right horizontal) for the gymnast at

the start of the second swing, in frame 1227

. What is the absolute angular position (measured with a right horizontal) for the gymnast at

the bottom of the second swing, in frame 184?

. What is the absolute angular position (measured with a right horizontal) for the gymnast at

the start of the third swing, in frame 2377

. What is the average angular velocity of the gymnast during first half of her first giant swing

from frame 1 to 61?

. What is the average angular velocity of the gymnast during the second half of her first giant

swing from frame 61 to 1227

. What is the average angular velocity of the gymnast during first half of her second giant

swing from frame 122 to 1847

i. What is the average angular velocity of the gymnast during the second half of her second

giant swing from frame 184 to 2377

j. What is the average angular velocity of the gymnast during her first giant swing from frame

1to 1227

. What is the average angular velocity of the gymnast during her second giant swing from

frame 122 to 237?

. What actions does the gymnast do to increase her angular velocity from the first giant swing

to the second giant swing?

. Estimate the instantaneous angular velocity of the gymnast at the bottom of the second

giant swing. Digitize the gymnast’s hip joint center and the bar end in frame 183 and again
in frame 185. Compute the angular position of the gymnast in these two positions. Then
compute the angular displacement. Estimate the instantaneous angular velocity by divid-
ing this angular displacement by the time between these two frames (multiply the angular
displacement by 60 and divide by 2).

. Estimate the instantaneous angular velocity of the gymnast at the top of the giant swing—at

the end of the second giant swing and the beginning of the third giant swing. Digitize the
gymnast’s hip joint center and the bar end in frame 236 and again in frame 238. Compute the
angular position of the gymnast in these two positions. Then compute the angular displace-
ment. Estimate the instantaneous angular velocity by dividing this angular displacement by
the time between these two frames (multiply the angular displacement by 60 and divide by 2).

. Why is the gymnast’s angular velocity so much faster at the bottom of the giant swing

compared to the top of the giant swing?
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Angular Kinetics

Explaining the Causes of Angular Motion

objectives

When you finish this chapter, you should be able
to do the following:

e Define moment of inertia

* Explain how the human body's moment
of inertia may be manipulated

* Explain Newton's first law of motion as it
applies to angular motion

* Explain Newton's second law of motion
as it applies to angular motion

* Explain Newton's third law of motion as
it applies to angular motion

e Define angular impulse
e Define angular momentum

* Explain the relationship between angular
impulse and angular momentum

© Olga Besnard/Dreamstime.com



A diver jumps off the 3 m platform. She is in a stretched-out position (a layout)
and barely rotating at first. Then she flexes at the hips and folds herself in half
(she pikes), and her rotation speeds up as if by magic. She spins around three and

a half times in this position as she falls toward the water. When she is just above
the water, her spinning seems to stop as she opens up into a layout position and
enters the water with barely a splash. How did the diver control her rate of spin
(her angular velocity) during the dive? It seemed as if she could make herself spin
faster or slower at will. The information in this chapter should help us answer this
question.

Th | S Ch a p'l.er |S about the subbranch of

mechanics called kinetics. Specifically, it is about angular
kinetics, or the causes of angular motion. Many of the
concepts developed in linear kinetics have counterparts
in angular kinetics. The concepts you learned in chapter
3 are thus important for a good understanding of the
concepts introduced in this chapter. An understanding of
angular kinetics will help explain why a discus thrower
spins a discus; why a long jumper “runs” in the air; how
figure skaters, divers, and gymnasts can speed up or slow
down their rate of spin when they’re not in contact with
the ground; and also some aspects of the techniques used
in a variety of other skills in sports and human movement.

Angular Inertia

Earlier in the book, inertia was defined as the property
of an object that resists changes in motion. Linear inertia
was quantified as an object’s mass. It is more difficult
to speed up, slow down, or change the direction of a
more massive object because it has more linear inertia.
The property of an object to resist changes in its angular

Biomechanics
of
Sport and Exercise

)

N

motion is angular inertia or rotary inertia. It is more
difficult to speed up or slow down the rotation or change
the axis of rotation of an object with more angular inertia.
What factors affect the angular inertia of an object? How
is angular inertia quantified?

:) The property of an object to resist
changes in its angular motion is angu-
lar inertia or rotary inertia.

To learn some things about angular inertia, try self-
experiment 7.1.

Self-Experiment 7.1

Hold this book so that its spine is parallel to the floor and
throw it up in the air so that it turns one revolution about
an axis perpendicular to its cover (see figure 7.1). Now
find a heavier book (or a lighter one) and do the same
trick. Which book was easier to flip? Which book has
less angular inertia? The lighter book was easier to flip.
Its angular inertia is smaller.

\ Pd\.‘s of (o\a\.\on

Figure 7.1 Flip abook so thatit spins about

an axis of rotation perpendicular to its cover.
Is a heavier or lighter book easier to spin?



The results of self-experiment 7.1 indicate that angular
inertia is affected by the mass of an object. In fact, it is
directly proportional to the mass of the object. If you
consider the various sport implements and tools that you
swing, you’ll note that the heavier implements are more
difficult to start swinging or stop swinging. A heavier
bat is harder to swing than a lighter bat. Is mass the only
property of an object that affects its angular inertia?
Try self-experiment 7.2 to continue our investigation of
angular inertia.

Self-Experiment 7.2

Open this book to page 10 (or some page close to the
beginning of the book), and place it on a table with the
open pages facing down. Apply a force couple to the
book with your fingers and spin it on the table. Try this
several times to see how large a torque you must apply to
rotate the book through an angular displacement of 180°
or one-half a revolution. Now open up the book to the
middle pages and repeat the experiment. Try spinning it
several times. In which configuration did the book turn
more easily—when it was opened to the front or when it
was opened to the middle? When the book was opened
to page 10, it was easier to rotate. It took more torque to
cause the same rotation of the book when it was opened
to the middle. In this configuration, the book had more
angular inertia.

In self-experiment 7.2, what characteristic of the
book changed to cause this difference in angular inertia
between the two spinnings? The mass of the book stayed
the same, but where the mass was located relative to the
axis of rotation changed. When the book was opened to
page 10, most of the mass of the book was on one side
and close to the center of gravity and the axis of rotation.
When the book was opened to the middle, about half of
the book’s mass was on each side of the spine. The center
of gravity and axis of rotation were then through the spine
of the book, and more mass was located farther from the
axis of rotation. Angular inertia is affected by mass and
how the mass is distributed relative to the axis of rotation.
Again, consider the various sport implements and tools
that you swing; the longer implements are more difficult
to start or stop swinging. A longer bat is harder to swing
than a shorter one.

Mathematical Definition
of Angular Inertia
The quantity that describes angular inertia is called

moment of inertia. Moment of inertia is abbreviated with
the letter . Theoretically, an object may be considered to

Angular Kinetics

be composed of many particles of mass. The moment of
inertia of such an object about an axis through its center
of gravity can be defined mathematically as follows:

D L=3Smp (7.1)
where

I = moment of inertia about axis a through the
center of gravity,

¥ = summation symbol,
m = mass of particle i, and

r, = radius (distance) from particle i to axis of
rotation through the center of gravity.

Each particle provides some resistance to change in
angular motion. This resistance is equal to the mass of
the particle times the square of the radius from the par-
ticle to the axis of rotation. The sum of all the particles’
resistances to rotation is the total moment of inertia of
the object. The units of measurement for moment of
inertia are units of mass times units of length squared,
or kg-m? in ST units.

Moment of inertia may also be represented math-
ematically as

= L =mk> (7.2)
where

I = moment of inertia about axis a through the
center of gravity,

m= mass of the object, and

k, = radius of gyration about axis a through the
center of gravity.

The radius of gyration is a length measurement that
represents how far from the axis of rotation all of the
object’s mass must be concentrated to create the same
resistance to change in angular motion as the object had
in its original shape.

Whereas linear inertia is dependent on only one vari-
able (mass), angular inertia is dependent on two variables:
mass and the distribution of the mass. These two variables
do not have equal effects on the moment of inertia. The
influence of mass on angular inertia is much less than
the influence of the distribution of the mass because in
equation 7.2 the radius of gyration is squared and mass
is not. Doubling the mass of an object would double its
moment of inertia, but doubling its radius of gyration
would quadruple its moment of inertia. A batter who
switches to a longer bat will have a more difficult time
swinging it than if he switched to a heavier one.
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Moments of Inertia
About Eccentric Axes

Equations 7.1 and 7.2 define the moment of inertia of
an object about an axis through its center of gravity. If
an object is unconstrained and free to rotate about any
axis, it will rotate about an axis through its center of
gravity. But when we swing implements (rackets, bats,
sticks, and so on), we force the rotation of the implement
around another axis—an eccentric axis. An eccentric axis
is one that does not pass through the implement’s center
of gravity. How does the moment of inertia change? The
mass of the implement is definitely farther from the axis
of rotation, so the moment of inertia should increase. The
moment of inertia of an object around an axis not through
its center of gravity is defined by the following equation:

Ib=ICg+mr2 (7.3)
where

I, = moment of inertia about axis b,

AlViF PRROBLE|V!

1, = moment of inertia about axis through the center
of gravity and parallel to axis b,

m = mass of object, and

r = radius = distance from axis b to parallel axis
through the center of gravity.

An object’s moment of inertia about an axis not through
the center of gravity of the object is larger than its moment
of inertia about a parallel axis through its center of grav-
ity. The increase in size of the moment of inertia is equal
to the mass of the object times the square of the distance
from the axis of rotation to a parallel axis through its
center of gravity.

No matter what axis an object’s moment of inertia is
measured around, the distance from the mass to the axis
of rotation is the dominant influence on the size of the
moment of inertia. So, when you qualitatively assess the
moment of inertia of an object, this distance—where the
mass is relative to the object’s axis of rotation—will give
you the most information about the object’s resistance to
change in rotation.

A 0.5 kg lacrosse stick has a moment of inertia about a transverse axis through its center of gravity of 0.10
kg-m2 When a player swings the stick at an opponent, the axis of rotation is through the end of the stick,
0.8 m from the center of gravity of the stick. What is the moment of inertia relative to this swing axis?

Solution:

Step 1: Identify the known quantities.

m=0.5kg
1,=0.10 kg-m?
r=0.80 m

Step 2: Identify the unknown variable to solve for.

=9

swing :

Step 3: Search for equations with the known and unknown variables (equation 7.3).

I,=1_+mr
cg

I =Icg+mr2

swing

Step 4: Substitute the known quantities and solve for the unknown variable.

I =0.10 kg:m? + (0.5 kg)(0.8 m)? = 0.42 kg-m?

swing

Step 5: Common sense check.

Wow, the moment of inertia increased by a factor larger than four. But this makes sense because the mass

is much farther away from the axis of rotation.



Moments of Inertia
About Different Axes

While an object can have only one linear inertia (mass),
it might have more than one angular inertia (moment of
inertia), because it can rotate about many different axes
of rotation.

= An object may have more than one
moment of inertia because an object
may rotate about more than one axis
of rotation.

Try self-experiment 7.3.

Self-Experiment 7.3

Take this book and flip it so that it rotates about an axis
perpendicular to the front and back covers of the book
as you did earlier (see figure 7.1). Now take the book,
hold it so that the covers are parallel to the floor, and
flip it about an axis parallel to the spine of the book as
shown in figure 7.2. Did it take the same effort to flip
the book in both cases? No. The book was harder to flip
in the first case. Its moment of inertia is larger about an
axis perpendicular to its covers than about an axis paral-
lel to the spine.

Any object, including this book, has an infinite number
of possible axes of rotation, so it also has an infinite
number of moments of inertia. If an object is not sym-
metrical about all planes through its center of gravity,
then there will be one axis of rotation about which the
moment of inertia is largest, and there will be one axis
of rotation about which the moment of inertia is small-
est. These two axes will always be perpendicular to each
other and are the principal axes of the object. The third
principal axis of an object is the axis perpendicular to
these first two axes.

For this book, the largest moment of inertia is about
an axis perpendicular to the book cover, and the smallest

Angular Kinetics

moment of inertia is about an axis parallel to the spine of
the book. These are two of the principal axes of the book.
The third principal axis is perpendicular to these two and
is parallel to the pages of the book and perpendicular to
the spine. The three principal axes are shown in figure 7.3.

The principal axes of the human body depend on the
position of the limbs. For anatomical position (standing
with the arms at the sides), the principal axes are shown in
figure 7.4. These axes correspond to the anteroposterior,
transverse, and longitudinal axes. We cartwheel around
the anteroposterior axis, somersault around the transverse
axis, and twist around the longitudinal axis.

Manipulating the Moments
of Inertia of the Human Body

A rigid object has many different moments of inertia
because it may have many axes of rotation. But for any
one axis of rotation, only one moment of inertia is associ-
ated with that axis. The human body is not a rigid object,
though, because humans can move their limbs relative to
each other. These movements may change the distribu-
tion of mass about an axis of rotation, thus changing the
moment of inertia about that axis. A human’s moment of
inertia about any axis is variable. There is more than one
value for the moment of inertia about an axis. This means
that humans can manipulate their moments of inertia. A
figure skater spinning about a longitudinal axis with her
arms at her sides can more than double her moment of
inertia about this longitudinal axis by abducting her arms
to shoulder level.

A diver in a layout position and somersaulting about a
transverse axis can reduce her moment of inertia to less
than half that of the layout position by tucking as shown
in figure 7.5.

A sprinter flexes his leg at the knee and hip when he
angularly accelerates his leg during the swing-through.
This reduces the moment of inertia of the leg about the hip
joint, where the axis of rotation is located (see figure 7.6).

In pole vaulting, the vaulter rotates about the top end
of the pole where he grips it, and the pole itself (with the
vaulter on it) rotates about the bottom end of the pole. At
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Figure 7.2 Spin a book about an axis of rotation parallel to its spine. Is it easier or harder to spin about this axis than

about an axis perpendicular to its cover?
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y Figure 7.5 Tucking reduces the diver's moment of
inertia about her transverse axis.

Figure 7.3 The three principal axes of rotation for a
book.

Yo
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! Transverse axis

\

Anteroposterior axis

Figure 7.6 Flexing the knee and hip of the recovery
leg reduces the moment of inertia of the leg about the
sprinter’s hip joint.

— Longitudinal axis

Figure 7.4 The three principal axes of rotation for the

human body in anatomical position.



the start of the vault, the vaulter is concerned with having
the pole rotate about its bottom end so that he can land
safely on the landing mat. To make this rotation easier,
the moment of inertia about the pole’s axis of rotation
(its bottom end) must be kept small. The vaulter stays
in an extended position just after he leaves the ground,
as shown in figure 7.7a. This keeps his center of gravity

Figure 7.7 Vaulter in extended position (a) and tucked
position (b). The moments of inertia of the vaulter about
his top handgrip and the bottom of the pole differ in
these positions.

Angular Kinetics

closer to the bottom end of the pole. The pole bends,
which also shortens the distance between the vaulter’s
center of gravity and the bottom end of the pole. Both of
these actions decrease the moment of inertia of the pole
about its bottom end and facilitate the rotation of the pole
toward the landing mat. Once the vaulter is sure the pole
is going to undergo an angular displacement that will be
large enough to place him over the bar and the landing
mat, he wants to increase his rotation on the pole and
decrease the rotation of the pole. He accomplishes this by
tucking and moving his center of gravity toward his top
handgrip, which is the axis of rotation for his body (see
figure 7.7b). This decreases the moment of inertia of his
body about his top handgrip and facilitates his rotation
about that axis. On the other hand, this action increases
the moment of inertia of the pole about its axis of rotation,
because the vaulter’s center of gravity has moved farther
from the bottom end of the pole. This slows down the
rotation of the pole toward the landing mat.

Dancers, divers, gymnasts, skaters, and other athletes
regularly alter the moments of inertia of their entire
bodies or the body parts they are swinging to perform
stunts or skills more effectively.

Sport equipment designers are also aware of the
effects an implement’s moment of inertia may have on a
skill. Downhill skiers use longer skis than slalom skiers
use. The longer skis give the downhill skier greater
stability—something desirable for a skier going 60 mi/hr
down a mountain. Slalom skiers need more maneuver-
able skis—skis with a smaller moment of inertia about
the turning axis. Slalom skis are thus shorter. In archery,
compound bows have rods that protrude from the bow.
These stabilizers increase the moment of inertia of the
bow, thus helping the archer steady the bow when the
arrow is released (see figure 7.8).

Figure 7.8 The stabilizers on a compound bow help the
archer steady the bow during arrow release.
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Moments of Inertia
and Linear Velocity

In chapter 6, the advantage of using a longer striking
implement was discussed and described mathematically
by equation 6.8. Recall that

VT= wr

where

v, = instantaneous linear velocity tangent to the cir-
cular path of the point,

o = instantaneous angular velocity (measured in
radians per second), and

r = radius.

The longer radius of rotation of the striking surface of an
implement causes a larger linear velocity at the striking
end of the implement if the angular velocity is the same
as the angular velocity of a shorter implement. The if
at the end of the previous statement is a big qualifier.
Unfortunately, as the length of an implement increases,
its moment of inertia increases also. Due to the increase
in angular inertia, it becomes more difficult to acceler-
ate the implement angularly to achieve the same angular
velocity. Increasing the length of a swinging implement
to achieve a faster linear velocity at the end of the imple-
ment may not always yield the desired outcome unless
the increase in moment of inertia caused by the increase
in length is accounted for in some way.

Golf club designers have accommodated the larger
moment of inertia about the swing axis caused by the
longer lengths of woods and drivers by making them
lighter and less massive than the shorter irons. The
smaller mass of a longer club causes a reduction in the
club’s moment of inertia that almost balances the increase
in moment of inertia caused by the longer length (see
figure 7.9).

Most golf club designers have also manipulated the
moment of inertia about the twist axis of the clubs.
During a long backswing and downswing, a golfer may
inadvertently twist the club shaft so that the club face
is not square to the ball at impact. The ball may not go
where the golfer wants it to if this happens. An increase
in the moment of inertia of the club about its longitudinal
axis throughout the shaft would increase the club’s resis-
tance to twisting. Designers have increased the moment
of inertia about the twist axis by distributing more of
the mass of the club head toward the heel and toe of
the club, as shown in figure 7.10, or by increasing the
dimensions of the club head. This has resulted in cavity-
backed irons and oversized woods. This quest to increase

TLOIETY, %]

Figure 7.9 The longer club, the driver (a), has a greater
moment of inertia than the nine-iron (b), despite its
smaller mass.

the moment of inertia of the club head led to larger and
larger club heads in drivers. Some of the club heads of
these oversized drivers exceeded 500 cc in volume. The
U.S. Golf Association became so concerned about the
effect that these huge club heads was having on the game
that in 2004, it implemented a new rule that limited the
maximum volume of a club head to 460 cc.

By now, you should have a good understanding of
angular inertia and moment of inertia. They are impor-
tant elements in the angular versions of Newton’s laws
of motion, but before we discuss those versions, it’s
important to understand another important element they
include.

Angular Momentum

In chapter 3, the concept of momentum was introduced.
Linear momentum is the product of mass and velocity.
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Figure 7.10 Traditional (a) and perimeter-weighted (b) club head designs have different moments of inertia about

the twist axis (x—x) of the club.

Mathematically, linear momentum is described by equa-
tion 3.6 as

L=my
where
L = linear momentum,
m = mass, and
v = linear velocity.

Linear momentum quantifies the linear motion of an
object. Angular momentum quantifies the angular
motion of an object.

Angular Momentum
of a Rigid Body

Angular momentum is the angular analog of linear
momentum, so it is the product of the angular analog
of mass (moment of inertia) times the angular analog of
linear velocity (angular velocity). Mathematically, then,
the angular momentum of a rigid body is

D H=lo (7.4)

where
H = angular momentum about axis a,
I = moment of inertia about axis a, and
o = angular velocity about axis a.

Angular momentum is abbreviated with the letter H. The
units for angular momentum are kilogram meters squared
per second (kg-m?s). Angular momentum is a vector
quantity, just like linear momentum, so it has size and
direction. The direction of angular momentum is the same
as the direction of the angular velocity that defines it.
The right-hand thumb rule is used to determine direction.

Linear momentum depends on two variables: mass and
velocity. But the mass of most objects does not change;
it is not variable. Changes in linear momentum thus
depend on changes in only one variable: velocity. Angular
momentum also depends on two variables: moment of
inertia and angular velocity. For rigid objects, changes
in angular momentum also depend on changes in only
one variable—angular velocity—because the moment
of inertia of a rigid object does not change. For nonrigid
objects, however, changes in angular momentum may
result from changes in angular velocity or changes in
moment of inertia, or both, because angular velocity and
moment of inertia are both variable.
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Angular Momentum
of the Human Body

Equation 7.6 mathematically defines angular momentum
and seems simple, but does it adequately explain how the
angular momentum of the human body is determined? If
the body acts as a rigid object, so that all the body seg-
ments rotate with the same angular velocity, this angular
velocity is used as w and the moment of inertia of the
whole body is used as [ in equation 7.4.

What if some limbs rotate at different angular veloci-
ties than other limbs? How is the angular momentum of
the body determined then? Mathematically, the angular
momentum about an axis through the center of gravity of
a multisegment object such as the human body is defined
by equation 7.5 (and illustrated in figure 7.11):

H =X(w,+mr, o, ) (7.5)

i ifcg T ilcg

where

H = angular momentum about axis a through the
center of gravity,

Figure 7.11 Terms used to compute the angular
momentum of the human body (for only one segment,
the right forearm).

¥ = summation symbol,

I, = moment of inertia of segment i about its own
center of gravity,

o, = angular velocity of segment i,
m, = mass of segment i,

r... = distance from center of gravity of segment i to
ilcg

center of gravity of entire body, and

o, = angular velocity of r, about the center of
cg ifcg

gravity of entire body.

Wow! Equation 7.5 is too complicated to understand
easily or use in qualitative analyses in coaching or
teaching. Instead, the following gross approximation is
a more useful representation of the angular momentum
of the entire body:

H, =XH)=Xx(,o) (7.6)
=(w),, +U0), + (Ia))':]gg+ (lw), e (), .
where

H = angular momentum about axis a through the
center of gravity,

% = summation symbol,

H, = angular momentum of segment i about the
entire body’s center of gravity,

1, =1=moment of inertia of segment i about the

entire body’s center of gravity, and
o, = angular velocity of segment i.

In other words, the sum of the angular momenta of all
the body segments gives an approximation of the angular
momentum of the entire body.

Let’s examine the body’s actions during running.
The left arm swings backward as the right arm swings
forward. The left leg swings forward as the right leg
swings backward. What is the angular momentum of
the runner about a transverse axis (left to right) through
the runner’s center of gravity? Using the right-hand
thumb rule, with the positive direction of the axis to the
left, the angular momentum of the left arm is positive,
the angular momentum of the right arm is negative, the
angular momentum of the right leg is positive, and the
angular momentum of the left leg is negative. The trunk
isn’t rotating, so its angular momentum is zero. If we use
equation 7.6 to approximate the total angular momentum
of the body, it would appear that the angular momenta of
the arms sum to zero (they cancel each other out) and the



angular momenta of the legs sum to zero also. The total
angular momentum of the body is zero.

Angular Interpretation
of Newton’s First Law
of Motion

For linear motion, Newton’s first law states that every
body continues in its state of rest, or of uniform motion
in a straight line, unless it is compelled to change that
state by forces impressed upon it. This law is sometimes
referred to as the law of inertia. We learned in chapter 3
that this law may also be interpreted as the conservation
of momentum principle. The momentum of a body is
constant unless a net external force acts on it.

The angular equivalent of Newton’s first law may be
stated as follows: The angular momentum of an object
remains constant unless a net external torque is exerted
on it. For a rigid object whose moments of inertia are con-
stant, this law implies that the angular velocity remains
constant. Its rate of rotation and its axis of rotation do not
change unless an external torque acts to change it. Try
self-experiment 7.4 to demonstrate this law.

=) The angular momentum of an object
remains constant unless a net exter-
nal torque is exerted on it.

Self-Experiment 7.4

Throw your pen up in the air and give it a flip as you
release it so it rotates end over end. As the pen falls,
does its angular velocity change? Does its rotation speed
up or slow down after you've released it? Does the axis
of rotation change direction? The answer to all of these
questions is no. The angular momentum of the pen was
constant because no external torque acted on it once it
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was in the air. What about the force of gravity? Doesn't it
create an external torque on the pen? The force of gravity
(the weight of the pen) acts through the center of gravity
of the pen. Once it leaves your hand, the pen becomes
a projectile, and the axis of rotation of a projectile is
through its center of gravity. The force of gravity can't
create a torque on the pen since the moment arm of the
force of gravity is zero (see figure 7.12).

For a single rigid body, the angular version of New-
ton’s first law seems rather simple. But what about a
system of linked rigid bodies? How does the angular
version of Newton’s first law apply to the human body?
The angular momentum of the human body is constant
unless external torques act on it. Mathematically, this
can be represented as

Ht.=1ia)i=lfwf=Hf (7.7)
where

H = initial angular momentum,

H = final angular momentum,

I = initial moment of inertia,

1 = final moment of inertia,

o, = initial angular velocity, and

, = final angular velocity.

Because the body’s moment of inertia is variable and can
be changed by altering limb positions, the body’s angular
velocity also changes to accommodate the changes in the
moment of inertia. In this case, Newton’s first law does
not require that the angular velocity be constant, but rather
that the product of the moment of inertia times the angular
velocity be constant if no external torques act. For this
to occur, any increases in moment of inertia created by

+ cg ‘ §>-

w

Figure 7.12 The force of gravity (W) acting on a pen flipped into the air does not create a torque on the pen because
the moment arm of the weight around the axis of rotation (the center of gravity) is zero.
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the person moving limbs farther from the axis of rota-
tion cause decreases in angular velocity to keep angular
momentum constant. Likewise, any decreases in moment
of inertia created by the person bringing limbs closer to
the axis of rotation require increases in angular velocity to
keep angular momentum constant. Even though angular
momentum remains constant in situations in which no
external torques act, athletes may change their angular
velocities by changing their moments of inertia.

—> Newton'’s first law does not require
that the angular velocity be constant.

Conservation of angular momentum is well demon-

strated by a figure skater doing a spin. The torque created
by friction between the ice and the skates is minimal

AlViF PRROBLE|V!

and may be ignored. As a skater begins a spin, one leg
and both arms may be held up and away from the body.
The skater thus has a large moment of inertia about the
longitudinal axis. As the spin progresses, though, the
skater adducts the arms and legs, bringing them closer to
the body, thus reducing the moment of inertia. Angular
momentum remains the same, so the reduction in the
moment of inertia must be accompanied by an increase
in angular velocity, which is exactly what happens to
the skater.

Gymnasts, figure skaters, dancers, divers, and other
athletes use this principle of conservation of angular
momentum to control their angular velocities when
somersaulting and twisting. A gymnast tucks her body
to speed rotation. A figure skater abducts his arms to
slow down his spin. A dancer adducts her arms to speed

A 60 kg diver has an angular velocity of 6 rad/s about her transverse axis when she leaves the board in a
layout position. When she tucks, her angular velocity increases to 24 rad/s. If her moment of inertia is 15
kg-m? in the layout position, what is her radius of gyration in the tuck position?

Solution:

Step 1: Identify the known quantities and quantities that can be computed.

m = 60 kg
o = 6 rad/s
o, . =24radls
I =15kgm?

layout

Step 2: Identify the unknown variable to solve for.

k

tuck ~— °

Step 3: Search for the equation with the known and unknown variables (equation 7.7).

Hl.=1iwi=1fw =H

! f
(Iw)layout = (Iw)tuck
(Iw), = (mk*ew)

layout tuck

Step 4: Substitute the known quantities and solve for the unknown quantity.

(15 kg-m?)(6 rad/s) = (60 kg)(24 rad/s) k°,

kK = (15 kg-m?)(6 rad/s) / (60 kg)(24 rad/s) = 0.0625 m>

tuck

k =025m

tuck

Step 5: Common sense check.

This makes sense. The radius of gyration is small in the tuck position.



up her spin. A diver extends from a pike to slow down
somersaulting.

Another way athletes make use of this principle is not
to control the angular velocity of their entire body, but
to control the individual angular velocities of their limbs
or trunk. This situation is best described by combining
equation 7.6, which describes an approximation of the
angular momentum of the entire body when its segments
act independently, with equation 7.7, which explains the
angular version of Newton’s first law. Combining these
gives us

Hi = I:(Ia))r.arm + (Iw)l.arm + (Ia))xleg+ (Iw)l.leg+
(Iw)trunk] initial
= [(Iw)narm + (Iw)l.arm + (Iw)xleg + (Ia))ljeg +
(Iw)tmnk]ﬁnal = Hf (7'8)
where

H, = initial angular momentum of entire body,
H = final angular momentum of entire body,

I = moment of inertia of segment about the entire
body’s center of gravity, and

o = angular velocity of segment.

Consider the hurdler shown in figure 7.13. When the
hurdler leaves the ground during the hurdling stride, his
angular momentum about a longitudinal axis through his
center of gravity is zero. Because the hurdler becomes
a projectile once his foot leaves the ground, no external
torques act on him, and his angular momentum remains
constant, in this case at zero. During the flight over the
hurdle, the hurdler must swing his trailing leg (his left
leg in this case) over the hurdle very quickly. When he
does this, the trailing leg has a large angular momen-
tum because it has a large angular velocity and a large
moment of inertia about the longitudinal axis through the
hurdler’s center of gravity. But the hurdler’s total angular
momentum is still zero because no external torque has
acted on him. This means that the angular momentum
of some other body part or parts must be in the opposite
direction to keep the angular momentum of the entire
body zero. The hurdler’s right arm swings in the opposite
direction, but its angular momentum is not large enough
to counter the angular momentum of the trailing leg. The
trunk also turns slightly in the opposite direction of the
trailing leg. Because the trunk is bent over, it has a large
moment of inertia relative to the longitudinal axis. The
angular momentum of the trunk along with the angular
momentum of the right arm are enough to counter the
angular momentum of the trailing leg.

Angular Kinetics

Figure 7.13 The angular momentum of the hurdler’s
trail leg must be countered by the angular momentum
of the arms and trunk.

If the hurdler swings the trailing leg too far to the left
(i.e., if the trailing leg is too extended when the hurdler
swings it over the hurdle), it will have a very large angular
momentum due to its large moment of inertia. In such
a case, the arms and trunk must swing too far in the
opposite direction to counter this angular momentum,
and the hurdler is likely to fall. The technique that better
hurdlers use is to flex the trailing leg and keep it as close
to the body as possible when clearing the hurdle. Another
advantage is that a more tightly tucked trailing leg has
a smaller moment of inertia about the hip and can thus
be moved more quickly. Similar strategies are used by
long jumpers, runners, skiers, gymnasts, bronco riders,
and other athletes to prevent loss of balance when one
body part has too much angular momentum relative to
the other parts.
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Angular Interpretation
of Newton’s Second Law
of Motion

Newton’s second law of motion describes what happens
when external forces do act on an object. It states that
the change in motion of an object is proportional to the
force impressed and is made in the direction of the straight
line in which the force is impressed. Stated more simply,
this law says that if a net external force is exerted on an
object, the object will accelerate in the direction of the net
external force, and its acceleration will be proportional
to the net external force and inversely proportional to
its mass. Recall from chapter 3 that this law is stated
mathematically by equation 3.18 as

XF=ma
where
Y F = net external force,
m = mass of the object, and
a = linear acceleration of the object.

The angular analog of Newton’s second law of motion
may be stated as follows: The change in angular momen-
tum of an object is proportional to the net external torque
exerted on it, and this change is in the direction of the
net external torque. The net external torque exerted on
an object is proportional to the rate of change in angular
momentum. For a rigid object with constant moments of
inertia, we can state this law more simply by substituting
torque for force, angular acceleration for acceleration,
and moment of inertia for mass in the linear version of
this law: If a net external torque is exerted on an object,
the object will accelerate angularly in the direction of
the net external torque, and its angular acceleration will
be directly proportional to the net external torque and
inversely proportional to its moment of inertia. Math-
ematically, for a rigid object with constant moments of
inertia, this law is stated as

=) T =Ig, (7.9)
where
2T = net external torque about axis a,

I = moment of inertia of the object about axis a,
and

a,, = angular acceleration of the object about
axis a.

If the external torques acting on an object do not sum to
zero, the object will experience an angular acceleration
in the direction of the net torque. Its angular velocity
will speed up or slow down, or its axis of rotation will
change direction. If an object’s angular velocity or axis
of rotation changes, a net external torque must be acting
on the object to cause the angular acceleration.

:) The change in angular momentum
of an object is proportional to the
net external torque exerted on it,
and this change is in the direction
of the net external torque. The net
external torque exerted on an object
is proportional to the rate of change
in angular momentum.

For a nonrigid object with a variable moment of
inertia, equation 7.9 does not apply. In this case, the net
external torque equals the rate of change of momentum.
Mathematically, this can be expressed for average net
torque as follows:

— AH, (Hf—Hl.)
2T, N~ A (7.10)

where
ETa = average net external torque about axis a,
AH = change in angular momentum about axis a,
H = final angular momentum about axis a,
H = initial angular momentum about axis a, and
At = change in time.

A net external torque acting on a nonrigid object with
variable moments of inertia will cause a large and quick
change in angular momentum if the net torque is large,
and a small and slow change in angular momentum
if the net torque is small, provided the torques act for
equal time intervals. The change in angular momentum
may be seen as (1) a speeding up or slowing down of the
object’s angular velocity, (2) a change in the direction
of the axis of rotation, or (3) a change in the moment of
inertia. The angular acceleration of the object or a change
in its moment of inertia does not necessarily indicate
the presence of a net external torque, because the total
angular momentum of a nonrigid object may remain
constant even if it angularly accelerates or if its moment
of inertia changes.

As with the linear version of Newton’s second law, the
angular version indicates only what happens at an instant



in time when a net torque acts. In most sports and human
movements, we are more concerned with the final out-
come of external torques acting on an athlete or implement
over some duration of time. The impulse—-momentum
relationship provides us with this information.

Angular Impulse
and Angular Momentum

Linear impulse is the product of force times the duration
of that force application. The impulse produced by a net
force causes a change in momentum of the object that the
net force acts on, as indicated by equation 3.25:

TFAt= m(vf— v)

Impulse = change in momentum
where
YF = average net force acting on an object,
At = interval of time during which this force acts,
m = mass of object being accelerated,

v, = final velocity of the object at the end of the time
interval, and

v, = initial velocity of the object at the beginning of
the time interval.

The angular analog of the impulse-momentum rela-
tionship may be derived from equations 7.10 and 3.25:

AH, (Hf_Hi)

3T, =—2="=
At At
= T At=(H-H), (7.11)
Angular impulse = Change in angular momen-
tum
where

2]_"[’ = average net external torque about axis a,
At = time interval during which this force acts,

AH = change in angular momentum about axis
a,

H = final angular momentum about axis a, and
H_ = initial angular momentum about axis a.

In many sport skills, the athlete must cause a change in
the angular momentum of the entire body or an implement
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or individual body part. The angular impulse—momentum
relationship shown in equation 7.11 indicates how this
is accomplished. A larger external torque acting over a
longer duration will create a larger change in angular
momentum. Larger torques can be created by using longer
moment arms, as discussed in chapter 5. Increasing the
time of application of a torque seems straightforward at
first, but it may be more difficult than it seems.

Consider how a dancer or gymnast initiates a spin
or twist on the floor. The axis of rotation for the twist-
ing action is a longitudinal axis that passes through one
foot on the floor. The other foot pushes on the floor to
create a frictional force that creates a torque about the
longitudinal axis. This foot must be some distance away
from the twisting foot to maximize the moment arm and
the torque created. If the moment of inertia of the dancer
is small as the torque is created, the dancer begins to
turn faster and faster, and the foot must stop pushing on
the floor because it begins to rotate with the rest of the
body. How can the dancer prolong the pushing action
to create a larger impulse and thus a larger change in
angular momentum? If the dancer has a larger moment
of inertia as the torque is created, she begins to turn as a
result of the torque; but she doesn’t turn as fast, so she
has more time to push with her foot before her body has
turned far enough that the foot must come off the floor.
This prolonging of the torque application by increasing
the moment of inertia to slow down the spin results in a
larger impulse and thus a larger change in momentum.
After her foot comes off the floor, the dancer can reduce
her moment of inertia and increase her angular velocity.

Discus throwers use a similar technique. At the start of
their throwing action, they have a large moment of inertia,
but at the release of the discus, the moment of inertia is
smaller. In activities in which the goal is to spin very fast,
the athlete should start with a large moment of inertia
during the torque production period so that the duration
of torque application is maximized. This increases the
impulse and thus the change in angular momentum that
occurs. Once the torque production phase is complete, the
performer reduces the moment of inertia, and the angular
velocity increases accordingly.

Angular Interpretation
of Newton’s Third Law
of Motion

Newton’s third law of motion states that for every action
there is an equal but opposite reaction. A clearer state-
ment of this law is that for every force exerted by one
body on another, the other body exerts an equal force
back on the first body but in the opposite direction. The
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angular version of this law states that for every torque
exerted by one object on another, the other object exerts
an equal torque back on the first object but in the opposite
direction.

A point often in need of clarification regarding the
linear version of this law is that it is the forces that are
equal but opposite in direction, not the effects of the
forces. The effects of forces are often accelerations, and
the accelerations of the objects that these forces act on
depend on the masses of the objects as well as any other
forces that act on the objects.

In interpreting the angular version of Newton’s third
law, we must remember that the torques acting on the
two objects have the same axis of rotation. Also, the
effects of these torques are different because they act on
different objects. The effects of the torques depend on
the moments of inertia of the objects and whether or not
any other torques act on the objects.

One angular example of Newton’s third law involves
muscles. As discussed in chapter 5, muscles produce
torques about joints by creating forces on the limbs on
either side of the joint. The vastus group of the quad-
riceps femoris are knee extensor muscles. When these
muscles contract, they create a torque on the lower leg
that causes it to rotate (or tend to rotate) in one direction,
and they create an equal but opposite torque on the thigh
that causes it to rotate (or tend to rotate) in the opposite
direction. These two opposite rotations produce extension
at the knee joint.

Let’s look at another example of how Newton’s third
law is used. Tightrope walkers use long poles to help them
stay on the tightrope, as shown in figure 7.14. How does a

long pole help an acrobat stay balanced on the tightrope?
One way is that it can lower the center of gravity of the
acrobat and pole system as well as increase its moment
of inertia. These effects both increase the stability of
the acrobat. The most important use of the pole can be
explained using Newton’s third law. Suppose the tightrope
walker begins to fall clockwise to his left. What should he
do with his pole to help him regain his balance?

If the acrobat exerted a clockwise torque on the pole
and moved it clockwise in the same direction of his fall,
the pole would exert an equal but oppositely directed
torque on him. This torque would act counterclockwise
on the acrobat, opposite his direction of falling, and pos-
sibly move him into a position where he could regain his
balance. If the acrobat moved the pole counterclockwise
in the opposite direction of the fall, the reaction torque
exerted on the acrobat would be in the clockwise direc-
tion and would move him faster in the direction he was
falling! You can try a safer example of this for yourself
by doing self-experiment 7.5.

Self-Experiment 7.5

Stand with your toes just behind a line on the floor.
Imagine that the line on the floor is the edge of a cliff.
Imagine that you are standing right on the edge when you
lean forward too far and start to fall, so that your body
rotates counterclockwise (or in a forward somersaulting
direction). Go ahead, try it. Which way did you swing
your arms to try to catch yourself as you started to fall?
You probably swung your arms back, upward, and then
forward so that they circled in a counterclockwise direc-

-

Figure 7.14 Long poles are used by tightrope walkers to maintain their balance. By creating a torque on the pole in
one direction, the acrobat causes an equal but opposite torque to be created on him.
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tion (unless you thought too hard before trying this). Your
shoulder muscles exerted a counterclockwise torque on
your arms to cause this rotation. The reaction to this was
a clockwise torque exerted by these same muscles on
your trunk. This clockwise torque would tend to rotate
your trunk and legs clockwise or slow down their coun-
terclockwise rotation. This action might have saved you
from falling off the cliff.

The effects of equal but opposite torques produced
by muscles on different limbs can be observed in vari-
ous sports when athletes attempt to maintain balance or
position. When a gymnast loses his balance on the bal-
ance beam, you often see frantic arm swinging, which
is his attempt to regain his balance. Similar arm flailing
can be observed in ski jumpers if their forward rotation
is too much. Recreational skiers can often be seen doing
this when a bump gives them some unexpected angular
momentum.

Summary

The basics of angular kinetics, the causes of angular
motion, are explained by angular interpretations of
Newton’s laws of motion. We must understand angular
analogs of inertia and momentum to make these inter-
pretations. Angular inertia, called moment of inertia, is
an object’s resistance to change in its angular motion.
Mathematically, it is defined as the product of mass times
radius of gyration squared. Radius of gyration is a length
dimension representing, on average, how far an object’s
mass is located from an axis of rotation. Objects have
many different moments of inertia, one for each of their
possible axes of rotation. Angular momentum, like linear
momentum, is a measure of an object’s motion. Angu-
lar momentum is the product of moment of inertia and
angular velocity. It is a vector quantity that is specific for
an axis of rotation. Angular momentum may be constant
even if angular velocity varies, so long as the variation
in angular velocity is accompanied by an inverse varia-
tion in moment of inertia. The angular interpretation of
Newton’s first law says that objects do not change their

Angular Kinetics

angular momentum unless a net external torque acts on
them. The angular interpretation of Newton’s second law
explains what happens if a net external torque does act
on an object. A rigid object will accelerate angularly in
the direction of the net external torque, and its angular
acceleration will be inversely related to its moment of
inertia. For objects with variable moments of inertia, the
impulse-momentum relationship is a more applicable
angular interpretation of Newton’s second law. A net
external torque acting over some duration of time causes
a change in angular momentum in the same direction
as the net external torque. An angular interpretation of
Newton’s third law explains that torques act in pairs. For
every torque, there is an equal torque acting on another
object but in the opposite direction.

Table 7.1 gives a mathematical comparison of the
angular kinetic parameters and principles, along with
their linear counterparts. This table is an excellent sum-
mary of the elements of this chapter.

Table 7.1 Comparison of Linear and
Angular Kinetic Quantities
Symbol and
equation for
Quantity definition SI units
Inertia (mass) m kg
Force F N
Linear momentum L=my kg-m/s
Impulse TFAt N-s

Moment of inertia [=3Xmr’=mk* kgm?

Torque of momentof 7T=Fxr Nm
force

Angular momentum  H = Iw kg-m?/s
Angular impulse TTAt Nm:-s

KEY TERMS

angular impulse (p. 209)
angular inertia (p. 196)
angular momentum (p. 203)
moment of inertia (p. 197)
principal axes (p. 199)
radius of gyration (p. 197)
rotary inertia (p. 196)
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REVIEW QUESTIONS

1. Refer to the four dancers described below. The dancers have identical heights, weights, and limb
lengths. Assume that each dancer is in anatomical position unless stated otherwise.

Anna is standing on her left foot. Her right leg is abducted approximately 30° at the hip. Her left
arm is abducted 90° at the shoulder.

Bryn is standing on her right foot. Her left leg is flexed 90° at the knee. Each arm is slightly
abducted at the shoulder and fully flexed at the elbow.

Catherine is standing on her right foot. Her left leg is abducted 60° at the hip. Each arm is
abducted 90° at the shoulder.

Donna is standing on both her feet. Her left arm is flexed 180° at the shoulder so it is outstretched
over her head. Her right arm is slightly adducted past anatomical position so it crosses in front
of her body.

a. Which dancer has the largest moment of inertia about her anteroposterior (AP) axis?

b. Rank the dancers’ positions from largest to smallest moment of inertia about the longitu-
dinal axis.

c. Ifeach dancer is rotating with the same angular velocity about the longitudinal axis, which
dancer has the greatest angular momentum about the longitudinal axis?

d. If each dancer is rotating with the same angular momentum about the longitudinal axis,
which dancer is spinning the fastest about her longitudinal axis?

(D

3
; ,I

J

Anna Bryn Catherine

2. Which sprinting technique is more effective—flexing the knee of the recovery leg (the leg that
is swinging forward) more during the swing-through, or flexing the knee of the recovery leg less
during the swing-through? Why?

More knee flexion Less knee flexion
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Takeoff
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Ann performs three different dives and rotates through the same number of revolutions in the
same amount of time in all three dives. In all the dives, Ann’s positions at takeoff and just before
water entry are identical layout positions. In dive 1, she is in a layout position in midflight. In
dive 2, she is in a tuck position in midflight. In dive 3, she is in a pike position in midflight.

a. In which dive does Ann have the largest angular momentum about the transverse axis?
b. In which dive does Ann have the smallest angular momentum about the transverse axis?

c. In which dive will Ann be rotating the fastest about the transverse axis just before water

entry?
d. In which dive will Ann be rotating the slowest about the transverse axis just before water
entry?
Midflight Takeoff Midflight Takeoff Midflight

Entry Entry
Dive 1 Dive 2 Dive 3

Why are most gymnasts small in stature?

. Heidi jumps up in the air to spike the volleyball. She leaves the ground without any angular

momentum. As Heidi swings her arm forward to spike the ball, what happens to her legs if her
trunk and nonhitting arm do not rotate?

Harvey has skied over a mogul and become airborne. He has some angular momentum that is
rotating him forward (clockwise). If he continues to rotate, he will probably fall on his face in
the snow when he lands. In which direction should Harvey rotate his arms to try to prevent a fall?

7. Why do runners lean when running around a curve?

8. What is the advantage of a banked running track over a flat running track?

9. A gymnast is performing her routine on the balance beam. She is standing on her left leg and

facing forward along the long axis of the beam. Her right leg is flexed 90° at the hip and with the
knee extended. Her left arm is fully abducted 180° at the shoulder, and her right arm is abducted
120° at the right shoulder. She begins to fall to the right. What should she do with her arms to
help regain her balance?

. During the descent phase of a giant swing on the horizontal bar, a gymnast stretches himself out

and tries to maximize the distance between his grip on the bar and his center of gravity. During
the ascent phase of a giant swing, the gymnast tries to shorten this distance slightly. How do
these actions contribute to the successful execution of a giant swing?

. A freestyle aerial skier completes a helicopter 1080 in which she rotates three times around her

longitudinal axis while in the air. While performing the trick, she adducts her arms and keeps
her poles close to her sides. Just before landing, she abducts her arms. How do these actions—
adducting her arms during the trick and abducting her arms just before landing—contribute to
the successful execution of the trick?

IS

Entry
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PROBLEMS

1. A tennis racket has a mass of 0.350 kg. The radius of gyration of the racket about its longitudinal
(twist) axis is 7.2 cm, and its radius of gyration about its swing axis is 20 cm.

a. What is the moment of inertia of this racket about its longitudinal axis?
b. What is the moment of inertia of this racket about its swing axis?

2. The moment of inertia of the club head is a design consideration for a driver in golf. A larger
moment of inertia about the vertical axis parallel to the club face provides more resistance to
twisting of the club face for off-center hits. The mass of one club head is 200 g and its moment
of inertia is 5000 g cm? What is the radius of gyration of this club head?

3. A1 kg baseball bat has a moment of inertia around a transverse axis through its center of gravity
of 650 kg-cm? What is the moment of inertia of the bat about an axis through the handle of the
bat if this axis is 50 cm from the center of gravity of the bat?

cg

(7 &

M~
—
—
~
—~
-

(

Handle axis

< 50 cm >

4. The moment of inertia of the lower leg and foot about an axis through the knee joint is 0.20 kg-m?.
What is the moment of inertia of the leg and foot about the knee joint if a 0.50 kg shoe is worn on
the foot? Assume that the shoe’s mass is all concentrated in one point 45 cm from the knee joint.

Knee joint axis



10.

. Lily is a 50 kg diver. At the instant of takeoff, her angular momentum about her transverse axis

is 20 kg-m?/s. Her radius of gyration about the transverse axis is 0.4 m at this instant. During the
dive, Lily tucks and reduces her radius of gyration about the transverse axis to 0.2 m.

a. At takeoff, what is Lily’s moment of inertia about her transverse axis?

b. At takeoff, what is Lily’s angular velocity about the transverse axis?

c. After Lily tucks, what is her moment of inertia about her transverse axis?
d. After Lily tucks, what is her angular velocity about the transverse axis?

Kristen is spinning on the ice at 20 rad/s about her longitudinal axis when she abducts her arms
and doubles her radius of gyration about her longitudinal axis from 30 cm to 60 cm. If her
angular momentum is conserved, what is her angular velocity about her longitudinal axis after
she increases her radius of gyration?

The average net torque Justin exerts on a discus about its axis of spin is 100 Nm during a throw.
The mass of the discus is 2 kg, and its radius of gyration about the spin axis is 12 cm. If the
discus is not spinning at the start of Justin’s throwing action, and the throwing action lasts for
0.20 s, how fast is the discus spinning when Justin releases it?

. Tom’s leg angularly accelerates 3000°/s? around the hip joint during a roundhouse kick in the

transverse plane. The moment of inertia of the leg around the axis of rotation for this kick is 0.75
kg-m2. How large is the torque that produces this acceleration?

Doug is driving a golf ball off the tee. His downswing takes 0.50 s from the top of the swing
until ball impact. At the top of the swing, the club’s angular velocity is zero; at the instant of ball
impact, the club’s angular velocity is 30 rad/s. The swing moment of inertia of the club about the
grip is 0.220 kg-m?. What average torque does Doug exert on the golf club during the downswing?

Sarah’s twist angular momentum increases from O to 50 kg-m?/s in 0.25 s as she initiates a twist-
ing jump on the ice. During this 0.25 s, her moment of inertia about her twist axis is 2.2 kg-mZ

a. How large is the average torque that produces this change in angular momentum?

b. How fast is Sarah’s twist angular velocity at the end of the 0.25 s?
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chapter 8

Fluid Mechanics
The Effects of Water and Air

objectives

When you finish this chapter, you should be able
to do the following:

e Define relative and absolute motion
e Define buoyancy and buoyant force
* Define pressure

e Define fluid

* Explain how a fluid exerts forces on an
object moving through it

* I|dentify the components of fluid forces
e Define drag force

e Distinguish between surface drag and
form drag

* Define lift force
* Explain Bernoulli's principle
* Explain the Magnus effect

e |dentify the various factors that determine
the effect fluid forces have on an object
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You are standing in the batter's box, waiting for the next pitch. The pitcher winds
up and throws. The ball is coming at you, and it looks as though the pitcher has
thrown the ball right to the middle of the strike zone. You start your swing, antici-
pating the crack of the bat hitting the ball. Whiff! Whomp! "Strike three, you're

out!" Rather than feeling and hearing the crack of the bat hitting the ball, all you
feel is the bat slicing through air and all you hear is the thud of the ball hitting
the catcher's mitt. Just as you were visualizing the ball sailing over the left-field
fence, it seemed to swerve down and to the left. What happened? How could a
ball that seemed to be on a perfect trajectory toward the strike zone (and your
bat) swerve out of your bat's path? The answer to this question comes from fluid

mechanics.

ThIS ChCIpTeI' |S about the branch of

mechanics called fluid mechanics. Specifically, it is about
the forces that fluids exert on objects in them or moving
through them. Unlike solids, liquids and gases can flow
and change shape quickly and easily without separating,
so they are classified as fluids. The fluids we are most
concerned about in sport biomechanics are air and water.
Air is the medium we move through in all land-based
sports and human activities, and water is the medium we
move through in all aquatic sports and activities.

In swimming and other aquatic activities, fluid
forces are large, and their importance to success in these
activities is obvious. In many land-based activities, fluid
forces (air resistance) may be so small that they can be
ignored. But in other land-based activities, fluid forces
may be large enough to affect the movements of bodies
or implements or so large that they determine the out-
come of a movement skill. Consider the importance of
air resistance in the following activities: sprint running,
baseball pitching, cycling, sailboarding, discus throwing,
sailing, speed skating, downhill ski racing, hang gliding,
and skydiving. In the last two of these activities, one’s
life depends on air resistance!

Because fluid forces are fundamental for success in
aquatic sports and activities, as well as certain land-based
activities, a basic understanding of fluid forces is desir-
able. Information presented in this chapter will assist you
in gaining a basic understanding of fluid forces.

Buoyant Force: Force Due
to Immersion

Two types of forces are exerted on an object by a fluid
environment: a buoyant force due to the object’s immer-

sion in the fluid and a dynamic force due to its relative
motion in the fluid. The dynamic force is usually resolved
into two components: drag and lift forces. The buoyant
force, on the other hand, always acts vertically. A buoy-
ant force acts upward on an object immersed in a fluid.
You are probably most familiar with this principle in
connection with objects in water. For a demonstration,
try self-experiment 8.1.

—) Two types of forces are exerted on an
object by a fluid environment: a buoy-
ant force due to the object’s immer-
sion in the fluid and a dynamic force
due to its relative motion in the fluid.

Self-Experiment 8.1

Fill a bathtub or a deep sink with water. Take a basket-
ball (or any other large inflatable ball) and try to push
it into the water. Now try it again with a tennis ball (or
racquetball). Which is easier to push under water? It’s
easier to push the tennis ball under water. You may also
notice that the farther you push the ball into the water,
the larger the force you have to push with. The force
that pushed upward on the tennis ball or basketball was
buoyant force. Buoyant force seems to be related to the
size of the object immersed in water and to how much
of the object is immersed.

Pressure

Let’s see if we can explain the cause of this buoyant
force. Suppose you are in a pool of still water. As you
dive deeper and deeper into the pool, the water exerts



greater and greater pressure on you. The pressure the
water exerts is due to the weight (force) of the water above
you. But the water pressure doesn’t just act downward
on you; the water below you pushes upward on you, and
the water to either side pushes laterally on you. Water
pressure acts in all directions with the same magnitude,
as long as you stay at the same level. The deeper you go,
the greater the pressure. Pressure is defined as force per
unit area. One cubic meter (m*) of water weighs about
9800 N, so at a depth of 1 m the water pressure is 9800
N/m? At a depth of 2 m, the 2 m? of water above a 1 m
square weighs 19,600 N, so the pressure is 19,600 N/m?.
Figure 8.1a illustrates how water pressure increases
linearly with depth.

Imagine removing a cube of this water from 1 m
below the surface, as shown in figure 8.15. Draw a free-
body diagram of the cube of water as shown in figure
8.1c. What vertical forces act on the cube of water? The
water above the cube exerts 9800 N/m? pressure on top
of the cube. This pressure acting on the square-meter top
face of the cube creates a 9800 N resultant force acting
downward on the cube. Let’s represent this force with R,
for upper force, and with an arrow acting downward on
the cube. The water below the cube exerts 19,600 N/m?
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pressure on the bottom of the cube. This pressure acting
on the square-meter bottom face of the cube creates a
19,600 N resultant force acting upward on the cube.
Let’s represent this force with R, for lower force, and
with an arrow acting upward on the cube. Some forces
also act on the sides of the cube, as shown, but because
we are concerned only with the vertical forces, we won’t
try to quantify these lateral forces. Do any other vertical
forces act on the cube of water? The cube of water weighs
something, about 9800 N, because gravity exerts a force
on it. Let’s represent this force with W , for weight, and
with an arrow acting downward on the cube. If the cube
is in equilibrium and not accelerating, then according to
Newton’s second law,

YF=R +(-R)+(-W)=0 8.1)

YF=19,600 N-9800 N—-9800N=0

Sure enough, the net vertical force acting on the cube
of water is zero, so the water is in equilibrium. What
happens if we take out a cube at a depth of 4 m? At4 m,
the pressure is 39,200 N/m? (4 m x 9800 N/m?), so the
force R is 39,200 N. At 5 m, the pressure is 49,000 N/m?

im

P, = 9800 N/m2
Y.

YYVY

A A A A

P, = 19,600 N/m?

"

w

e

e

Figure 8.1 Graphical representations of the relationship between water pressure and depth (a); a 1.0 m® cube of water
in 1.0 m below the water (b); and a free-body diagram of the forces acting on the cube of water (c).



Biomechanics of Sport and Exercise

220

(5 m x 9800 N/m?), so the force R,is 49,000 N. The cube
still weighs the same, so equation 8.1 becomes

YF=R+(-R)+(-W)=0
YF = 49,000 N — 39,200 N — 9800 N = 0

No matter what depth we choose, the difference in pres-
sures at the top and bottom of the cube accounts for the
weight of the cube of water, and equation 8.1 is valid.
Buoyant force is the difference between the force
acting upward on the cube, R, and the force acting
downward on the cube, R, Ifwelet F . for buoyant force,
represent this difference, equation 8.1 becomes

YEF=R+(R)+ (=W )=0
YE=F +(=W)=0 8.2)
Fb = Ww

The size of the buoyant force is equal to the weight of the
volume of fluid displaced by the object. This principle
was discovered by the Greek mathematician Archimedes
more than 2000 years ago. He lived from 287 to 212 B.C.
Itis called Archimedes’ principle. For simplicity, you may
think of buoyant force as similar to a reaction force from
the water, but the reaction force depends on how much
water is pushed out of the way by the object.

:) The size of the buoyant force is equal
to the weight of the volume of fluid
displaced by the object.

What happens if we fill the hole made by the cube of
water we took out with a cube made of some material?
The pressure on top of the cube will still be the same
and will result in the same force, and the pressure on the
bottom of the cube will still be the same and will result in
the same force. The only difference will be in the weight
of the cube, represented by W . Applying Newton’s
second law, equation 8.2 becomes

YF=F +(W)=ma

If the cube of material weighs more than the cube of
water, the buoyant force acting upward is less than the
weight acting downward, and the cube will accelerate
downward. If the cube of material weighs less than the
cube of water, the buoyant force acting upward is more
than the weight acting downward, and the cube will
accelerate upward. If you let go of the basketball after
submerging it, this would be demonstrated clearly. If the
cube of material weighs the same as the cube of water,
the buoyant force acting upward equals the weight acting
downward, and the cube is in equilibrium. For something

to float, then, the buoyant force must equal the weight
of the object.

Specific Gravity and Density

Whether or not something floats is determined by the
volume of the object immersed and the weight of the
object compared to the weight of the same volume of
water. Specific gravity is the ratio of the weight of an
object to the weight of an equal volume of water. Some-
thing with a specific gravity of 1.0 or less will float.
Another measure that can be used to determine if a mate-
rial will float is density. Density is the ratio of mass to
volume. The density of water is about 1000 kg/m*. The
density of air is only about 1.2 kg/m?>.

m
=— (8.3)
P 1%
where
p = density,

m = mass, and

V = volume.

Buoyancy of the Human Body

Muscle and bone have densities greater than 1000 kg/
m? (specific gravities greater than 1.0), whereas fat has
a density less than 1000 kg/m?® (specific gravity less
than 1.0). These differences in density are the basis for
the underwater weighing techniques used to determine
body composition.

Someone who has low body fat can still float, because
the lungs and other body cavities may be filled with air
or other gases that are much less dense than water. A
forced exhalation of the air out of the lungs may cause a
lean person to sink, however. The volume of your chest
increases when you inhale and decreases when you
exhale, so you actually have some control over the total
density of your body. To increase your buoyancy, increase
your volume by inhaling forcibly. To decrease your
buoyancy, decrease your volume by exhaling forcibly.

Most people are able to float if they take a large breath
and hold it. But why is it so difficult to float with your
legs horizontal? If you try to float on your back with your
legs horizontal, you will notice that your legs will drop
or your entire body will rotate toward a more vertical
orientation, as shown in figure 8.2.

The reason the body rotates to a more vertical position
or the legs drop is that the buoyant force and the force of
gravity are not colinear. The line of action of the buoyant
force is through the center of volume of the body rather
than through the center of gravity. For many objects (the
basketball, for instance), these two points coincide, but



Figure 8.2 When the body is floating
horizontally in the water (a), the weight
and buoyant force are not aligned, thus
creating torque. When the legs are par-
tially submerged (b), the weight and
buoyant force are aligned, creating a
more stable floating position.

for objects with parts that have different densities, this
may not be the case. Because your legs (mostly muscle
and bone) are more dense than your abdomen and chest
(lots of cavities filled with air or other gases), the center
of volume of your body is farther toward your head than
your center of gravity is. The conditions for equilibrium
are not met when you try to hold your legs horizontal,
because the buoyant force and the gravitational force
create a torque. The net torque acting on the body is not
zero, so rotation occurs until these forces align and the
torque is zero.

Buoyant force is a significant force for activities in the
water, but what about land-based activities? Does the air
exert a buoyant force? To answer this question, consider a
helium balloon, a hot-air balloon, or a blimp. What force
keeps these things from falling? Air does exert a buoyant
force, but the size of this force is very small unless the
volume of air displaced is very large. The density of air
(at sea level) is approximately 1.2 kg/m? (a weight density
of 11.8 N/m?). A normal-sized 80 kg human being has a
volume of approximately 1/12 of a cubic meter, so the
buoyant force exerted by air on an 80 kg human body is
approximately 1 N = (1/12 m?) (11.8 N/m?). This is about
0.2 Ib, an amount so small compared to our weight that
we can ignore it.

Dynamic Fluid Force: Force
Due to Relative Motion

Buoyant force is the vertical force exerted on an object
immersed in a fluid. It is present whether the object is
at rest or is moving relative to the fluid. When an object
moves within a fluid (or when a fluid moves past an

Fluid Mechanics

object immersed in it), dynamic fluid forces are exerted
on the object by the fluid. The dynamic fluid force is
proportional to the density of the fluid, the surface area
of the object immersed in the fluid, and the square of the
relative velocity of the object to the fluid. Equation 8.4
summarizes this relationship:

F o pAv? 8.4
where

o = is proportional to,

F = dynamic fluid force,

p = fluid density,

A = surface area of the object, and

v = relative velocity of the object with respect to the
fluid.

In equation 8.4, fluid density and object surface area
are linear terms; an increase in either will cause a pro-
portional increase in the dynamic fluid force. If the area
doubles, the dynamic fluid force doubles. If the fluid
becomes three times as dense, the dynamic fluid force
becomes three times larger. The relative velocity term in
equation 8.4 is not linear, it is squared; so if the relative
velocity doubles, the dynamic fluid force quadruples
(22). If the relative velocity becomes three times as fast,
the dynamic fluid force becomes nine (3?) times larger.
Figure 8.3 demonstrates these relationships. Relative
velocity is obviously the most important factor in deter-
mining dynamic fluid forces, so before we go further, an
explanation of relative velocity is in order.
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Figure 8.3 The relationship between dynamic fluid
force and object area, fluid density, and relative velocity.

:) The dynamic fluid force is propor-
tional to the density of the fluid, the
surface area of the object immersed
in the fluid, and the square of the
relative velocity of the object to the
fluid.

Relative Velocity

When we consider the dynamic fluid forces acting on
an object, we must take into account the velocity of the
object as well as the velocity of the fluid itself. Relative
velocity is used to represent the effects of these two
absolute velocities. Relative velocity is the difference
between the object’s velocity and the fluid’s velocity.
Suppose you were standing still on a running track and
the wind was blowing in your face at 5 m/s (see figure
8.4a). The relative velocity is the difference between your
velocity and the wind’s velocity: 0 m/s — (=5 m/s) = 5
m/s. (Let’s assume the positive direction is the direction
that you were facing. Because the wind was blowing
opposite to this direction, we indicate its velocity with
a negative sign.) Now suppose there was no wind and
you were running down the track at 5 m/s. The relative
velocity is the difference between your velocity and the
wind’s velocity: 5 m/s — 0 m/s = 5 m/s (see figure 8.4D).
The wind that you feel on your body would be the same

in both cases. In one case, the air was moving at 5 m/s,
and in the other case, you were moving at 5 m/s; but the
fluid forces produced by the air were identical.

Suppose the wind was blowing in your face at 5 m/s
and you were running at 5 m/s (see figure 8.4c). What is
the relative velocity? The relative velocity is again the
difference between your velocity and the wind’s veloc-
ity: 5 m/s — (=5 m/s) = 10 m/s. What if the wind was
blowing at your back at 5 m/s and you were running at
5 m/s (see figure 8.4d)? The relative velocity would be
S m/s—5m/s =0m/s.

Quantitatively, to determine relative velocity, we take
the difference between the object’s absolute velocity
and the fluid’s absolute velocity. Qualitatively, you can
consider relative velocity as follows. If you are sitting
on the object that is moving through the fluid, how fast
does the fluid move past you? The velocity of the fluid
moving past you is the relative velocity of the fluid with
respect to the object.

Drag Force

For practical reasons, the dynamic fluid force that results
from motion within a fluid is commonly resolved into
two components: the drag force and the lift force. Figure
8.5 illustrates the resolution of the dynamic fluid force
into lift and drag components.

=) The dynamic fluid force that results
from motion within a fluid is com-
monly resolved into two components:
the drag force and the lift force.

Drag force, or drag, is the component of the resultant
dynamic fluid force that acts in opposition to the relative
motion of the object with respect to the fluid. A drag force
will tend to slow down the relative velocity of an object
through a fluid if it is the only force acting on the object.
Drag force is defined by equation 8.5:

1
FD = ECDPAVZ (8-5)

where
F,= drag force,
C, = coefficient of drag,
p = fluid density,

A = reference area (usually the cross-sectional
area of the object perpendicular to the relative
velocity), and

v =relative velocity of the object with respect to
the fluid.
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Figure 8.4 Relative velocity between a runner and
the wind.

a b
Vre/ vre/
FD
(Fluid
drag
force)
F, —
(Resultant
dynamic
fluid force)
FL
(Fluid
w v lift Vw
(Weight) force)

Figure 8.5 The resultant dynamic fluid force (F,) acting on an object (a); the drag (F,) and lift (F) components of this
force (b).

223



Biomechanics of Sport and Exercise

224

Qualitatively, drag force can be considered in the follow-
ing way. Drag is the backward force that the molecules of
the fluid exert on the object moving relative to the fluid.
According to Newton’s third law, an equal but opposite
force is exerted by the object on the molecules of the
fluid. The size of the drag force is thus proportional to
the acceleration (slowing down) of the fluid molecules
as they pass the object, as well as to the mass of the mol-
ecules that are slowed down. The greater the decrease in
velocity of the molecules and the faster the rate of this
decrease, the greater the total drag.

Drag forces are produced by two different means:
surface drag and form drag. Surface drag may be thought
of as equivalent to the sum of the friction forces acting
between the fluid molecules and the surface of the object
(or between the fluid molecules themselves). Form drag
may be thought of as equivalent to the sum of the impact
forces resulting from the collisions between the fluid
molecules and the object.

) Drag forces are produced by two
different means: surface drag and
form drag.

Surface Drag

Surface drag is also called skin friction or viscous drag.
As a fluid molecule slides past the surface of an object,
the friction between the surface and the molecule slows
down the molecule. On the opposite side of this molecule
are fluid molecules that are now moving faster than this
molecule, so these molecules are also slowed down as
they slide past the molecules closest to the object. These
molecules, in turn, slow down the molecules next to them.
So the surface drag is proportional to the total mass of
the molecules slowed down by the friction force and the
average rate of change of velocity of these molecules.
The size of the surface drag is affected by the factors
included in equation 8.5: the coefficient of drag, the
density of the fluid, the cross-sectional area of the object,
and the square of the relative velocity. The coefficient
of drag is influenced by several other factors associated
with surface drag. The roughness of the surface is one
of these factors. Rougher surfaces create larger friction
forces between the fluid molecules and the object. Thus
the equipment used and the clothing worn by athletes
in many activities are smooth so as to reduce surface
drag (figure 8.6). Examples of items that reduce surface

Figure 8.6 Athletes in certain sports wear skintight apparel to reduce surface drag.



drag in sport include the sleek, skintight suits worn by
speed skaters, cyclists, downhill skiers, lugers, and even
sprint runners. Swimmers shave their bodies to reduce
surface drag.

The coefficient of drag is also influenced by the
viscosity of the fluid associated with surface drag. Vis-
cosity is a measure of the internal friction between the
layers of molecules of a fluid or the resistance of a fluid
to shear forces. Slower-flowing fluids are more viscous
than faster-flowing fluids. Motor oil is more viscous than
water, which is more viscous than air. Larger friction
forces between the fluid and the surface of an object
moving through it are created by fluids with greater vis-
cosity, so surface drag increases with increased viscosity.
Because most athletes have no control over the properties
of the fluid they move through, examples of ways to make
changes in fluid viscosity in sport are rare.

Form Drag

Besides surface drag, form drag is the other means by
which drag is produced. Form drag is also called shape
drag, profile drag, or pressure drag. As a fluid molecule
first strikes the surface of an object moving through it, it
bounces off; but then the molecule strikes another fluid
molecule and is pushed back toward the surface of the
object. Thus the molecule will tend to follow the curvature
of the object’s surface as the object moves past it. Because
a change in direction is an acceleration, the object must
exert a force on the molecule to change its direction. The
molecule, in turn, exerts an equal but opposite force on
the object as it changes direction. The larger the changes
in direction, the larger the forces exerted.

On the leading surfaces of the object, the forces
exerted by the fluid molecules have components directed
toward the rear of the object. These forces contribute to
the form drag. On the trailing surfaces of the object, the
forces exerted by the fluid molecules have components
directed toward the front of the object. These forces
reduce the form drag; however, these forces are present
only if the fluid molecules stay close to the surface of
the object and press against it. This occurs during what is
known as laminar flow as shown in figure 8.7a. The lines
and arrows in this figure represent the paths followed by
molecules of the fluid as they pass by the object. But if
the change in the surface curvature is too large or the rela-
tive velocity is too fast, the impact forces between fluid
molecules are not large enough to deflect the molecules
back toward the surface, and the molecules separate from
the surface. Turbulent flow results, and the molecules
no longer press against the surface of the object. If the
fluid molecules are not pressing against the trailing sur-
face of the object, then nothing is, and a vacuum may be
created behind the object. Less force (or no force at all)

Fluid Mechanics
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Figure 8.7 Examples of objects experiencing laminar
flow (a) and laminar and turbulent flow (b).

is thus exerted against the trailing surfaces of the object.
The difference between these forward- and backward-
directed forces is form drag. Form drag thus increases
as the amount of turbulent flow increases. Figure 8.7
shows an example of an object experiencing laminar and
turbulent flow.

As with surface drag, the size of the form drag is
affected by the factors included in equation 8.5: drag
coefficient, density of the fluid, cross-sectional area of
the object (frontal area), and the square of the relative
velocity. The drag coefficient is influenced by several
other factors associated with form drag as well. The shape
of the object has the greatest influence on the form drag
contribution to the drag coefficient. To minimize turbulent
flow, the fluid molecules have to follow the shape of the
object. If the molecules must change direction quickly,
large forces are required to cause this acceleration, so the
reaction forces that the molecules exert against the object
are large, or turbulence occurs. To reduce form drag,
then, the surface of an object should curve gently or be
“streamlined,” without any protrusions or rough spots. An
aerodynamic or streamlined shape is one that is long in the
direction of flow so that the surface curvature of the object
is gentle and not sudden. The tail of the streamlined object
essentially fills up the vacuum or empty space created by
the turbulent flow. An illustration of nonstreamlined and
streamlined shapes is presented in figure 8.8, along with
examples of how athletes adopt streamlined positions or
use equipment with streamlined shapes.
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Figure 8.8 Examples of nonstreamlined and streamlined shapes that affect the magnitude of form drag.

Like surface drag, form drag is influenced by surface
texture. A rough surface causes turbulent flow at lower
velocities than a smooth surface does. Because turbu-
lence increases form drag, in most cases an object with
a rougher surface will experience greater form drag than
will an object with a smoother surface.

Sometimes, however, a rougher surface actually
decreases form drag. The reason for this paradox is the
turbulent flow induced by the rough surface. When tur-
bulent and laminar flow are present, form drag is large
due to the difference in pressure (and thus forces) pushing
against the leading and trailing surfaces of the object.



When turbulent flow occurs at the leading surface of the
object and all the flow around the object is turbulent, form
drag actually decreases. How does this happen? When
the fluid flow around the object is completely turbulent, a
layer of turbulent fluid surrounds the object and is carried
along with it. The flow of the rest of the fluid is laminar.
This laminar-flowing fluid doesn’t exert much drag force
on the object and its layer of turbulent fluid. Figure 8.9
illustrates this concept. The dimples on a golf ball reduce
the form drag that the ball experiences by creating a layer
of turbulent air around it. The fuzz on a tennis ball and
the stitches on a baseball may produce the same effect.

Strategies for Reducing Drag Force

In many sports, athletes want to minimize drag forces to
maximize their performance. Equipped with our knowl-
edge of the sources of drag forces, let’s summarize the
ways athletes can reduce drag force by examining the
variables in equation 8.5, which is repeated here:

1
FD = ECDPAVZ

where
F,= drag force,
C, = coefficient of drag,
p = fluid density,

A = reference area (usually the cross-sectional area
of the object perpendicular to the relative velocity),
and

v = relative velocity of the object with respect to the
fluid.

Laminar flow

Turbulent

Figure 8.9 A rough surface might decrease form drag
by creating a layer of turbulent flow completely surround-
ing the object on the leading and trailing edges. Outside
of this turbulent layer is laminar flow.
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Four variables appear in equation 8.5: drag coefficient,
fluid density, area of the object, and relative velocity.
Fluid density is usually not considered to be a variable
under the athlete’s control. However, record attempts in
cycling and in track and field events have been specifi-
cally planned at high-altitude locations where air density
is lower. An athlete may also attempt to control this vari-
able by choosing warm-weather competitions, because
warmer air is less dense than cooler air, and humid air is
less dense than dry air.

Athletes do have several means of reducing the drag
coefficient of their bodies and equipment. One way is
to make the body surfaces and clothing (or equipment)
smoother. Another way is to streamline the shape of the
body or equipment. For the athlete, positions that put
the body or parts of the body in an elongated orientation
relative to the fluid flow will reduce form drag. Cyclists,
swimmers, speed skaters, downhill skiers, and lugers all
manipulate their positions to reduce form drag. A third
way is to reduce the total surface area exposed to the flow,
which reduces surface drag. Swimmers (and other aquatic
athletes) may also have one other means of reducing
the drag coefficient: choosing pools with warmer water.
‘Warmer water is less viscous (and thus creates less surface
drag) than cooler water.

The contributions of form drag and surface drag to the
total drag force vary with velocity. Form drag accounts
for most of the drag force at faster velocities, whereas
surface drag accounts for most of the drag force at slower
velocities. One must consider this difference when
deciding on strategies to use in reducing drag. Exposing
a smaller surface area to the fluid flow will reduce sur-
face drag, yet streamlining a shape to reduce form drag
usually involves an increase in surface area. If you are
moving (or your equipment is moving) through the fluid
at fast speeds (greater than 10 m/s or 20 mi/h [32 km/h]
in the air), go for the streamlined shape. Otherwise, try
to reduce the surface area.

—) Form drag accounts for most of
the drag force at faster velocities,
whereas surface drag accounts for
most of the drag force at slower
velocities.

The cross-sectional (or frontal) area of the athlete or
equipment may also be controlled to some extent. Basi-
cally, the athlete wants to reduce the frontal area exposed
to the flow. Most of the streamlined positions taken to
reduce form drag in the preceding examples also reduce
frontal area. Besides making the surface smoother, skin-
tight clothing also reduces frontal area. Compare a baggy
T-shirt and shorts to a Lycra bodysuit. Athletes orient the
implements they use in various sports to minimize frontal
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area. A football is thrown so that the airflow is along its
long axis, and similar orientations are used with a javelin,
discus, or Frisbee. These orientations minimize drag.
Relative velocity is the last variable in equation 8.5.
Because this term is squared, it has the greatest effect on
drag force, so it is the most important variable that the
athlete can control. But how can athletes control this vari-
able to minimize drag—when it’s their velocity that they
want to maximize? One way is to time a performance.
Running velocity is an important determinant of success
for long jumpers, triple jumpers, and pole-vaulters. The
rules for track and field put limits on the time an athlete
has to initiate a jump. It is usually 1 min, and most athletes
use this time to wait for a tailwind to pick up (or for a
headwind to slow down). For the same reason, track and
field meet promoters often choose to run the straightaway
races in the direction of the prevailing winds. However,
records in the long jump, the triple jump, and the short
sprints and hurdles do not count if the wind velocity in
the direction of the jump or sprint is greater than 2.0 m/s.
Runners, cyclists, and swimmers use another way to
reduce the relative velocity. Runners and cyclists rely on a
teammate or opponent to lead the race, and they draft the
leader. Swimmers may ride the wake of another swimmer
who is leading them. In these cases, the fluid has been
disturbed by the person leading. The relative velocity of
the fluid passing the trailing athlete is thus much lower,
and the drag forces exerted on this athlete are smaller.
Athletes must run or ride very close to the athlete in front
of them to maximize this effect, however. An athlete who
leads a cycling or running race is doubly disadvantaged
by this tactic. First, the leading athlete must work harder
because the drag force is larger due to the faster relative
velocity of the fluid. And second, the athletes behind the
leader (if they can stay close enough) don’t have to work
as hard because the drag force is lower due to the slower
relative velocity of the fluid. These athletes are thus more
likely to sprint past the leader at the end of the race!

Strategies for Increasing Drag Force

In some instances, athletes want to increase drag force.
They manipulate their bodies or use implements that
increase form or surface drag or both. Paddles and oars are
designed to increase drag force in order to propel the boat
or shell. Parachutes are designed to increase drag force to
an amount large enough to reduce the downward velocity
of a parachutist to a safe speed for landing. Kite surfers
use kites similar to parachutes to propel them over waves
and across the water. Injured athletes may “run” in a pool
as part of their rehabilitation routine or as cross-training
even if they are healthy. The shoes shown in figure 8.10
are designed for underwater running exercise. Notice the
“gills” on the sides of the shoes. The “gills” increase the
resistance that the athlete must overcome as the foot is

Figure 8.10 The "gills" or scoops on the AQx water
exercise shoes create a drag force as the foot is pulled
through the water.

pulled through the water. This resistance is produced by
the drag force resulting from the shoe’s “gills.” Swimmers
also use drag force to propel them through the water,
but the drag force might also be combined with another
dynamic fluid force, lift force, to produce a resultant

propulsive force on the swimmer.

Liftf Force

Lift force is the dynamic fluid force component that acts
perpendicular to the relative motion of the object with
respect to the fluid. Rather than opposing the relative
motion of the object through the fluid, the effect of lift
force is to change the direction of the relative motion of
the object through the fluid. The word /ift implies that the
lift force is directed upward, but this is not necessarily the
case. A lift force can be directed upward, downward, or
in any direction. The possible directions of the lift force
are determined by the direction of flow of the fluid. The
lift force must be perpendicular to this flow. Lift force is
defined by equation 8.6:

1
F, = ECLPsz (8.6)

where
F, = lift force,
C = coefficient of lift,
p = fluid density,

A = reference area (usually the cross-sectional area
of the object perpendicular to the relative motion),



and

v = relative velocity of the object with respect to the
fluid.

Qualitatively, lift force can be considered in the following
manner. Lift is caused by the lateral deflection of fluid
molecules as they pass the object. The object exerts a
force on the molecules that causes this lateral deflection
(an acceleration, because the molecules change direc-
tion). According to Newton’s third law, an equal but
opposite lateral force is exerted by the molecules on the
object. This is the lift force. Lift force is thus proportional
to the lateral acceleration of the fluid molecules and the
mass of the molecules that are deflected. Figure 8.11
graphically illustrates lift force , and you can demonstrate
lift force to yourself the next time you are in a moving
car by trying self-experiment 8.2.

=) Lift force is the dynamic fluid force
component that acts perpendicular
to the relative motion of the object
with respect to the fluid.

Direction of
fluid molecules
after being
deflected

Y

Direction of
fluid molecules
before being
deflected

L

(Lift force
acting on
object)

Figure 8.11 The fluid molecules passing by an object
are deflected laterally. The change in direction is a lateral
acceleration caused by the force exerted by the object.
The reaction to this force is the lift force acting on the
object.

Self-Experiment 8.2

Reach your hand out the window of a moving car. With
your fingers extended and palm facing the ground, slowly
supinate your forearm until your palm faces upward. As
you do this, you’ll notice forces that try to push your
hand backward (drag force) or push your hand upward
(lift force). These forces will change as the orientation of
your hand to the airflow changes or as the velocity of the
airflow changes. Now clench your fingers together into a
fist and try the same thing. Are the lift forces the same?

Fluid Mechanics

The example of your hand in the airflow beside the
car demonstrates several factors that influence lift force.
Again, relative velocity is the most important. Increasing
the car’s velocity (and thus the relative velocity of the
air) greatly increases the lift force, but the shape and
orientation of your hand greatly affect lift force as well.
These two factors are partly accounted for in equation
8.6 by the frontal area of the object. The other variable
that takes these factors into account is the coefficient
of lift.

Some common examples of the use of lift forces,
shown in figure 8.12, may further clarify this force. Wings
(airfoils) on planes use lift force to keep the aircraft from
falling. Likewise, submerged wings (hydrofoils) on some
boats (hydroplanes) use lift force to lift the hull of the
boat out of the water. A rudder on a boat or plane uses
lift force to change the direction of the craft. Propellers
on boats and airplanes use lift forces to actually propel
the craft. The spoilers on the rear of some race cars use
lift force to push the rear-drive wheels against the ground
for better traction. Ski jumpers use long, wide skis and
position themselves so that the lift forces generated keep
them in the air longer and they jump farther. When you
tread water, you scull your hands in a horizontal plane,
and the lift forces generated by your hands help keep
your head above water. The propulsion techniques used
in various swimming strokes are a resultant of the lift and
drag forces acting on the hands. Sails on sailboats and
sailboards use lift forces to propel them forward when
they are tacking.

In most of these examples, the object that generates the
lift force is longer in the dimension parallel to the flow
and shorter in the dimension perpendicular to the flow.
Also, lift is generated in most of these examples when
the longer dimension of the object is not aligned parallel
to the fluid flow. Some objects generate lift even though
they are not longer in one dimension than another (e.g., a
spinning ball), or even if their longest dimension appears
to align with the fluid flow (e.g., an airfoil). How do these
objects deflect the fluid laterally to generate lift forces?

Bernoulli’s Principle

In 1738, Daniel Bernoulli (1700-1782), a Swiss math-
ematician, discovered that faster-moving fluids exert less
pressure laterally than do slower-moving fluids. This
principle, called Bernoulli’s principle, may explain why
some objects are able to generate lift forces even if they
are not longer in one dimension than another or if their
longest dimension is aligned with the flow.

) Faster-moving fluids exert less pres-
sure laterally than do slower-moving
fluids.
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Figure 8.12 Examples of objects that create lift forces.

Let’s examine an airfoil to see how Bernoulli’s
principle works. An airfoil is an example of an object
whose longest dimension appears to align with the fluid
flow, even while it creates lift. Figure 8.13a shows an
airfoil in cross section. One surface (the upper surface
of an airplane wing) of the airfoil is more curved than
the other. The curvature is very gentle, and the airfoil
is streamlined. When the airfoil is oriented such that its
long dimension aligns with the fluid flow, its stream-
lined shape produces laminar flow (and minimal drag).
Imagine two rows of four air molecules each as they
approach the airfoil (figure 8.130). When they strike
the leading edge of the airfoil, one row travels along
the upper, curved surface of the airfoil, and the other
row travels along the lower, flat surface. If the flow is
laminar, each molecule on top reaches the trailing edge
of the airfoil at the same time as the corresponding mol-
ecule on the bottom. The molecules on the upper surface
travel farther to get to the trailing edge of the airfoil, but
they get there at the same time as the molecules on the
lower surface. The molecules on top are moving faster;
so according to Bernoulli, the lateral pressure exerted by
the faster-moving molecules is less than that exerted by
the slower-moving molecules, and an upward lift force
is generated. The faster-moving upper molecules have

a downward component to their velocity as they slide
off the trailing edge of the airfoil, so some downward
deflection of the air occurs.

Now let’s try to determine the basis for Bernoulli’s
principle. Back to the two rows of molecules on the
airfoil. When the first molecules reach the trailing edge
of the airfoil, the molecules will be distributed along the
surfaces of the airfoil as shown in figure 8.13c. All of
these molecules will exert some force against the surface
of the airfoil due to the pressure from adjacent molecules.
The forces exerted by the molecules on the lower surface
of the airfoil will be directed normal to this surface, or
upward. The forces exerted by the molecules on the upper
surface of the airfoil will be directed perpendicular to
this surface. But the upper surface is curved, so these
forces will be directed downward as well as backward or
forward, as shown in figure 8.13d. If the resultant force
that each molecule exerts is the same from the upper to
the lower surfaces, the net upward force exerted by the
molecules on the lower surface is greater than the net
downward force exerted by the molecules on the upper
surface, because the forces from the molecules on the
upper surface have forward or backward components as
well. The difference in these net forces is the lift force
that is generated.
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Figure 8.13 A possible explanation for Bernoulli's principle using an airfoil as an example.

Spin and the Magnus Effect

In 1852, the German scientist Gustav Magnus noticed
that lift forces are also generated by spinning balls. This
effect is called the Magnus effect, and a lift force caused
by a spin is called a Magnus force. But how can an object
that doesn’t have any broad, relatively flat surface deflect
the air laterally to cause a lift force? Let’s examine what
happens to the air molecules as they approach and pass
a ball with topspin. Figure 8.14 is an illustration of a
ball (moving left to right across the page) with topspin.

=) Alift force caused by a spin is called
a Magnus force.

Notice that on a ball with topspin, the upper surface of
the ball has a forward velocity (to the right in figure 8.14)
relative to the center of the ball, and the lower surface has
a backward velocity (to the left) relative to the center of
the ball. The air molecules, on the other hand, all have
a backward velocity (to the left) relative to the center of
the ball. When molecules strike the lower surface of the
ball, they don’t slow down as much because this surface
is moving in the same direction as the molecules (back-
ward or to the left) relative to the center of the ball. When
the molecules strike the top surface of the ball, they are
slowed down more because this surface is moving in the
opposite direction (forward or to the right) relative to
the center of the ball. The velocity of the air over the top
surface of the ball is lower than the velocity of the air over
its bottom surface. According to Bernoulli’s principle,
then, less pressure will be exerted by the faster-moving
molecules on the bottom surface of the ball. This differ-
ence in pressure results in a lift force acting downward
on the ball, as shown in figure 8.14.

Lift force

Figure 8.14 A ball with topspin has a lift force that acts
downward on the ball.

We can also explain the lift force by imagining how
the slower-moving molecules get bunched up on the
ball’s upper surface, whereas the faster-moving molecules
spread out on the ball’s lower surface. The bunched-up
molecules exert more pressure (and thus more force)
on the ball than do the spread-out molecules. Imagine a
crowd of people exiting a theater or arena through only
one or two doors. As they approach the doors, they bunch
together more and slow down, and more bumping occurs.
This is analogous to what happens to the molecules on
top of the ball. More bumping translates to more pressure.

You may also notice that the faster molecules on the
bottom of the ball have an easier time staying on the
surface of the ball. They don’t break away from the ball
until they are past the most rearward point on the ball.
Thus the molecules are deflected upward (and the ball
is deflected downward).
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Lift force due to the Magnus effect is responsible for
the curved flights of balls observed in a variety of sports.
Backspin will keep a ball aloft longer, whereas topspin
will cause a ball to drop to the ground sooner. Sidespin
will cause a ball to swerve right or left. Golf clubs are
designed to impart backspin on the ball so that it stays
in the air longer and thus carries farther. Many golfers
unintentionally impart sidespin to the ball that causes it
to hook or slice to the left or right. Professional golfers
may use this sidespin intentionally. Baseball pitchers use
sidespin, topspin, or backspin in their repertoire of pitches
to make the path of the pitched ball less predictable to the
batter. Soccer players use sidespin to cause their corner
kicks or penalty kicks to swerve around opposing players.
Tennis players use topspin to force their shots to drop into
the court sooner. Perhaps the most striking example of the
Magnus effect in a ball sport is in table tennis, where the
spin of the ball causes wide swerves in its flight.

Center of Pressure

The resultant of the lift and drag forces that act on an
object is the dynamic fluid force. This force is actually
the result of pressures exerted on the surfaces of the
object. The theoretical point of application of this force to
the object is called the center of pressure. If the resultant
force acting at the center of pressure is not on a line pass-
ing through the center of gravity of the object, a torque is
produced that will cause the object to rotate. A Frisbee or
discus or football thrown with no spin is more likely to
wobble because of this torque. An airplane whose cargo
or passengers are loaded too far to the rear will have a
dangerous torque act on it that will tend to tip the nose
of the plane upward. The International Association of
Athletics Federations (IAAF) specifications adopted in
1986 for men’s javelins and in 1999 for women’s javelins
essentially forced the center of pressure to be behind the

grip (and the center of gravity) of the javelin. The torque
produced by the dynamic forces acting on the javelin
during flight causes it to rotate so that its tip strikes the
ground. Figure 8.15 illustrates this effect.

:) The resultant of the lift and drag
forces that act on an object is the
dynamic fluid force. The theoreti-
cal point of application of this force
to the object is called the center of
pressure.

Effects of Dynamic Fluid Forces

The dynamic fluid forces that act on an object moving
through a fluid have been explained in the previous pages.
But athletes are more concerned with the effects of these
forces than with the forces themselves. Newton’s second
law is expressed by equation 3.18 as

YF=ma
where

> F = net force,
m = mass of the object, and

a = acceleration of the object.

The effect of a force is the acceleration that would be
caused if this were the net force acting, or

Y F=ma
>F
= —a
m

F W (Weight)

(Resultant
dynamic
fluid force)

cp = Center of pressure
cg = Center of gravity

Figure 8.15 The forces acting on a javelin—its weight and the dynamic fluid force—act at different locations, thus
creating a torque that causes the javelin to rotate so that the tip drops.



The effects of dynamic fluid forces can be determined
from equation 8.4:
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Accelerations are the effects of dynamic fluid forces,
and these accelerations are related to all of the factors
that the dynamic fluid forces are related to; however,
the acceleration is inversely proportional to the mass
of the object. This means that two objects similar in
size and shape will experience the same dynamic fluid
forces, but the more massive object will experience
less acceleration. The wind blowing in the face of a
50 kg distance runner will have a greater effect than
the same wind blowing in the face of a 70 kg distance
runner. It’s easier to throw a curveball with a Nerf ball
than with a real baseball. The Magnus force on a table
tennis ball has a much greater effect than the same
Magnus force on a racquetball. The lift force acting on
a Frisbee is similar to the lift force acting on a discus,
but the effects are much different. The relative effects of
lift and drag forces on projectiles can be seen in figure
8.16. This figure shows the trajectories of a variety of
balls of similar volume. The initial velocities, angles,
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and heights of projection of these objects are identical,
but their masses (and densities) are different.

=) Two objects similar in size and shape
will experience the same dynamic
fluid forces, but the more massive
object will experience less accelera-
tion.

Summary

Fluid forces affect movements in a variety of sports.
Buoyant force affects all aquatic sport participants, and
dynamic fluid forces affect participants in aquatic as well
as land-based sports where fast velocities are involved.
Buoyant force is an upward force equal in magnitude to
the weight of water displaced by the immersed object.
The dynamic fluid force is resolved into drag and lift
components and is proportional to the density of the
fluid, the frontal area of the object, and the square of
the relative velocity of the fluid. Relative velocity of
the fluid thus has the greatest influence on drag and lift
forces, because these forces are proportional to the square
of the velocity. Ways to reduce drag include adopting
a streamlined shape, keeping the surface of the object
smooth (in most cases), and reducing the frontal area.
Lift can be controlled by the shape and orientation of an
object. Spin on a ball can also cause lift, thus making ball
games much more interesting.

O O O
Nerf ball Tennis ball Baseball

Figure 8.16 The trajectories of three balls with different masses, demonstrating that the effect of fluid forces is influ-

enced by the mass of the object.
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REVIEW QUESTIONS

1. Why is it difficult or impossible for you to float on your back in a perfect horizontal position
with your legs together and fully extended at the hips and knees?

2. What drag force is reduced by the presence of dimples on a golf ball?

3. On a human-powered vehicle such as a bicycle, the rider’s body creates most of the drag force
unless the rider is enclosed or a fairing is used. If you were designing a human-powered vehicle,
which rider position would you choose to maximize drag force reduction—upright but crouched
(as on a racing bicycle), reclining (as on a recumbent bicycle), or prone (with head and arms
forward)?

Crouched Reclining Prone

4. Why are bugs (those that cannot fly) often able to walk away from falls that would be lethal to
humans?

How do the stitches on baseballs affect their flight?
How does the spin of a tennis ball affect its flight?
Why is it beneficial to impart topspin to the tennis ball in a tennis drive shot?

Why is it beneficial to impart backspin to the golf ball in a golf drive off the tee?

A e A

In which sporting event does air resistance have the largest effect: 100 m sprinting, 10,000 m
running, or 500 m speed skating?

10. How is the optimal angle of projection in the discus throw affected by fluid forces on the discus
during its flight?

11. Rank the following items according to the effect air resistance has on each of them: shot, discus,
baseball, Nerf ball, basketball, beach ball, tennis ball, Frisbee.

12. Explain how it is possible for a sailboat to have a velocity component into the wind.
13. Why do swimmers shave their bodies?

14. Why are bicycle helmets tapered posteriorly?

15. What is the purpose of drafting in bicycle racing?

16. When a boat remains still, it sits lower in the water than when it is moving through the water;
that is, the boat displaces more water when it is still than when it is moving. Why?



PROBLEMS

1.

When Grant fully exhales, he has a body density of 1.02 g/cm? (1020 kg/m?). During a triathlon
swim, Grant wears a wetsuit and his density thus decreases to 0.99 g/cm?® (990 kg/m?). The water
he swims in has a density of 1.00 g/cm? (1000 kg/m?).

a. If he fully exhales, can Grant float in the water if he doesn’t wear a wetsuit?

b. If he fully exhales, can Grant float in the water if he does wear a wetsuit?

. K-1 whitewater kayak has a volume of 225 liters (0.225 m?) and a mass of 10 kg. Sean wonders

if the kayak is big enough for him to use. Sean’s mass is 70 kg. What percent of the kayak will
be submerged when Sean sits in it? Assume that the water density is 1.00 g/cm® (1000 kg/m?).

. Marathon swimmer DJ is swimming in the Atlantic Ocean. She is moving north with a velocity

of 2 m/s relative to the water. The ocean current is also moving north but at 1 m/s. What is DJ’s
absolute or true velocity?

. Lily is sprinting in a 100 m dash. At the 80 m mark her velocity is 9.5 m/s. She is running into

a 3 m/s headwind. What is the velocity of the air relative to Lily?

. Carter is running a 400 m race around a 400 m track. On the backstretch his velocity is 8 m/s,

but he is running into a 2 m/s headwind. How large is the drag force that acts on Carter? Assume
that the density of the air is 1.2 kg/m?, that Carter’s cross-sectional area is 0.5 m?, and that the
coefficient of drag for Carter is 1.1.

During the 400 m race in question 5, Carter is now in the homestretch. His velocity is still
8 m/s, but he now has a 2 m/s tailwind. How large is the drag force acting on Carter now? Assume
that the density of the air is 1.2 kg/m?, that Carter’s cross-sectional area is 0.5 m?, and that the
coefficient of drag for Carter is 1.1.

. Amy and Josh are coasting on their bicycles down a 10° slope at 15 m/s through still air. The mass

of Amy and her bicycle is 60 kg. The mass of Josh and his bicycle is 90 kg. The cross-sectional
area of Amy and her bicycle is 0.45, while the cross-sectional area of Josh and his bicycle is
0.60. The drag coefficient for both cyclists is 0.70. Other than gravity and air resistance, the
external forces acting on the two bicycle and rider systems are the same. Which cyclist is more
affected by air resistance?

. When Paul rides his bicycle at 5 m/s, the drag force acting on him and his bicycle is 6 N. If he

speeds up to 10 m/s, how large will the drag force become?
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Internal Biomechanics

Internal Forces and Their Effects
on the Body and Its Movement

The movements of the body as
a whole are determined by the external
forces that act on the body, but what about
the internal forces that hold the body
together? How do these forces affect the
body and its movement? These questions
are addressed in part I, most of which is
devoted to the “bio-" part of biomechan-
ics. Part Il includes four chapters, chapters
9 through 12. The first chapter in this part,
chapter 9, concerns the mechanics of bio-
logical materials. The next two chapters,
chapters 10 and 11, deal with the structural
mechanics of the musculoskeletal system.
Chapter 12 presents a brief overview of
the control of the neuromuscular system. |
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chapter 9

Mechanics of Biological
Materials

Stresses and Strains on the Body

objectives

When you finish this chapter, you should be able
to do the following:

Define mechanical stress
Define strain

Define tension (tensile strain and tensile
stress)

Define compression (compressive strain
and compressive stress)

Define shear (shear strain and shear stress)
Identify and describe bending loads

Describe the stress patterns that develop
under a bending load

|dentify and describe torsion loads

Describe the general stress—strain rela-
tionship for an elastic material

Define elastic modulus (Young's modulus)
Describe elastic and plastic behavior

Define the various descriptors of material
strength: yield strength, ultimate strength,
and failure strength

Define stiff, ductile, brittle, and pliant
Define toughness

Understand the material properties of
bone

Understand the material properties of
tendons and ligaments

Understand the material properties of
muscle




An American football running back is trying to gain enough yardage for a first
down when he is hit from the side by a linebacker. A loud pop is heard as the
running back's knee bends sideways. Ouch! The force from the linebacker's hit

was directed medially against the lateral part of the knee, and the medial collat-
eral ligament of the knee snapped. Why wasn't the knee able to sustain this load
without injury? Bones break, ligaments tear, cartilage rips, and muscles pull. These
failures occur when the loads imposed cause stresses that exceed the strength of
the material. This chapter explains the mechanical behavior of biological materials
and how they are able to withstand the loads they encounter.

The external forces at act on

the body affect the movements of the entire body. These
forces also impose loads on the body that affect the inter-
nal structures of the body—cartilage, tendons, ligaments,
bones, and muscle. An understanding of the mechanical
properties of these internal structures is important for
preventing injury and evaluating the causes of injury.

=) The external forces that act on the
body impose loads that affect the
internal structures of the body.

Stress

In part I, we considered the body as a system of linked
rigid segments and thus used rigid-body mechanics to
study the effects of the forces acting on the body. In part
II, we will discard our assumption of rigidity and consider
the segments to be deformable bodies. The external forces
that act on the body are resisted by internal forces and
cause deformation of the body. The amount of deforma-
tion produced is related to the stress caused by the forces
and the material that is loaded. Try self-experiment 9.1
to see how forces can cause deformation.

Self-Experiment 9.1

Find a couple of rubber bands. Take one rubber band
and pull it until it is twice as long as it was. The rubber
band stretches or deforms because of the force exerted.
Now take another rubber band and pull on it as well as
the first one. If you don't have two rubber bands, double
the first one by folding it in half. Pull with about the
same force you needed to double the length of the single
rubber band. Do the two rubber bands (or the doubled-
over rubber band) stretch as much as the single rubber
band did under the same force?

The deformation or stretch of the two rubber bands
(or the one doubled-over rubber band) was not as large
as that of the single rubber band unless you exerted twice
as much force. The stress in the single rubber band was
twice as large as the stress in the double rubber band.

Mechanical stress is the internal force divided by the
cross-sectional area of the surface on which the internal
force acts. Stress may vary within an object and is associ-
ated with a specific internal surface. The three principal
stresses are tension, compression, and shear. Mathemati-
cally, stress is represented by the Greek letter o (sigma)
and is defined as

O = E
= 9.1)

where
o = stress,
F = internal force, and

A = cross-sectional area of the internal surface.

Force is measured in newtons, and area is measured in
units of length squared (m?), so the unit for stress is N/m?,
which is a derived unit also called a pascal (for the French
physicist, philosopher, and mathematician Blaise Pascal).
The abbreviation for pascal is Pa.

:) Mechanical stress is the internal force
divided by the cross-sectional area
of the surface on which the internal
force acts.

Before we go further, a clear explanation of the internal
force, F, and the cross-sectional area, A, in equation 9.1
is necessary. Consider the single rubber band in self-
experiment 9.1. If it is held still in a stretched position,



it is in static equilibrium. A free-body diagram of the
rubber band is shown in figure 9.1a.

If we ignore the weight of the single rubber band in
self-experiment 9.1, the pulling force, P, at the left end
must equal the pulling force, P, at the right end. Let’s
call the magnitude of this force P. Now imagine a plane
that cuts at right angles through the rubber band at A-A.
The free-body diagram of the rubber band to the left of
this plane is shown in figure 9.1b. The free-body diagram
of the rubber band to the right of the imaginary cut plane
is shown in figure 9.1c¢. The piece of rubber band shown
in figure 9.1b is not in static equilibrium, as shown. The
pulling force, P, that acts on the left end of the rubber band
must be countered by some force, equal in magnitude to
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Figure 9.1 Analysis of a stretched rubber band.
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P, that acts to the right. That force is shown in figure 9.1d.
This is the force that is used to define stress in equation
9.1. What agent is responsible for this force?

The bonds between the molecules of the rubber band
to the right and left of the plane of the imaginary cut pro-
duce the pulling force, P, that acts at the cut. This force
does not act at a single point, as depicted in figure 9.1d,
however. This force actually represents the resultant of all
the individual intermolecular bond forces that act across
the surface of the imaginary cut and hold the rubber band
together (see figure 9.1¢). The cross-sectional area of the
rubber band at this imaginary cut plane (let’s call this the
analysis plane) is the area, A, used to define the stress at
this plane in equation 9.1.

Tension

Tension is one of the two axial stresses (also called normal
or longitudinal stresses), and one of the three principal
stresses. The stress described and defined earlier is an
example of tensile stress. Tensile stress is the axial or
normal stress that occurs at the analysis plane as a result
of a force or load that tends to pull apart the molecules
bonding the object together at that plane. Tensile stress
acts perpendicular or normal to the analysis plane and is
thus called a normal stress or axial stress.

=) Tensile stress is the axial or normal
stress that occurs at the analysis
plane as a result of a force or load
that tends to pull apart the molecules
bonding the object together at that
plane.

Many anatomical structures (long bones, muscles, ten-
dons, ligaments) are longer in one dimension than in the
other two dimensions. We typically analyze stress in such
structures by considering analysis planes that cut through
the structure perpendicular to its longest dimension. The
stresses that act perpendicular to the analysis planes (and
thus along the long axis of the structure) are called axial,
normal, or longitudinal stresses. Consider your humerus
(the bone between your elbow and shoulder). If forces
pulled on both ends of your humerus, which might be
the case when you hang from a chin-up bar, the humerus
would be loaded in axial tension. This is an example of
axial loading, a loading situation in which the forces act
in the direction of the long axis of the bone. A free-body
diagram of this situation is shown in figure 9.2a.

If an analysis plane were cut perpendicular to the
long axis of the bone, as shown in figure 9.2b, we could
determine the stress in the bone at that location, as we
did with the rubber band. Divide the load acting across
the plane by the cross-sectional area of the bone at the
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surface of the plane. Because the force tends to pull the
bone apart and because the stress acts away from the
analysis plane, the stress is a tensile stress.

The rubber band had the same cross-sectional area
along its length, so no matter where you placed the analy-

T

AlVIF PROBLEIV] &

sis plane, the stress was the same. The cross-sectional
area of the humerus changes as you move proximally
to distally along its length. The stress varies with these
changes as well. Where the cross-sectional area is larger,
the stress is smaller and the bone is stronger. Where the

Figure 9.2 The humerus is loaded axially in tension when you do a chin-up.

A sample of biological material is loading in a material-testing machine. The cross-sectional area of the
specimen is 1 cm? The machine applies a tensile load to the specimen until it fails. The maximum tensile
force applied was 700,000 N. What was the maximum stress in the material when it carried this load?

Solution:

Step 1: Identify the known quantities.
A=1cm?=0.0001 m?
F =1700,000 N

Step 2: Identify the unknown variable to solve for.

o="7

Step 3: Search for an equation with the known and unknown variables.

o=F/A

Step 4: Substitute the known quantities and solve for the unknown variable.

= (700,000 N)/(0.0001 m?)
o = 7,000,000,000 Pa = 7 GPa

(The prefix G before Pa means giga-, or 1 billion. So the stress is 7 billion pascal. Other prefixes used in

the SI system are shown in table A.3 in appendix A.)



cross-sectional area is smaller, the stress is larger and
the bone is weaker.

When an object or material is axially loaded in ten-
sion with forces pulling on either end, tensile stress is
produced within the object, and the object also tends to
deform by stretching or elongating in the direction of
the external loads. For most materials, this elongation is
directly proportional to the magnitude of the stress. The
increase in deformation of the rubber band was easily
seen as it stretched farther with an increasing load (and
increasing tensile stress). In the human body, very large
tensile loads may sprain or rupture ligaments and tendons,
tear muscles and cartilage, and fracture bones.

—) When an object or material is axially
loaded in tension, the object tends to
deform by stretching or elongating in
the direction of the external loads.

Compression

Compression or compressive stress is the axial stress that
results when a load tends to push or squash the molecules
of a material more tightly together at the analysis plane.
Your femur and tibia are under compression when you are
standing, as a result of your body weight pushing down

Mechanics of Biological Materials

on the proximal end and the reaction force from below
pushing up on the distal end.

Let’s take a look at the humerus again, but this time
when it is axially loaded in compression. During a push-
up, forces push on each end of the humerus, and it is
axially loaded in compression (see figure 9.3).

:) Compression or compressive stress
is the axial stress that results when
a load tends to push or squash the
molecules of a material more tightly
together at the analysis plane.

As before, an analysis plane is cut through the
humerus. A free-body diagram is drawn of the humerus
on either side of the analysis plane, and the stress is
determined by dividing the internal force acting at the
cut surface by the cross-sectional area of the humerus at
the analysis plane. In this case, because the force acting
at the analysis plane is pushing toward the surface of the
plane, the resulting stress is compressive.

‘When an object is axially loaded in compression with
forces pushing on either end, compressive stress is pro-
duced within the object, and the object tends to deform by
shortening in the direction of these external forces. If you
squeeze a rubber ball, you can easily see the deformation

Figure 9.3 The humerus is
loaded axially in compression
when you do a push-up.
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of the ball. The ball is under compression. In the human
body, large compressive loads may cause bruising of soft
tissues and crushing fractures of bones.

:) When an object is axially loaded in
compression, the object tends to
deform by shortening in the direction
of these external forces.

Shear

The third of the three principal stresses is shear. Com-
pression and tension are axial stresses that act perpen-
dicular to the analysis plane as a result of forces acting
perpendicular to this plane. Shear stress is a transverse
stress that acts parallel to the analysis plane as a result
of forces acting parallel to this plane. These forces tend
to slide the molecules of the object past each other. Try
self-experiment 9.2 for an example of shear stress.

—) Shear stress is a transverse stress that
acts parallel to the analysis plane as
a result of forces acting parallel to
this plane.

Self-Experiment 9.2

Grab a pencil (or pen) with both hands and hold it near
the middle between your thumbs and index fingers as
shown in figure 9.4a. Hold the pencil still while pulling
back with your left index finger and pushing forward with
your right thumb. A free-body diagram of the pencil is
shown in figure 9.4b.

OIS

Consider an analysis plane cut through the pencil just
between the two forces created by the right thumb and
left index finger. A free-body diagram of the left half of
the pencil is shown in figure 9.4¢. Since the left half of
the pencil is in static equilibrium, the force pulling back
on the pencil must be counteracted by a force pushing
forward to maintain force equilibrium. No other external
forces act on the left half of the pencil, so the counteract-
ing force must be an internal force acting at the analysis
plane. Figure 9.4d shows this force, which arises from the
molecular bonds between the two surfaces of the pencil
at the analysis plane. This is the shear force from which
shear stress is computed.

Shear stress is equal to the force at the analysis plane
(which acts parallel to the analysis plane) divided by the
cross-sectional area of the object at the analysis plane, or

T=—

n 9.2)

where
7 = shear stress,
F = shear force, and

A = cross-sectional area at the analysis plane.

Axial stresses (tension and compression) are represented
by the symbol o (sigma), but transverse stress (shear) is
represented by its own symbol, 7 (tau).

Scissors are an example of a tool that creates large
shear forces, thus creating large shear stresses in the mate-
rial worked on. Scissors are also referred to as “shears.”
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Figure 9.4 Analysis of a pencil withstanding a shear load.
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In the human body, shear loads cause blisters of the skin,
and large shear loads acting on the extremities may cause
joint dislocations or shear fractures of bones. A shear load
causes a deformation of the object as well, but rather than
stretching or squashing it, shear causes a change in the
orientation of the sides of the object, or a skewing. The
three different types of stress are illustrated in figure 9.5.

Mechanical Loads

The external forces acting on an object impose a mechani-
cal load on the object. Simple tensile, compressive, or
shear loads were described in the preceding examples. For
simple tensile or compressive loads, the external forces
act along the same line producing a uniaxial load; the
analysis plane is chosen perpendicular to the long axis of
the loaded object; and the stresses present at the analysis
plane are of only one type—tension alone or compression
alone. When you stretched the rubber band, this was an
example of a uniaxial tensile load, and the stress produced
at the analysis plane was tension alone. This stress was
also uniform across the analysis plane (i.e., at any point
within the analysis plane, the tensile stress was the same
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Figure 9.5 lllustration of simple loads that produce
the three mechanical stresses: tension (a), compression
(b), and shear (c).
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as at any other point within the analysis plane). Not all
mechanical loads are uniaxial. The specific arrangements
of external forces produce different types of loads. The
number, direction, and location of the external forces
acting on an object, as well as the shape of the object
itself, define the type of load imposed. Bending, torsion,
and combined loads are examples of the more complex
loads that may be imposed on an object.

Bending

Simple uniaxial loads produce only one type of stress,
which is uniform across the analysis plane. Most load-
ing situations are not so simple: Multiple stresses occur
at the analysis plane, or the stress may vary across the
analysis plane. A bending load is an example of a load
that produces different stresses at the analysis plane. Try
self-experiment 9.3. This self-experiment and figure 9.6
illustrate how bending loads produce tensile and com-
pressive stresses.

Self-Experiment 9.3

Take a pencil (or pen) and grip it by the ends with your
right and left hands so that your index fingers are clos-
est to the pencil ends and your thumbs are closer to the
middle. Bend the pencil by pushing away with your
thumbs and pulling toward yourself with your fingers.
The forces produced by the index finger and thumb of
each hand produce equal but opposite force couples
or torques on the pencil and cause the pencil to bend
slightly (and possibly break if the forces you exert are
large enough). What stress does this load impose on the
pencil? Are parts of the pencil stretched? Are other parts
of the pencil compressed? A free-body diagram of the
pencil is shown in figure 9.6a.

The stresses in the pencil in self-experiment 9.3 may
be analyzed with an analysis plane cutting through the
pencil between the two thumbs. The free-body diagram
of the pencil to the left side of the analysis plane is shown
in figure 9.6b. The forces acting on this pencil piece are
in equilibrium (if the pulling force from the index finger
is equal to the pushing force from the thumb), but the
torques created by these forces are not in equilibrium. The
two forces acting on the left piece of the pencil create a
force couple, and the torque caused by this force couple
would tend to rotate and angularly accelerate this pencil
piece counterclockwise. Some other forces must act on
the pencil to create a torque to counter the force couple.
The only place where forces could act to create a counter
torque is at the analysis plane. To create a torque, though,
any forces acting at this analysis plane must be paired
as force couples in order to maintain force equilibrium
while still creating a torque. Figure 9.6¢ shows how forces
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Figure 9.6 A bending load creates both tensile and compressive stresses.

could act as a force couple at the analysis plane and create
a torque to counter the unbalanced torque. Such a force
couple would be created by the molecules near the top
of the right pencil piece pulling on the molecules at the
top of the left pencil piece and by the molecules near the
bottom of the right pencil piece pushing on the molecules
near the bottom of the left pencil piece. The forces shown
acting perpendicular to the analysis plane in figure 9.6¢
represent the net forces created by the pulling and push-
ing of the molecules at the analysis plane. These forces
are distributed among the molecules across the area of
the analysis plane as tensile stress on the upper half of
the plane and compressive stress on the lower half of the
plane as shown in figure 9.6d. The stresses become larger
as the distance away from the center line (neutral axis)
of the pencil increases.

To maintain force equilibrium in the pencil in self-
experiment 9.3, the net tensile force acting at the analysis
plane must equal the net compressive force acting at the
analysis plane. Because these net forces act some distance
away from each other, they create the force couple that
causes a torque counter to the torque created by your
thumb and index finger. The moment arm (the distance
between these internal forces) of the internal force couple
is obviously limited by the depth of the object withstand-
ing the bending load. For the pencil, this moment arm is
small, so the internal forces (and thus the stresses) must
be large to create a large enough countering torque. Recall
the equation for torque we learned in chapter 5:

T=Fxr 9.3)
where

T = torque (or moment of force),

F = force, and

r = moment arm (or perpendicular distance).

An object with greater depth (and more cross-sectional
area farther from its neutral axis) is able to withstand
greater bending loads because it has a larger moment arm.
Under similar bending loads, the stresses in such an object
will be smaller. Structural members used in construction
are designed with this in mind. In houses, 2 x 6, 2 x 8, or
2 x 10 boards are used as beams. Which dimension is the
depth of the beam? The longer dimension is aligned in
the plane of the bending loads to maximize the moment
arm. I beams used in steel construction are an even better
example, because the beam depth is great and the area
of the cross section is largest near the top and bottom.
Figure 9.7 illustrates the effect of an object’s depth on
its ability to withstand bending loads.

:) An object with greater depth (and
more cross-sectional area farther
from its neutral axis) is able to with-
stand greater bending loads because
it has a larger moment arm.

The primary structural members of the human body
are long bones. Beams used in building construction are
designed for specific loading situations with forces acting
to bend them in a specific plane. Long bones must con-
tend with a wide variety of loading situations with forces
acting to bend them in many different directions. Thus the
cross sections of long bones do not have definite deeper
and narrower dimensions. Instead, long bones are more
like pipes, round in cross section but most dense near the
perimeter, where the most stress occurs, and least dense
(or hollow) near the central (or neutral) axis, where the
least stress occurs.

An object such as a beam that is subjected to a bending
load will deform by curving. The tension side of the beam
will elongate, whereas the compression side will compact
and shorten, thus causing the beam to bend. Figure 9.8
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shows a variety of other bending load configurations and bones. The neck of the femur is a good example of a
the deformations of the loaded beams. cantilever beam subjected to a bending load; a force is
Most bones in the human body are constantly under exerted on the head of the femur, and the shaft of the
some bending load as a result of the forces exerted on femur provides the rigid support for the neck of the femur.
them by gravity, muscles, tendons, ligaments, and other Tensile stress develops in the upper part of the neck,
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Figure 9.7 Cross sections of a variety of beam shapes used in construction. The depth of the beam (d) greatly affects
its ability to withstand bending loads.
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Figure 9.8 Various beam support configurations and the resulting deflections under a single concentrated load.
The triangle supports represent pinned or hinged connections that allow the beam to rotate at the support point. The
blocks represent rigid connections that do not allow the beam to rotate.
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whereas compressive stress develops in the lower part of
the neck. Figure 9.9 illustrates these stresses.

— An object such as a beam that is
subjected to a bending load will
deform by curving. The tension side
of the beam will elongate, whereas
the compression side will compact
and shorten, thus causing the beam
to bend.

When the foot is bearing weight, it is an example of an
anatomical beam in which the load is distributed among
several structures. Figure 9.10 illustrates the foot during
weight bearing. It behaves as a simple beam. Supports are
at the heel and metatarsophalangeal joints, and the load
is applied from the tibia to the talus. In this situation, the
bones of the foot carry the compressive stress, while the
plantar fascia and dorsal muscles carry the tensile stress.

Torsion

A torsion load is another type of load that produces
something other than uniaxial stresses. Torsion loading
occurs when torques act about the long axis of the object
at each end. Take a pencil and hold it with one hand at
each end. Now try to twist the pencil in one direction
with your right hand and in the opposite direction with
your left hand. Figure 9.11a shows a three-dimensional
free-body diagram of the whole pencil.

A free-body diagram of the left half of the pencil
with an analysis plane cutting through it is shown in
figure 9.11b. This pencil piece is not in equilibrium. A
single torque acts on the pencil, which would cause it to

Figure 9.9 The neck of the femur acts as a cantilever
beam and develops tensile stress in its upper part and
compressive stress in its lower part.

spin about its longitudinal axis. Another torque must be
present to counteract this torque. The countering torque
is created by the shear force between the molecules of
the pencil at the right and left sides of the analysis plane.
Figure 9.11c¢ shows a free-body diagram of the left half
of the pencil with this internal torque included. Figure
9.11d shows the shear stresses that produce this internal
torque at the analysis plane. The stresses become larger
with increasing distance from the central axis of the pencil
(the axis of rotation for the torques). The shear stress is
thus not uniform across the analysis plane.

The moment arm between the internal shear forces
on either side of the longitudinal axis is limited by the
diameter of the object under torsion. For the pencil, this
moment arm is small, so the internal forces (and stresses)
must be large to create a large enough countering torque
(refer to the equation for torque, equation 5.1). If the
stresses become too large, the pencil will break. An
object with a larger diameter is able to withstand greater
torsional loads since the shear stresses are smaller as a
result of the larger diameter. Figure 9.12 illustrates this
graphically.

This is similar to the situation with bending loads,
except that increases in both width and depth (increases in
diameter) are desirable for increasing torsional strength.
Thus structural members or tools designed to resist
torsional loads are usually circular in cross section, for
example driveshafts, axles (although axles carry bending
loads as well), and screwdriver shafts. This is another
reason for the circular cross section of bones. Torsion
loading of bones is common in a variety of situations. For
example, when you step onto your foot and then pivot,
torque is produced around the longitudinal axis of your
tibia, and it becomes torsionally loaded.

Figure 9.10 The foot as an example of a simple beam.
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Figure 9.11 A pencil withstanding a torsional load is subjected to shear stress.
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Figure 9.12 The diameter (d) of an object’s cross section greatly affects its ability to withstand torsional loads.

Combined Loads

Because of their construction, certain anatomical struc-
tures, such as muscles, tendons, and ligaments, behave
like ropes or cables and effectively carry only one type of
load: uniaxial tension. Bones and cartilage, on the other
hand, may be loaded in a variety of ways, from uniaxial
tension, compression, or simple shear loads that produce
uniform stress to bending and torsion loads that produce
more complex stress patterns. Bones and cartilage often

encounter a combination of these loading configurations.
This type of load is called a combined load.

Analysis of the stresses produced by combined loads
is complex but basically involves simplifying the loading
into several fundamental load configurations. The stresses
produced under each of these loading configurations are
then added to determine the actual stresses produced
by the combined load. Consider the shaft of the femur
during weight bearing, as shown in figure 9.13a. If we
ignore the muscle and ligament forces that act on it, the
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Figure 9.13 The combined stresses due to the compressive load and bending load on the femur.

femur basically acts as a column (to support the weight
of the body) and as a beam (because the body’s weight is
eccentric to the shaft of the femur), so it carries a bending
as well as a compressive load. The stresses in the shaft of
the femur resulting from the axial compressive column
load are shown in figure 9.13b, and the stresses resulting
from the bending load are shown in figure 9.13c. The
combined stresses are shown in figure 9.13d.

Strain

Objects deform when they are subjected to external
forces. These deformations may be large or small,
depending on the nature of the material and the stresses
involved. Strain is the quantification of the deformation
of a material. Linear strain occurs as a result of a change
in the object’s length. Linear strain is produced by com-
pressive or tensile stresses. Shear strain occurs as a result
of a change in the orientation of the object’s molecules.

) Strain is the quantification of the
deformation of a material.

Linear Strain

When the loading of an object causes tensile or com-
pressive stress within the object, some change in length
accompanies this stress. This deformation can be mea-
sured in absolute terms that describe the change in length
of the object as a result of the loading—for example,
the rubber band stretched 10 cm or the intervertebral
disc compressed 2 mm. The deformation may also be
described in relative terms as a proportion of the change

in length (the difference between the undeformed and
the deformed lengths) divided by the original length (the
undeformed length). This relative deformation measure
is called linear strain. Mathematically, linear strain is
defined as

_ change in length
B original length
-1, ,
7 94

o

&

where
¢ = linear strain,
¢ = stretched length,
Z0= original, undeformed length, and
¢ — ¢ = change in length.

Try self-experiment 9.4.

Self-Experiment 9.4

Take a long rubber band and lay it, unstretched, alongside
aruler. Use a pen to make a mark on it about 1 cm from
the left end. Align this mark with zero on the ruler and
then make another mark on the rubber band 5 cm from
the first mark. Make smaller marks at every 5 mm interval
between the zero and 5 cm marks. Now, hook the left end
of the rubber band over the zero end of the ruler and pull
the slack out of the rubber band. Measure the length of the
unstretched rubber band by noting where the right end of



the rubber band lines up with the ruler. Now, pull on the
right end of the rubber band and stretch it until it’s twice
its original length. How far apart are the original zero
and 5 cm marks on the stretched rubber band? How far
apart are any two adjacent 5 mm marks? The end marks
are about twice as far apart or 10 cm apart, and the 5 mm
marks are now spaced 10 mm apart.

— Linear strain occurs as a result of a
change in the object’s length.

Let’s determine the strain in the stretched rubber band
in self-experiment 9.4. The distance between the end
marks on the rubber band was 5 cm in the unstretched
condition and 10 cm after stretching. The absolute defor-
mation of this 5 cm section of the rubber band was

10cm—-5cm=5cm.

The relative deformation or strain would be

-1,
E =
!

o

= 10 cm—5 cm
B 5 cm
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Mechanics of Biological Materials

¢=1cm/cm
or
& =100%

Now look at any 5 mm section of the rubber band. Each
of them has stretched to 10 mm long, so the strain in
every 5 mm section is

e 10 mm -5 mm
B 5 mm

¢ =1 mm/mm
or

€ =100%

The strain between any two adjacent 5 mm marks on the
rubber band is also 100%. This makes sense; because the
tensile stress is uniform throughout the rubber band, it
follows that the strain would be also.

You may have noticed that we have reported strain in
centimeters per centimeter, millimeters per millimeter,
and as a percentage. Actually, strain is a dimensionless
quantity because it is a ratio of length to length. So,
centimeters per centimeter is the same as millimeters

A sample of biological material is loaded into a material-testing machine. The material is 2 cm long in its
unloaded state. A 6000 N tensile force is applied to the material, and it stretches to a length of 2.0004 cm
as a result of this force. What is the strain in the specimen when it is stretched this much?

Solution:
Step 1: Identify the known quantities.

¢=2.0004 cm
£=2.0cm
Step 2: Identify the unknown variable to solve for.

=7

Step 3: Search for an equation with the known and unknown variables.

0—0,
E=
L

o

Step 4: Substitute the known quantities and solve for the unknown variable.

o L= L, _ 2.0004-2.000
T 2.000

o

£=0.0002 = 0.02%



Biomechanics of Sport and Exercise

252

per millimeter is the same as inches per inch, because
the units cancel out. Usually, strain is reported as a per-
centage, which seems to make more sense. In that case,
the ratio is multiplied by 100% to get the percentage of
strain. In the preceding example, 1 cm/cm is the same as
1 mm/mm because each equals 100%. Most biological
materials are not as elastic as a rubber band, and rupture or
failure will result at strains much, much less than 100%.

Shear Strain

Linear strain occurs with a change in length as a result of
molecules being pulled apart or pushed together. Shear
strain occurs with a change in orientation of adjacent
molecules as a result of these molecules slipping past
each other. Figure 9.14 graphically illustrates shear strain.

> Shear strain occurs with a change in
orientation of adjacent molecules as
a result of these molecules slipping
past each other.

Shear strain is measured as follows. Imagine a line
perpendicular to the analysis plane through the object at
the location of interest. In two dimensions, this line and
the line of the analysis plane form a right angle when the
object is undeformed. But, when a shear load is applied
to the object, this angle changes. The change in the angle
(6) is the measure of shear strain in the direction of inter-
est. Shear strain is abbreviated with the Greek letter 4
(lambda) and is measured in radians.

P
l Two unconnected
blocks slide

relative to
each other

P

l Connected blocks
subjected to the

[ T P

same force deform

due to shear
Figure 9.14 lllustration of deformation caused by
shear. The change in the angle (0) indicates the shear
strain.

Poisson’s Ratio

Consider the rubber band again. As you stretched it,
what happened to the width of the rubber band? Its width
became narrower as it was stretched in length. Consider
arubber ball loaded in compression. The diameter of the
ball shortens in the direction of the compressive load, but
what about the diameter in the lateral direction? When
the rubber ball is compressed, it becomes wider in the
lateral direction while shortening in the direction of the
compressive load. This is called the Poisson effect, after
S.D. Poisson, a French scientist who investigated this
phenomenon in the 1820s. A specific ratio of strain in the
axial direction to strain in the transverse direction exists
for each different type of material. This ratio is called
Poisson’s ratio. Values of Poisson’s ratio can be as low
as 0.1 and as high as 0.5, but for most materials they are
between 0.25 and 0.35.

The behavior of intervertebral discs provides a good
example of the Poisson effect. During the day, your inter-
vertebral discs are loaded in compression (unless you are
lying down all day). This compressive load shortens the
vertical dimension of the discs, but laterally, the discs
bulge out. Under extremely large compressive loads, a
disc may bulge out too much and rupture.

Mechanical Properties
of Materials: The Stress-
Strain Relationship

How much stress can an intervertebral disc withstand
before it ruptures? How far can a bone bend? How much
energy can a ligament absorb before it breaks? How far
can a tendon stretch before the stretch becomes perma-
nent? These questions all relate to the manner in which
materials respond to forces. The relationship between
the stress and strain in a material may help explain the
behavior of a material under load.

Elastic Behavior

Let’s consider the rubber band once more. The more you
stretch it, the greater the force you have to pull with.
If we could measure this force and the corresponding
elongation of the rubber band, we would probably get a
plot similar to that shown in figure 9.15.

Because the rubber band was stretched by a uniaxial
load, the stress and strain in the rubber band are uniform.
The plot shown in figure 9.15 could be represented by
a similar plot of stress versus strain, as shown in figure
9.16. The load—deformation plot shown in figure 9.15
was specific to the rubber band being stretched, but the
stress—strain curve shown in figure 9.16 is a characteristic
of the material the rubber band is made of.
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Figure 9.15 A plot of tensile force applied and the
corresponding elongation of a rubber band.

Stress

0 Strain

Figure 9.16 A plot of stress and strain for a rubber
band’s material.

The stress—strain curve shown in figure 9.16 is an
example of the stress—strain curve for a linearly elastic
material. Rubber is elastic (versus plastic). It stretches
under a tensile load but returns to its original shape when
the load is removed. This property is called elasticity.
Rubber is linearly elastic because, as the stress increases,
the strain increases a proportional amount. The ratio of
stress to strain (which is shown graphically as the slope
of the stress—strain curve) is called the elastic modulus of
a material. Mathematically, the elastic modulus, which is
also called Young’s modulus or the modulus of elastic-
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ity (bulk modulus for compression or shear modulus for
shear), is defined as

_Ao

E=
Ae

9.5)
where

E = elastic modulus,

Ao = change in stress, and

Ag = change in strain.

Since there is zero strain when there is zero stress, the
stress—strain curve passes through zero, and equation 9.5
can be expressed as

O
E== (9.6)
E

When we compute the modulus of elasticity, strain is
expressed in the unitless ratio—not as a percentage.
A material that is more stiff has a steeper slope of its
stress—strain curve, and thus a larger elastic modulus, than
a material that is more pliant. Steel is stiffer than rubber.
Bones are stiffer than ligaments or tendons. Figure 9.17
shows the stress—strain curves for materials with differ-
ent stiffnesses.

=) The ratio of stress to strain (which
is shown graphically as the slope of
the stress—strain curve) is called the
elastic modulus of a material.

Stress

o

0 Strain

Figure 9.17 Stress—strain curves for stiff versus pliant
materials.
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Plastic Behavior

The behavior of a material under load may change as
the load increases. Under small loads, the object may be
elastic; if the load is removed, the object returns to its
original shape and dimensions. But if the load exceeds a
certain size, some permanent deformation of the object
may occur. This is called plastic behavior. Try self-
experiment 9.5 for an illustration of elastic and plastic
behaviors.

Self-Experiment 9.5

Find a paper clip and pull lightly on one of its wire ends
so that it tends to unbend one of the curves in the wire. If
you pull with only a small force and then let go, the wire
springs back to its original shape. This loading occurs in
the elastic region of the metal’s stress—strain curve. But
if you pull with a larger force, the wire does not spring
back to its original paper clip shape. This loading occurs
in the plastic region of the metal’s stress—strain curve.
In this region, the stress is no longer proportional to

AlVIF PROBLEIV] &

the strain, and the material will not return to its original
shape when the stress is removed. An example of the
stress—strain curve for the metal of the paper clip is shown
in figure 9.18.

The point on the stress—strain curve where further
stress will cause permanent deformation is called the
yield point or the elastic limit. It often coincides with the
proportional limit, the end of the linear elastic range of
the curve. Below this load, the material behaves elasti-
cally, and above this load it behaves plastically. Most
materials exhibit some elastic and some plastic behavior.

Material Strength
and Mechanical Failure

Physiologically, muscle strength is defined as the ability
of a muscle to produce force. Mechanically, the strength
of a material has to do with the maximum stress (or
strain) the material is able to withstand before failure.
The key word here is failure. Failure may be defined as

A material is subjected to a tensile load of 80,000 N (80 kN). Its cross-sectional area is 1 cm?. The elastic
modulus for this material is 70 GPa. What strain results from this tensile load?

Solution:

Step 1: Identify the known quantities.
F =280,000 N
A=1cm?=0.0001 m?
E =70 GPa

Step 2: Identify the unknown variable to solve for.

=17

Step 3: Search for an equation with the known and unknown variables.

E=

> o |9

Step 4: Substitute the known quantities and solve for the unknown variable.

o = (80,000 N) / (0.0001 m?) = 800,000,000 = 800 MPa

E =70 GPa = (800 MPa) / ¢

& = (800 MPa) / (70 GPa) = (800,000,000 Pa) / (70,000,000,000 Pa)

£=0.0114=1.14%



the inability to perform a function. Thus there are several
quantifications for the strength of a material, depending
on which function of the material is of interest. These are
illustrated in the stress—strain curve shown in figure 9.19.

= Mechanically, the strength of a mate-
rial has to do with the maximum
stress (or strain) the material is able
to withstand before failure.
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Figure 9.18 Elastic region, plastic region, and yield
point on a stress—strain curve for the metal of a paper clip.

Ultimate
strength
[]
(%]
£ Yield
@ strength )
Failure
strength
0 Strain

Figure 9.19 Material measures of strength shown on
a stress—strain curve.
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The stress at the elastic limit of a material’s stress—
strain curve is the yield strength of the material.
Although no breakage or rupture of the material occurs,
stresses beyond the yield strength will cause permanent
changes in the dimensions of the material. Beyond this
point, the material fails in the sense that it is unable to
regain its shape. A severe strain of the ankle ligaments
may cause a permanent lengthening, and thus loosening,
of these ligaments.

The ultimate strength of a material is the maximum
stress the material is capable of withstanding. This is rep-
resented by stress corresponding to the highest point on
the stress—strain curve shown in figure 9.19. If the func-
tion of interest is the ability of the material to withstand
large loads, the ultimate stress determines how much load
may be carried. The load is the measure of the material’s
strength in this case.

The rupture or failure strength of a material is the
stress where failure actually occurs. Failure in this sense
means breakage or rupture. Failure strength is repre-
sented by stress corresponding to the endpoint of the
stress—strain curve in figure 9.19. Failure strength (rupture
strength or fracture strength) usually has the same value
as ultimate strength.

Material strength may also be expressed as the failure
strain. Failure strain is the strain exhibited by a mate-
rial when breakage occurs. It is the strain corresponding
to the endpoint of the stress—strain curve in figure 9.19.
Materials with large failure strains are ductile materials,
whereas materials with small failure strains are brittle
materials. Glass is brittle, and rubber is ductile. Bones
become more brittle with age (primarily because of
disuse). Figure 9.20 illustrates these material properties.

Perhaps the best way to characterize the strength of
a material is by its toughness. Mechanically, toughness
is the ability of a material to absorb energy. Put another
way, a material is tougher if more energy is required to
break it. An estimation of the toughness of a material is
given by the area under the stress—strain curve, as shown
in figure 9.21.

:) Mechanically, toughness is the ability
of a material to absorb energy.

Recall the work—energy relationship we discussed in
chapter 4. It is the basis for the measurement of material
toughness. Something that is able to exert great force, but
only over a very short displacement, cannot do as much
work or cause as great a change in energy as something
that is able to exert less force over a much longer dis-
placement. A hard, brittle material is able to withstand
great stress but only small strain, so its energy-absorbing
ability is less than that of a softer but more ductile mate-
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Figure 9.20 Material characteristics illustrated by their
stress—strain curves.
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Figure 9.21 The toughness of different materials is indi-
cated by the area under the material’s stress—strain curve.

rial. Dry bone is an example of a hard, brittle material.
Although it may be able to withstand large stresses, it is
relatively easy to break because it cannot deform easily.
Moist, live bone, on the other hand, deforms more easily
and is less brittle. It is much more difficult to break than
dry bone because it is tougher; more work must be done
to fracture it.

Mechanical Properties
of the Musculoskeletal
System

Muscle tissue and connective tissue form the structural
units of the musculoskeletal system. The specific con-
nective tissues important to the structure of the musculo-
skeletal system are bone, cartilage, ligament, and tendon.
Muscles may be thought of as the active elements of the
musculoskeletal system, whereas connective tissues are
the passive elements.

All connective tissues are composed of living cells
as well as extracellular components consisting of colla-
gen, elastin, ground substance, minerals, and water. The
mechanical properties of the various tissues are deter-
mined in part by the proportions of these components and
their arrangement. Collagen, which is a fibrous protein,
is the most abundant substance in all connective tissue.
Molecules of collagen align together to form collagen
fibrils that bind together to form collagen fibers. Col-
lagen is thus very stiff (failure strain of 8% to 10%) and
has high tensile strength. On the other hand, collagen is
unable to resist compression because its long fibers are
not supported laterally. It collapses or buckles like a rope.
Elastin is also fibrous, but unlike collagen, it is pliant
and very extensible (failure strain as high as 160%). The
ground substance consists of carbohydrates and proteins
that, combined with water, form a gel-like matrix for the
collagen and elastin fibers.

The composition of connective tissues (and most
biological tissues) causes them to be anisotropic, unlike
many synthetic materials, which are isotropic. Isotropic
materials have the same mechanical properties in every
direction. Anisotropic materials have different mechani-
cal properties depending on the direction of the load. For
example, the ultimate tensile strength of a tendon is very
high if the tensile load is in the direction of the tendon
fibers, but its ultimate tensile strength is low if the tensile
load is perpendicular to these fibers (see figure 9.22).

Age and activity affect the mechanical properties of
all connective tissues. Bone, cartilage, tendon, and liga-
ment strengths increase with regular cycles of loading
and unloading. Usually this strength increase is due to
an increase in size of the tissue cross section, but the
stiffness and ultimate strength of these tissues may also
increase—an indication that size alone is not responsible
for the strength increase. The exact threshold of the loads
and the number of loading cycles required to stimulate
these strength gains are unclear. Inactivity and immobi-
lization result in decreased strength of these tissues and
a shortening of the ligaments and tendons.



=) Age and activity affect the mechani-
cal properties of all connective tis-
sues.

All of these connective tissues show an increase in
ultimate strength with age until the third decade of life,
after which strength decreases. Bones become more
brittle and less tough with increasing age. Tendons and
ligaments, on the other hand, become less stiff.

Strong

— Weak

Strong

Figure 9.22 Anisotropic behavior of a tendon. The
tendon is stronger if the tensile load is aligned with the
tendon fibers rather than transverse to the fibers.

Stress

0 Strain

Figure 9.23 General shape of stress—strain curve for
cortical bone.
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Bone

Bones carry almost all of the compressive loads experi-
enced by the body, and they are capable of resisting large
shear and tensile loads as well. By weight, 30% to 35%
of bone is collagen, 1% to 2% is ground substance, 45%
is mineral, and about 20% is water. Bone is the strongest
and stiffest material of the musculoskeletal system. The
stress—strain curve for a piece of cortical bone removed
from a long bone and loaded axially is shown in figure
9.23. Cortical or compact bone is found in the dense
and hard outer layers of bone. Cancellous (trabecular
or spongy) bone is the less dense, porous bone that is
spongy in appearance and found deep to cortical bone
near the ends of long bones.

The elastic region of the stress—strain curve is not quite
linear but slightly curved. Values for the elastic modulus
for bone thus have some inherent error associated with
them. In the plastic region of the curve, the loading is
still able to increase past the elastic limit. Values for the
elastic modulus, yield strength, ultimate strength, failure
strength, and failure strain of cortical bone vary from
bone to bone as well as from location to location on an
individual bone. In addition, values of these properties
change with the age of the bone. The porosity of the bone
primarily determines its strength and stiffness.

Another factor that affects the mechanical strength and
stiffness of bone is the rate of loading. Bone is stronger
and stiffer if a load is applied quickly but is weaker and
less stiff if a load is applied slowly. Figure 9.24 illustrates
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Figure 9.24 Effect of loading rate on the stress—strain
relationship of cortical bone.
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this rate dependency. Thus a load applied slowly across a
joint may result in an avulsion fracture (the ligament pulls
bone out of its attachment site), whereas the same load
applied quickly across the joint will rupture the ligament.
Bones are strongest in compression and weakest
in shear. The high mineral content of bone, primarily
calcium and phosphate, accounts for its high compres-
sive strength. The collagen fibers intertwined with these
mineral salts give bone its high tensile strength.

:) Bones are strongest in compression
and weakest in shear.

Cartilage

There are three different types of cartilage: hyaline car-
tilage, fibrous cartilage, and elastic cartilage. Hyaline
cartilage, also called articular cartilage, is the cartilage
that covers the ends of long bones at joints. Fibrous
cartilage (fibrocartilage) is found within some joint
cavities (the menisci of the knee), in the intervertebral
discs (the annulus fibrosus), at the edges of some joint
cavities, and at the insertions of tendons and ligaments
into bone. Elastic cartilage is found in the external
ear and in several other organs that are not part of the
musculoskeletal system. Cartilage is able to withstand
compressive, tensile, and shear loads.

By weight, hyaline cartilage consists of 10% to 30%
collagen, 3% to 10% ground substance, and 60% to 80%
water. Superficially, the collagen fibers in hyaline carti-
lage are arranged in layers parallel to the articular surface.
Deeper, the collagen fibers seem to be arranged randomly.
At the deepest layer, where the hyaline cartilage joins with
bone, the collagen fibers are perpendicular to the articular
surface and stick into the bone like fingers. This arrange-
ment fuses the articular cartilage to the bone. Articular
cartilage (as well as fibrous and elastic cartilage) has no
nerve or blood supply, so it must be very thin to allow
the diffusion of nutrients to cells for normal metabolism.
Human articular cartilage is usually only 1 to 3 mm thick.

Articular cartilage transmits the compressive loads
from bone to bone at joints. But how does a mate-
rial composed primarily of collagen and water resist
compression loads, when collagen can withstand only
small compressive stresses? Imagine a balloon filled
with water. As you push down on the balloon, its sides
bulge out and stretch. Because water doesn’t compress,
it pushes out on the sides of the balloon. The sides of the
balloon are thus under tension. If the balloon is made
of a material capable of resisting large tensile stress,
you can push on the balloon with more force. Articular
cartilage is similar. Collagen’s tensile strength holds
the cartilage together under compressive loads due to

the arrangement of the collagen fibers near the exterior
surface of the cartilage.

Unlike a balloon, however, articular cartilage is not
watertight, so some fluid is exuded (squeezed out) when
it is loaded in compression. This behavior causes creep
and stress relaxation effects. Articular cartilage loaded
under a constant compressive stress will not experience
a corresponding constant strain. The strain will increase
with time as fluid is exuded from the cartilage until it
reaches a point where no more fluid is exuded. This
increase in strain under a constant stress is called creep.
Creep rate is how quickly the cartilage reaches a constant
strain. Creep rate depends on the magnitude of the com-
pressive stress, the thickness of the articular cartilage,
and the permeability of the cartilage. The time it takes to
reach constant strain may range from 4 to 16 h for human
articular cartilage. Figure 9.25 illustrates creep.

What happens to the fluid exuded by articular carti-
lage? It may assist with lubricating the articular surfaces,
and it is reabsorbed by the cartilage as the compressive
stresses are reduced.

Stress relaxation is another effect caused by fluid
squeezing out of articular cartilage. If articular cartilage
is loaded so that it experiences a constant strain, it will
not experience a corresponding constant stress. The ini-
tial strain will cause an increase in stress, but the stress
will then decrease (or relax) to some lower value. Self-
experiment 9.6 illustrates stress relaxation.

Strain

0 Time

Figure 9.25 Creep in articular cartilage under constant
compressive stress.



Self-Experiment 9.6

Fill a small balloon with water and place it on a table or
other flat surface. When the balloon first makes contact
with the table, only a small area of the balloon makes
contact and carries the load. This part of the balloon is
under large pressure because of the small area of con-
tact. But this part of the balloon "gives" so that more of
the balloon is in contact with the table and pressure is
reduced. Because the balloon deforms and conforms to
the shape of the supporting surface, pressure on the bal-
loon is reduced. Articular cartilage behaves in a similar
way, but, while the balloon deforms quickly, articular
cartilage deforms more slowly. Thus large stresses may
be present at first, and these stresses decrease as the rest
of the cartilage deforms.

Imagine the surfaces of the articular cartilages. There
may be only a small area of contact between these sur-
faces in the unloaded condition. As load is applied, this
small area of contact is compressed and fluid is squeezed
to other areas of the cartilage, which then expand and
contact the other cartilage surface to carry some of the
load. This increase in contact area results in a decrease
or relaxation of stress at the initial contact point. This
process is illustrated with the plot of stress versus time
in figure 9.26.

The elastic modulus of articular cartilage is much
smaller than the elastic modulus of bone, but articular
cartilage transmits compressive loads from one bone to
another. The difference in stiffness of these materials
accounts for a slight damping effect of articular cartilage.

Stress

Time

Figure 9.26 Stress relaxation in articular cartilage under
constant compressive strain.
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But because articular cartilage is so thin, this shock-
absorbing effect is limited.

Tendons and Ligaments

Tendons and ligaments are similar in composition and
structure, so we will consider them together. By weight,
tendons and ligaments consist of approximately 70%
water, 25% collagen, and 5% ground substance and
elastin. Ligaments have more elastin than tendons. Other
than water, collagen is the primary component of tendons
and ligaments, but this is also true of cartilage. The major
difference between cartilage and tendons or ligaments is
in the arrangement of their collagen fibers. The groups
of collagen fibers in tendons are bound together in par-
allel (tendon) or nearly parallel (ligament) bundles that
lie along the functional axis of the tendon. The parallel
arrangement produces a structure that is very stiff and
high in tensile strength but has little resistance to com-
pression or shear. The slight difference in the arrangement
of the bundles of collagen fibers and the slightly larger
elastin component in ligaments make them less stiff and
slightly weaker than tendons. But because the collagen
fibers of ligaments are not as well aligned as those of
tendons, ligaments can carry loads that are nonaxial.
Figure 9.27 illustrates the fiber arrangements in tendons
and ligaments.

Collagen fibers have a wavy or crimped appearance.
These crimps or waves in the collagen fibers may account
for the unusual behavior of ligaments and tendons under
uniaxial tensile loads and the stress—strain curves that
result. When a tendon is pulled with low tensile force, it
stretches easily and behaves like a fairly elastic material.
But beyond a certain load, the tendon is very stiff. The low
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Figure 9.27 Parallel arrangement of collagen fibers
in tendon, and nearly parallel arrangement of collagen
fibers in ligament.
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region
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Figure 9.28 General shape of stress—strain curve for
a tendon.

stresses that accompany the initial strains are a result of
the straightening of the crimps or waves in the collagen.
Once these have been straightened, the actual stretching
of the collagen begins, and larger stresses are required
to produce the same change in strain. The stress—strain
curve for a tendon is shown in figure 9.28. The tensile
stress—strain curves for ligaments and cartilage have
shapes similar to those of tendons.

The first part of this curve is called the toe region and
corresponds to the straightening of the crimps in the col-
lagen. Past the toe region, the behavior is fairly linear;
an increase in stress results in a proportional increase in
strain. The modulus of elasticity for tendons and liga-
ments is the modulus that corresponds to this linear region
of the stress—strain curve.

Tendons and ligaments also exhibit creep and stress
relaxation behavior similar to cartilage as shown in fig-
ures 9.25 and 9.26. The creep response of these tissues
is relevant to stretching exercises. Stretching exercises to
increase flexibility are more effective if you move into
the stretch position slowly and then hold this position by
keeping the tissues involved under constant stress. The
strain in the tendons and ligaments, and thus their lengths,
will slowly increase. If the stretch is done very quickly,
using swinging or bouncing movements, the strain in the
tendons and ligaments is not as large, and the change in
their lengths is not significant.

Muscle

Unlike connective tissues, muscle tissue is capable of
actively contracting to produce tension within itself and
the structures to which it attaches. The active contractile

Stress

0 Strain

Figure 9.29 General shape of stress—strain curve for
passive muscle.

components of muscle thus determine the stiffness of
the muscle at any instant. Muscle stiffness varies as a
function of the number of active contractile elements. We
will examine the structure and function of muscle more
thoroughly in chapter 11. We can learn some things about
the mechanical properties of muscle if we consider it in
its relaxed or passive state.

If a passive muscle is slowly stretched, there will be
some resistance to this stretching and thus some stress
developed. This resistance to stretching originates from
two different sources: the contractile elements and the
connective tissue sheaths that surround the muscle fibers
and are connected to the tendons. The stiffness of the
passive contractile component caused by the filaments
of the contractile elements sliding past each other is
very low, so the resistance to this movement is small as
well. Stretching of the muscle past the point where the
contractile filaments no longer overlap is resisted by the
connective tissue component of the muscle. This con-
nective tissue behaves like tendon. A stress—strain curve
for passive muscle may look something like that shown
in figure 9.29.

=) Muscle stiffness varies as a function
of the number of active contractile
elements.

The toe region of this curve is much longer due to the
very low stiffness of the passive contractile elements.
Stiffness increases when the contractile filaments no
longer overlap and the connective tissue begins to strain.
The failure strain for muscle is much larger than that



of tendon or ligament due to the ability of the muscle’s
contractile filaments to slide past each other as the muscle
increases its length by 50%. Only after the muscle has
stretched this much will the connective tissue begin to
be strained. The total strain this connective tissue can
withstand is similar to that of tendon or ligament: 8% to
15%. The failure strain for muscle is thus 50% plus 8%
to 15%, or a total strain of 58% to 65%. Ultimate strength
is much lower than that of tendon because a cross section
includes mostly the contractile elements of the muscle
(which are composed of contractile filaments not bound
to each other in the passive state).

Summary

Knowledge of stress and strain and the mechanical prop-
erties of musculoskeletal tissues will assist in preventing
injury, analyzing injury mechanisms, and evaluating reha-
bilitation or training exercises. The external forces acting
on the body are ultimately carried by the bones, cartilage,
ligaments, tendons, and muscles of the musculoskeletal
system. These external loads cause stresses and strains.
Stress is internal force per cross-sectional area. Strain is
the ratio of change in length (or deformation) to the unde-
formed length. Compressive stress is caused by loads that
push molecules together, resulting in compressive strain
as the object shortens. Tensile stress is caused by loads
that tend to pull molecules apart, resulting in tensile strain
as the object lengthens. Shear stress is caused by loads

Mechanics of Biological Materials

that tend to slide molecules past each other, resulting in
shear strain as the object’s shape distorts.

Uniaxial compression and shear are examples of loads
that result in uniform stress. Bending results in tensile
stress on one side of a beam and compressive stress on
the other. Torsion results in shear stresses that vary in
magnitude across a section. Combined loads may result
in compressive, tensile, and shear stresses all in the same
cross section.

The strength of a material may be characterized by its
stiffness (the ratio of stress to strain during elastic defor-
mation), yield stress (the stress it can withstand without
plastic deformation), ultimate stress (the largest stress it
can withstand before it breaks), failure strain (the strain it
can withstand before it breaks), or toughness (the energy
it can absorb before it breaks). These properties may all
be estimated from a stress—strain curve of a material.

Bone is the strongest of the connective tissues as deter-
mined by its stiffness, ultimate strength, yield strength,
and toughness. Its strength is dependent on the rate of
loading, however. Ligaments, tendons, and cartilage
have similarly shaped stress—strain curves due to their
collagenous composition. Under low stresses, these mate-
rials are pliant, but as the stresses increase past a certain
threshold, they become much stiffer. The mechanical
properties of muscle are not as easily examined because
of its contractile ability. The ultimate stress of muscle is
less than that of tendon, ligament, or bone, whereas its
failure strain is much greater.
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REVIEW QUESTIONS

1.

When an athletic trainer pulls laterally on your ankle while pushing medially on your knee, a
bending load is placed on your lower extremity. Which side of your knee undergoes compressive
stress, and which side of your knee undergoes tensile stress as a result of this manipulation?

A snowboarder catches an edge and falls. Her board twists in one direction as her body twists
in the opposite direction. The torsional load places large shear stresses on her tibia and knee.
If the load on the tibia is axial torsion only, where on a cross section of the tibia will the shear
stress be greatest?

. The shafts of two prosthetic legs have exactly the same surface area in cross section, but the

shaft of leg A has a diameter 2% smaller than the shaft of leg B. The two shafts are made from
the same material.

a. Under a uniaxial tensile load, which shaft is stronger?
b. Under a uniaxial compressive load, which shaft is stronger?
c. Under a torsional load, which shaft is stronger?

d. Under a bending load, which shaft is stronger?

4. Which can withstand greater tensile stress—tendon or ligament?
5. Which can withstand greater tensile stress—bone or ligament?
6. Which can withstand greater tensile strain—bone or ligament?
7. Which is stiffe—bone or ligament?
8. Which more ductile—live bone or dry bone?
9. What type of stress is bone strongest in resisting? What type of stress is bone weakest in resisting?
10. Describe the various measures of strength for biological materials.
PROBLEMS
1. A1 cmlong section of the patellar ligament stretches to 1.001 cm when it is subjected to a tensile

force of 10,000 N. What is the strain in this segment of ligament?

. The section of the patellar ligament in the previous question is 50 mm? in cross section. What is

the stress in this section of ligament as a result of the 10,000 N tensile force?

. The modulus of elasticity (for compression) for a section of compact bone in the femur is 12

GPa (12 x 10° Pa). If this bone is subjected to a compression stress of 60 MPa (60 x 10° Pa),
what strain results from this compression?

. The modulus of elasticity (for tension) of a tendon is 1.2 GPa (1.2 x 10° Pa). The tendon is

subjected to a strain of 4%.
a. What is the stress in the tendon when its strain is 4%?
b. If the unloaded tendon is 2 cm long, what is its deformed length as a result of this 4% strain?

. The Achilles tendon is subjected to a large tension stress that results in a strain of 6%. If the

unloaded tendon is 10 cm long, how much does it elongate as a result of this strain?

The yield strength of a material is 10 MPa. The yield strain for this material is 0.10%. What is
the modulus of elasticity for this material?

. The modulus of elasticity for a prosthetic material is 20 GPa. A 3 cm long sample of this mate-

rial is circular in cross section with a radius of 1 cm. This sample is stretched 3.003 cm. What
tensile force was applied to the material to create this stretch?

. Compact bone from the tibia has an ultimate tensile stress of 150 MPa and a tensile strain at

failure of 1.5%. The anterior cruciate ligament has an ultimate tensile stress of 35 MPa and a
strain at failure of 30%. Which is probably mechanically tougher, the bone or the ligament?



chapter 10

The Skeletal Sysiem

The Rigid Framework of the Body

objectives

When you finish this chapter, you should be
able to do the following:

Identify the parts of the skeletal system

Describe the functions of the skeletal
system

Describe the anatomical features of
bones

Classify bones as long, short, flat, irregu-
lar, or sesamoid

Describe the growth process of long
bones

Describe the structural and functional
classification systems for joints

Classify synovial joints as gliding, hinge,
pivot, ellipsoidal, saddle, or ball and
socket

Describe the anatomical features of
synovial joints

Describe the functions of articular car-
tilage

Describe the functions of synovial fluid
|dentify the factors that contribute to the
stability of synovial joints

Identify the factors that contribute the
flexibility of synovial joints
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Imagine what life would be like without a skeleton. What would you look like?
How would you move? Would you be able to move? If you were in water, you

might be functional, but few terrestrial creatures exist without some sort of skel-
eton. Earthworms and slugs don't have skeletons. They can't stand up, and they
move very slowly and inefficiently. Your skeleton allows you to stand up, and its
bones and the joints between these bones allow you to move rapidly. This chapter

presents these and other functions of the skeletal system and joints.

The skeletal system inciudes e

bones of the skeleton, the joints where these bones meet,
and the cartilage and ligaments associated with the joint
structures. The skeleton is sometimes partitioned into the
axial skeleton and the appendicular skeleton, as shown
in figure 10.1. The axial skeleton includes the bones of
the trunk, head, and neck: the skull, vertebral column,
and rib cage. The appendicular skeleton includes the

bones of the extremities along with the shoulder girdle
(clavicle and scapula) and pelvic bones (ilium, ischium,
and pubis). An adult has 206 bones: 126 in the appen-
dicular skeleton, 74 in the axial skeleton, and 6 auditory
ossicles (bones of the inner ear).

Mechanically, the skeletal system may be thought of
as an arrangement of rigid links connected to each other
at joints to allow specific movements. Muscles that attach

Axial skeleton Appendicular skeleton Adult skeleton
(skull, vertebrae, (extremities,
and ribs) shoulder girdle,
and pelvis)
74 bones + 126 bones + 6 = 206 bones
auditory
ossicles

Figure 10.1 The axial and appendicular skeletons together form the adult human skeleton.



to the bones provide the forces that may cause changes in
the positions of the bones relative to each other. This is
the primary mechanical function of the skeletal system.
The importance of the skeletal system in sport is that it
provides the long levers that enable movement. The rigid
framework of the skeleton also supports the soft tissues
and organs of the body. Various bony structures of the
skeleton provide protection to vital organs as well. The
skull and vertebrae encase and protect the central nervous
system (the brain and spinal cord). The ribs and sternum
protect the heart, lungs, major blood vessels, liver, and
spleen. The pelvis protects the uterus in women and the
bladder. The skeletal system also has metabolic functions.
The red marrow in some bones produces red blood cells,
white blood cells, and platelets. In addition, bones store
calcium and phosphorus. The functions of the skeletal
system are summarized in table 10.1.

Table 10.1
System

Mechanical functions

Functions of the Skeletal

Physiological functions

Support Hemopoesis (blood cell
Protection production)
Movement Mineral storage

—) Mechanically, the skeletal system may
be thought of as an arrangement of
rigid links connected to each other at
joints to allow specific movements.

Bones and joints are the basic components of the
skeletal system. This chapter presents the structure and
development of these components.

Bones

Bones, which account for about 16% of an adult’s total
body weight, are composed of two different types of bony
tissue: cortical or compact bone and cancellous or spongy
bone. As their names imply, cortical (compact) bone is
more dense and compact, and cancellous (spongy) bone
is more porous and spongy in appearance. As discussed
in the previous chapter, the composition of bone makes it
the strongest and stiffest of all body tissues. It has great
compressive, tensile, and shear strength. These qualities
of bone make the skeleton very well suited to its function
as a supporting structure.

Bones are living tissues and much different from the
dried bones or plastic models of the human skeleton used
in anatomy classes and laboratories. Bones are innervated
and supplied with blood. As living tissue, bone is adapt-

The Skeletal System

able. It responds to the stresses imposed on it by grow-
ing thicker in the areas of local stress or becoming more
dense. The density of bone decreases if it is not stressed
regularly. Astronauts returning from extended flights
in space thus suffer from loss of bone density, as does
anyone who does not maintain a minimal level of activity.

Bone Anatomy
and Classifications

Bones come in a variety of shapes and sizes. The
mechanical stresses imposed on a bone and its function
determine its form. Bones are classified according to
their shape. Long bones generally have long, hollow
shafts with knobby ends. They are designed for large
movements. Long bones occur in the extremities and
include the humerus, radius, ulna, femur, tibia, fibula,
metacarpals, metatarsals, phalanges, and clavicle. Short
bones are small, solid, and blocklike. These bones are
well suited to transferring forces and shock absorption,
but they are not very mobile. The wrist and ankle bones
(the carpals and tarsals) are all short bones. As their name
implies, flat bones have flat surfaces and are thinner in
one dimension. These bones are designed for protection.
The ribs, skull, scapula, sternum, and pelvic bones are flat
bones. Irregular bones are those that fit into none of the
other categories. These bones are designed for support,
protection, and leverage. The vertebrae (including the
sacrum and coccyx) and the facial bones are examples
of irregular bones. Some bones are also described as
sesamoid bones. These bones develop within tendons,
often in an effort to decrease stress or increase leverage.
The patella is an example of a sesamoid bone.

— The mechanical stresses imposed on
a bone and its function determine
its form.

Long bones are the bones most involved in motion.
Knowledge of the structure of long bones is thus appropri-
ate for sport biomechanics. Figure 10.2 shows a typical
long bone and its structure. A thin, fibrous membrane
called the periosteum covers the external surface of the
bone except at articular surfaces. The shaft or body of a
long bone is a hollow tube with walls of cortical bone.
The hollow core of long bones is the medullary or marrow
cavity, which contains the red marrow responsible for
blood cell production. In adults, most of the red blood
cell production takes place in the flat bones, and yellow
marrow occupies the medullary cavity of long bones.
Yellow marrow is composed primarily of fat cells. As
noted in the previous chapter, the long, hollow, cylindri-
cal shape of long bones makes them lightweight, yet still
quite strong in resisting bending loads.
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Articular cartilage

Line of epiphyseal
cartilage

Cortical bone

Periosteum

Medullary or
marrow cavity

Line of epiphyseal
cartilage

Articular cartilage

Figure 10.2 Longitudinal section of a typical long bone.

The ends of long bones are typically the location of
articulations with other bones. Articular cartilage covers
the joint surfaces at the ends of long bones. Again, the
walls of the ends of long bones are composed of cortical
bone, but the interior spaces are filled with cancellous
bone rather than marrow.

Specific terms are used to refer to the surface irregu-
larities of bones. Some of these terms are listed and
defined next and are shown graphically in figure 10.3.

¢ Condyle—a rounded projection that articulates
with another bone

* Epicondyle—a rounded projection near the ends

of a long bone but lateral to the axis and not
necessarily a part of the articulation

e Facet—a small, smooth, and usually flat articular
surface

¢ Foramen—a hole, usually for nerves or vessels
to pass through

* Fossa—a hollow depression or pit

¢ Fovea—a smaller hollow depression or pit

* Head—the spherical articular end of a long bone
e Line—a raised line or small ridge

* Neck—the part of the bone that joins the head
to the shaft

¢ Notch—an indentation on the border or edge of
a bone

* Process—a projecting part of bone

e Spine—a sharp projecting part of bone
e Trochanter—a large, knobby projection
e Tubercle—a small, knobby projection

* Tuberosity—a knobby projection

Growth and Development
of Long Bones

Long bones develop via endochondral ossification: Car-
tilage is replaced by bone. In a human fetus, a cartilage
model of the skeleton forms. Endochondral ossification
of this cartilage skeleton begins prior to birth. At birth,
the shaft of a long bone has ossified, but the ends are still
composed of cartilage. In the metacarpals, metatarsals,
and phalanges of the hands and feet, only one end of
these bones remains cartilaginous at birth. The cartilage
ends of long bones ossify soon after birth, except for
the cartilage that separates the ends from the rest of the
bone. This cartilage is called the epiphyseal cartilage
(epiphyseal plate, epiphyseal disc, growth plate), and
the separate end of the bone is called the epiphysis.
The remaining part of the bone on the other side of the
epiphyseal cartilage is called the diaphysis. Because a
single long bone in children may actually consist of two
or three separate bones, children have more bones than
adults. [lustrations of the long bones of an adult and child
are shown in figure 10.4.

=) Long bones develop via endochon-
dral ossification: Cartilage is replaced
by bone.

The epiphyseal cartilage is responsible for the growth
in length of long bones, as shown in figure 10.5. As this
cartilage grows, the cartilage nearest the diaphysis ossi-
fies. If the rate of these processes is equal, longitudinal
bone growth occurs. If the rate of ossification exceeds the
rate of cartilage growth, however, the entire epiphyseal
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Figure 10.3 Surface irregularities of the femur (a), the scapula (b), and the humerus (c).

cartilage ossifies, joining the diaphysis with the epiphysis,
and longitudinal growth stops. Epiphyseal plate closure,
as this is called, occurs naturally at specific ages for each
bone. Most epiphyses ossify during puberty, but some
may not close until after age 25.

Growth at the epiphyseal plates is affected by the
stresses occurring there. A certain amount of mechanical
stress is necessary to stimulate growth, but too much may
cause premature closure. Certain hormones also affect
growth at the epiphyseal plate. Too little growth hormone
retards growth, whereas too much may extend growth past
the normal age of closure. Sex hormones increase the
rate of cartilage replacement and thus lead to closure of
the epiphyseal plates. This is the primary reason for the
closure of most growth plates during puberty.

Growth in the diameter of long bones occurs where
the periosteum (the membrane covering the surface of the
bone) interfaces with bone. New bone is deposited there
to increase the thickness of the walls and the diameter of
the bone. At the same time, however, bone is absorbed
at the inner surface of the wall, and the central cavity of
the bone is enlarged. Growth in the diameter of bones
ceases with closure of the epiphyseal plates; however,

throughout life, bone continues to adapt to changes in
mechanical stress with increases or decreases in wall
thickness and density.

Joints

A joint or articulation is any place where two bones meet
or join. Joints have a variety of functions. Their primary
function is to join bones together while controlling the
motion allowed between them. Joints can provide rigid
or highly mobile connections between bones, depend-
ing on their individual functions. In addition to joining
bones together, another joint function is to transfer forces
between bones. These two competing functions, force
transferal and motion control, lead to interesting struc-
tural designs of joints.

:) A joint or articulation is any place
where two bones meet or join. The
joint’s primary function is to join
bones together while controlling the
motion allowed between them.
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Epiphysis

Epiphyseal
cartilage

- Diaphysis

Epiphyseal
cartilage

Epiphysis

Figure 10.4 Femurs of a child (a) and an adult (b). The
child’s femur consists of several bones connected via
epiphyseal cartilage, whereas the adult’s femur consists
of one bone.

Joint Classifications

Joints have been categorized in a variety of ways, but
most classification schemes are based on joint structure
or function (mobility). Structurally, joints can be clas-
sified into three general groups. These groups may be
further subdivided into subgroups or types of joints. The
structural classifications of joints are fibrous (sutures and
syndesmoses), cartilaginous (synchrondoses), and syno-
vial. Bones connected by fibrous connective tissue form
a fibrous joint. These joints are typically (although not
necessarily) rigid. The sutures of the skull are examples
of fibrous joints. Bones connected by cartilaginous tissue
form a cartilaginous joint. This type of joint may be rigid
or may allow slight movement. The pubic symphysis
between the left and right pubic bones of the pelvis is
an example of a cartilaginous joint. The joint between
the diaphysis and epiphysis in an immature skeleton is
another example of a cartilaginous joint. Bones con-
nected by ligaments and separated by a joint cavity form

- Growth of
cartilage

Epiphyseal
cartilage

Ossification
of cartilage
(growth in

bone length)

Periosteum

Diaphysis <

Growth in
bone diameter
(no cartilage
involved)

Epiphyseal
cartilage
Epiphysis

Figure 10.5 Growth of a long bone.

synovial joints. Synovial joints are highly mobile. Their
distinguishing characteristic is a joint cavity that encloses
the space between the joints. Most of the joints of the
appendicular skeleton are synovial joints.

Functionally, joints can be classified by how much
movement they allow. The functional classifications for
joints are synarthrodial (immovable), amphiarthrodial
(slightly movable), and diarthrodial (freely movable).
Some functional classification systems group immov-
able and slightly movable joints together as synarthro-
ses. Fibrous and cartilaginous joints are classified as
synarthrodial and amphiarthrodial, respectively, in the
structural classification scheme, whereas synovial joints
are classified as diarthrodial joints. The synovial joints
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Figure 10.6 Joints as classified by structure and function.

are of most interest to us because these are the joints
where movement occurs. Examples of joints classified
by function and by structure are shown in figure 10.6.

Synovial (or diarthrodial) joints are subclassified into
six different types according to the movements allowed
and the structure of the joint: gliding, hinge, pivot,
ellipsoidal, saddle, and ball and socket. The shapes of
the articulating surfaces often determine the movements
allowed and thus the joint type. Because few joints are
exactly like the idealized representations in figure 10.7,
joints are classified based on which joint type they most
resemble.

Gliding joints are also called irregular, plane, or arthro-
dial joints. The articulations are flat and small, and planar
sliding movements are allowed at these joints. The inter-
carpal (wrist), intertarsal (ankle), and acromioclavicular
(shoulder girdle) joints are examples of gliding joints.

Hinge joints are uniaxial and allow only one degree of
freedom of movement (only one number, say the angle
between the two bones of this joint, would be needed to
fully describe the orientation of the bones with respect
to each other). Hinge joints are also called ginglymus
joints. The pair of articulating surfaces in a hinge joint
approximate a round cylinder (oriented perpendicular to

the long axis of the bone) that fits into a matching shal-
low trough. The movements allowed at a hinge joint are
flexion and the return movement of extension (or plantar
flexion and dorsiflexion at the ankle). The humeroulnar
(elbow), tibiofemoral (knee), talotibial and talofibular
(ankle), and interphalangeal (finger and toe) joints are
all examples of hinge joints.

Pivot joints are also uniaxial, allowing only one degree
of freedom of movement. These joints may also be called
trochoid or screw joints. The articulating surfaces of a
pivot joint may approximate a pin inserting into a hole or
acylinder (aligned with the long axis of the bone) that fits
into a shallow trough. Rotation about a longitudinal axis
is allowed at a pivot joint. The proximal radioulnar joint
(between the bones of the forearm) and the atlantoaxial
joint (between the first and second cervical vertebrae)
are examples of pivot joints. The rotary movements of
the proximal radioulnar joint are called supination and
pronation. The rotary movements of the atlantoaxial joint
are called rotation to the right or left.

Ellipsoidal joints are biaxial and allow two degrees of
freedom of movement. These joints may also be called
condyloid or ovoid joints. The articulating surfaces of
an ellipsoidal joint approximate the shape of an ellipse
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Figure 10.7 Idealized representation of the six diarthrodial (synovial) joint types.

(or egg) that fits into a matching oval depression. These
joints have also been described as oval ball-and-socket
joints. The movements allowed at an ellipsoidal joint
are flexion and extension; abduction and adduction;
and circumduction, a combination of these movements.
The radiocarpal (wrist), metacarpophalangeal (fingers),
metatarsophalangeal (toes), and occipitoatlantal (head
and neck) joints are all examples of ellipsoidal joints.

Saddle joints are also biaxial and allow two degrees
of freedom of movement. These joints are also called
sellar joints. The articulating surfaces of a saddle joint
look like a pair of saddles turned 90° to each other. Cup
the fingers of each hand, then put your hands together,
rotating one of them 90°. This approximates a saddle
joint. The U-joints in the driveshaft of a car are like saddle
joints. A saddle joint also allows flexion and extension,
abduction and adduction, and circumduction. The first
carpometacarpal joint (at the base of the thumb) is an
example of a saddle joint.

Ball-and-socket joints are triaxial and allow three
degrees of freedom of movement. These joints are also
called enarthrodial, spheroidal, or cotyloidal. The articu-

lating surfaces of these joints look like a ball and a socket.
Ball-and-socket joints are the most freely movable of
the synovial joints. They allow flexion and extension,
abduction and adduction, and internal and external rota-
tion. The glenohumeral (shoulder) and hip joints are
examples of ball-and-socket joints. The sternoclavicular
joint (between the shoulder girdle and the axial skeleton)
is classified as a ball-and-socket or gliding joint.

Structure of Synovial Joints

The distinguishing characteristic of a synovial joint is
the joint cavity formed by the articular capsule. The
articular capsule is a sleeve of ligamentous tissue that sur-
rounds the joint. It attaches to the bones on either side of
the joint, connecting them together. The articulating ends
of the bones are covered with a thin layer of hyaline car-
tilage called the articular cartilage. The other exposed
bony surfaces within the articular capsule and the inner
surface of the articular capsule are lined with a synovial
membrane. The synovial membrane and the articular
cartilages thus seal the joint cavity. A synovial joint can



be compared to sealed bearings, which aren’t exposed to
the elements and thus rarely need to be regreased. But
unlike sealed bearings, a synovial joint is self-lubricating.
The synovial membrane secretes synovial fluid, which
fills the joint cavity. In some synovial joints, such as
the knee or sternoclavicular joint, a disc or partial disc
of fibrocartilage separates the articulating surfaces of
the bones. Figure 10.8 shows the various structures of
a synovial joint.

) The distinguishing characteristic of
a synovial joint is the joint cavity
formed by the articular capsule.
The articular capsule is a sleeve of
ligamentous tissue that surrounds
the joint.

The synovial fluid excreted by the synovial membrane
is a viscous fluid similar in appearance to egg whites
(syn-, "like," and ovum, "egg"). One function of the
synovial fluid is to lubricate the joint and reduce fric-
tion. Under pressure, the articular cartilage also secretes
synovial fluid that lubricates the joint. Another function
of the synovial fluid is to nourish the articular cartilage,
because articular cartilage has no nerve or blood supply.
The synovial fluid also cleanses the joint cavity and
imparts some hydrostatic shock-absorbing properties
to the joint.

The articular cartilage is the bearing surface between
moving bones. It improves the bone-to-bone fit at the
joint, increasing the joint’s stability and reducing pres-

Bone
Articular Synovial
cartilage fluid
Synovial
membrane
Articular — |
capsule

Figure 10.8 Features of a typical synovial joint.
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sure when the joint is loaded. It also reduces friction
and prevents wear. Because hyaline cartilage is more
resilient than bone, the articular cartilage also provides
some shock absorption at the joint. In joints that have
discs or partial discs of fibrocartilage, the discs perform
similar functions: improving bone-to-bone fit and absorb-
ing shock.

) The articular cartilage is the bearing
surface between moving bones.

Although the term cavity implies that a space of some
sort exists between the ends of the articulating bones in
a synovial joint, this space is quite small, and in normal
situations the articular cartilages actually contact each
other. If a joint is injured, however, the swelling caused
by increased fluid volume may greatly enlarge the cavity.

Stability of Synovial Joints

“Stable” was defined in chapter 5 as “not easily moved.”
Joint stability refers to a joint's resistance to movement
in planes other than those defined by the degrees of
freedom of movement for the joint, or to movement of
the articulating surfaces away from each other through
shear dislocation (sliding laterally) or traction dislocation
(pulling apart). Stability of a hinge joint thus refers to
its ability to resist abduction and adduction, internal and
external rotation, or dislocation. Joint flexibility refers
to the range of motion possible in the planes of motion
defined by the degrees of freedom of movement for the
joint and how easily these motions can occur. Flexibility
of a hinge joint thus refers to its range of motion in flexion
and extension and the ease of these movements.

:) Joint stability refers to the joint's
resistance to movement in planes
other than those defined by the
degrees of freedom of movement
for the joint, or to movement of the
articulating surfaces away from each
other through shear dislocation (slid-
ing laterally) or traction dislocation
(pulling apart).

The reciprocal convex and concave shapes of the
articulating ends of bones in a synovial joint are primar-
ily responsible for determining the planes of motion
allowed at the joint. Compressive and shear forces
develop between matching parts of articulating bones to
resist any shear dislocations or rotations in planes other
than those for which the joint was designed, as shown
in figure 10.9. The tighter the bone-to-bone fit and the
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deeper the matching convex and concave surfaces of the
joint, the more stable the joint. The hip is more stable than
the shoulder because the hip socket (the acetabulum) is
much deeper than the shoulder socket (the glenoid fossa).
Articular cartilage and fibrocartilage discs increase bone-
to-bone fit and also assist with joint stability. The menisci
of the knee give the condyles of the femur a deeper
depression to sit in than the relatively flat tibial plateau.

Whereas the articulating bones resist compressive and
shear forces at joints, ligaments provide the tensile forces
to resist traction dislocations when something tends to
pull the bones apart at a joint. Their tensile strength is
also required when a bending load acts on the joint in a
plane different from the plane of motion of the joint. In
this case, the joint must act like a beam, with compres-
sion stress on one side and tensile stress on the other.
The articular surfaces of the bones on one side of the
joint resist the compression component of the bending
load, whereas the ligaments on the opposing side resist
the tensile component of the bending load. The articular
capsule itself provides some of this tensile strength, but
most joints have ligaments as well to strengthen the joint
so it can resist dislocating torques or traction forces. The
ligaments may occur as thickened bands in the articular
capsule itself or as external ligaments separate from the
articular capsule. The locations of ligaments relative to
the joint they protect thus determine the stability of the
joint to bending loads that may cause dislocating abduc-
tion, adduction, or rotation. Figure 10.10 illustrates how

/1IN

Figure 10.9 Tight bone-to-bone fit allows for compres-
sive and shear force development to prevent dislocations.

the medial collateral ligament of the knee carries a tensile
load to prevent the knee from abducting when a medial
force acts on the knee.

—> Whereas the articulating bones resist
compressive and shear forces at
joints, ligaments provide the tensile
forces to resist traction dislocations
when something tends to pull the
bones apart at a joint.

Tendons and the muscles attached to them also resist
tensile forces and thus contribute to joint stability in a
manner similar to ligaments. The line of pull of most
muscles is such that a component of the force generated
during a contraction tends to pull the bones of a joint
more tightly together, thus affording resistance to any
traction-dislocating forces that tend to pull the bones
apart. This action of muscles and ligaments is shown in
figure 10.11a. In certain joint positions, muscles may
actually create forces having components that tend to
dislocate rather than stabilize a joint. This action is shown
in figure 10.115. The muscles, tendons, and tendinous
sheets (aponeuroses) that cross joints also provide some
lateral support to the joints they cross.

Another factor that contributes slightly to the stability
of synovial joints is the pressure within the joint cavity.

Tension

—

7 Medial
/[q— collateral
ligament

Compression

Figure 10.10 Tensile loading of the medial collateral
ligament prevents medial dislocation of the knee joint
when it is struck from the lateral side.
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This internal pressure is less than the pressure external to
Muscle and the joint cavity, so a suction force is created. The articu-
lating bones are thus sucked together as long as the joint
cavity is sealed and intact.

Flexibility of Synovial Joints

Joint flexibility refers to the range of motion in the planes
in which the joint is designed to move. Range of motion of
alimb is limited by some of the same factors that contrib-
ute to joint stability: the bones, ligaments, and muscles.
Range of motion is limited by other factors as well.

a  Ligament W — —

—> Joint flexibility refers to the range
of motion in the planes in which the
joint is designed to move.

Range of motion is limited by the extensibility of the

\
\ muscles that cross a joint. Muscles that cross more than
MLt‘zﬁlé’o?‘”d one joint (multiple-joint muscles) may not be able to
stretch far enough to allow full range of motion at a joint
if the positions at each joint the muscle crosses stretch
the muscle. The hamstring muscles are an example of
a multiple-joint muscle since these muscles cross both
\\\ the hip and knee joints. Try self-experiment 10.1 to see

\ \\ how range of motion at the hip joint is affected by the

\ hamstring muscles.

Self-Experiment 10.1

Lie on your back on the floor. Flex your right hip as far

b N ;

as you can while keeping your right knee extended as
shown in figure 10.12a. Now allow your knee to flex and
Figure 10.11 Tensile forces from muscles may contrib- see how much farther you can flex your hip (se.e figure
ute to joint stability (a) or instability (b). 10.12b). In the first case, your range of hip flexion was

Figure 10.12 Muscle extensibility affects joint range of motion, as illustrated in this test of hip joint flexibility. In (a),
the hamstring muscles limit the range of motion of hip flexion. In (b), tension in the hamstring muscles is released by
flexing of the knee, resulting in greater range of hip flexion.
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limited by your hamstring muscles. These muscles are
two-joint muscles that cross posterior to the hip joint
and the knee joint. They are stretched if the knee extends
and stretched farther if the hip then flexes (as in the first
case). The tension in the hamstring muscles limited your
hip flexion when the knee was extended. When the knee
flexed, the tension in these muscles was relieved, and you
were able to flex the hip farther.

Most muscles that cross only one joint (single-joint
muscles) are extensible enough that they do not limit
range of motion at that joint. With the exception of the
rectus femoris, the quadriceps muscles are all single-
joint muscles. Flex your hip and knee at the same time.
The quadriceps muscles are not stretched to their limit
at the knee’s range-of-flexion limit. Other factors limit
the range of knee flexion.

Ligaments limit range of motion also. Ligaments
that do not align radially with respect to an axis of the
joint become looser during one joint action and tighter
as the reverse joint action progresses, until the ligament
stops the movement. At ball-and-socket and pivot joints,
twisting of the ligaments limits the range of rotation. The
articular capsule itself also limits range of motion.

The shapes of the articulating bones may also limit
range of motion. Elbow extension stops when the olec-
ranon process of the ulna becomes constrained by the
olecranon fossa of the humerus, or vice versa. The lateral
malleolus of the fibula limits eversion of the ankle when
it contacts the calcaneus.

The bulkiness of soft tissues or clothing around a
joint may also limit range of motion. Someone with large
elbow flexor muscles (biceps brachii and brachialis) may
not have as much range of elbow flexion as someone with
less developed muscles. A child bundled up in a bulky
coat for outdoor winter weather provides an extreme
example of how clothing may limit range of motion.

Mobility, or the ease of movement through a range
of motion, is affected by friction within the joint and by
the inertia and tension in the muscles around the joint,

especially those that oppose the joint motion in question
(antagonist muscles). Any wearing or damage to the
articular cartilage increases joint friction and thus reduces
mobility. Wear and tear of the articular fibrocartilage discs
reduces mobility as well in joints with these structures.
Damage to the articular cartilage or bone within the joint
cavity may produce loose particles that decrease mobil-
ity. Damage to the synovial membrane and its capacity
for producing synovial fluid also results in loss of joint
mobility. People suffering from arthritic diseases often
have one or more of these problems.

Summary

The skeletal system provides the body with a framework
of rigid links that enables movement. The 200-plus bones
of the skeleton provide support and protection for internal
organs. The bones also function as red blood cell produc-
ers and as a storage site for minerals.

The bones of the skeleton are joined together at joints
that may allow a great range of movement, slight move-
ment, or none at all. Joints may be classified according to
their function or structure. Diarthrodial or synovial joints
are the joints of interest to us because they allow free
movement. The six types of synovial joints are gliding,
hinge, pivot, ellipsoidal, saddle, and ball and socket. All
synovial joints have a joint cavity lined with a synovial
membrane that secretes synovial fluid. The bearing
surfaces of the bones in a synovial joint are coated with
a thin layer of articular cartilage that is nourished and
lubricated by the synovial fluid. A ligamentous sleeve
surrounds synovial joints and connects the bones to form
the articular capsule.

Joint stability is affected by bone-to-bone fit, articular
cartilage and fibrocartilage discs, ligaments, muscles and
tendons, and negative pressure (suction). Joint flexibility
or range of motion is affected by muscle extensibility,
ligaments, bone-to-bone contact, and the bulk of soft
tissue and clothing. Joint mobility or ease of range of
motion is affected by antagonist muscle tension and
friction within the joint cavity.

KEY TERMS
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REVIEW QUESTIONS

1. What are the mechanical functions of the skeletal system?

D S AN

10.
. What are the functions of synovial fluid?
12.
13.
14.
15.

What are the metabolic functions of the skeletal system?

. What type of bone is

a. the femur?

b. the third thoracic vertebra?

c. the calcaneus?

d. the first metacarpal?

e. the patella?
What component of bone is primarily responsible for resisting compression?
At what age do most epiphyseal plates ossify?
What are the six types of synovial joints?
Give an example of a uniaxial joint.
Give an example of a biaxial joint.
Give an example of a triaxial joint.

What type of synovial joint is the glenohumeral joint?

What keeps the synovial fluid in the joint cavity?
What are the functions of articular cartilage?
What factors influence the stability of synovial joints?

In general, which are more stable—the joints of the upper extremities or the joints of the lower

extremities?
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The Muscular System
The Motors of the Body

objectives

When you finish this chapter, you should be able
to do the following:

Describe the three types of muscle tissue:
smooth, skeletal, and cardiac

Discuss the functions of skeletal muscle

Describe the microstructure of skeletal
muscle

Describe the macrostructure of skeletal
muscle

Discuss the three different types of mus-
cular actions: concentric, eccentric, and
isometric

Describe the roles that muscles can
assume

Discuss the factors that influence the force
developed during muscular activity

Understand the relationship between
power output and velocity of contraction
of a muscle




You are watching a bodybuilding show as the athletes pose to music. You are struck
by the number and sizes of the muscles displayed and by how well defined and
large they are. You have always thought of muscles as the active force producers

within the body, but now you realize what artists have known for centuries: Muscles
give our bodies the shape and form that make it aesthetically pleasing. What is
the anatomy of muscles that allows them to take on such variety of shapes? How
do muscles produce force and what factors affect this force production? This
chapter attempts to answer these and other questions concerning the structure

and function of muscles.

M USCIeS dre fhe active components

of the musculoskeletal system. Although the bones and
joints of the skeleton form the framework of the body,
this framework would collapse without the active force
generation of muscles providing stiffness to the joints.
Muscles are the motors of the musculoskeletal system that
allow the levers of the skeleton to move or change position.

The distinguishing characteristic of muscle, which
gives it the capacity to move or stiffen joints, is its ability
to actively shorten and produce tension. This character-
istic is not unique to the muscles of the musculoskeletal
system alone, however. All muscle tissue has the ability
to contract. Three different types of muscle tissue are
present in the human body: smooth (visceral) muscle, car-
diac muscle, and striated (skeletal) muscle. The walls of
vessels (veins and arteries) and hollow organs (stomach,
intestines, uterus, bladder, and so on) are smooth muscle.
This type of muscle is smooth in appearance, as its name
implies, and is greatly extensible. Cardiac muscle is
irregularly striped (striated) in appearance. The walls of
the heart are cardiac muscle. Cardiac and smooth muscle
are innervated by the involuntary (autonomic) nervous
system. Skeletal muscle has regularly spaced parallel
stripes that give it its striated appearance. Unlike cardiac
or smooth muscle, skeletal muscle cells are multinucle-
ated due to their length. Skeletal muscle contractions are
largely voluntary, and thus skeletal muscle is controlled
by the somatic (voluntary) nervous system.

=0 The distinguishing characteristic of
muscle is its ability to actively shorten
and produce tension.

The Structure of Skeletal
Muscle

Skeletal muscles serve a variety of functions, including
movement and posture maintenance, heat production,

protection, and pressure alteration to aid circulation.
More than 75% of the energy used during a muscular
contraction is released as heat. Muscles are the body’s
furnace. Muscles may serve as shock absorbers to protect
the body. The walls of the abdomen and chest are covered
with muscles that protect the underlying organs. A final
function of skeletal muscle is pressure alteration. This
is primarily a function of cardiac or smooth muscle, but
the contraction of skeletal muscles may also alter pres-
sure in veins, thus assisting with the venous return of
blood. Because skeletal muscle attaches to bone and is
responsible for controlling joint movements, this is the
function that is most interesting in sport and exercise.
The more than 400 skeletal muscles in the human body
are of various shapes and sizes, but their common func-
tions lead to some general similarities in their structure.

Microstructure
of Skeletal Muscles

A single muscle cell is a muscle fiber. A muscle fiber
is a long, threadlike structure 10 to 100 um (10 to 100
millionths of a meter) in diameter and up to 30 cm long.
Covering the muscle fiber is a thin cell membrane called
the sarcolemma. External to the sarcolemma is the endo-
mysium, the connective tissue sheath that encases each
muscle fiber and anchors it to other muscle fibers and
connective tissue and eventually to the tendon.

Within each muscle fiber are hundreds of smaller (1
um in diameter) threadlike structures lying parallel to
each other and running the full length of the fiber. These
are the myofibrils, whose number may vary from less
than 100 to more than 1000, depending on the size of
the muscle fiber. Transverse light and dark bands appear
across each myofibril and align with the same bands on
adjacent myofibrils. These bands of light and dark repeat
every 2.5 pm and give skeletal muscle its striated appear-
ance. Within a single myofibril, the repeating unit of the
myofibril between stripes is called a sarcomere.



The sarcomere is the basic contractile unit of muscle.
Thick (myosin) and thin (actin) protein filaments, or
myofilaments, overlap within the sarcomere. The thin
actin filaments are free at one end, where they overlap
with the thick myosin filaments; at the other end, they
anchor to adjacent sarcomeres in series with each other
at the transverse Z line or Z band (for Zwischenscheibe,
or “between disc”). A sarcomere is thus the part of a
myofibril from Z line to Z line. The region that includes
only actin filaments and the Z band (or the region where
the actin filaments do not overlap with the myosin fila-
ments) is called the I band (for “isotropic”—named for
its refraction of one wavelength of light) and appears as
a light band. The darker band or region that includes the

Myofilaments (cross sections)

- Actin filament

e Myosin filament

The Muscular System

full length of the myosin filaments along with the region
of overlap with the actin filaments is called the A band
(for “anisotropic”—named for its refraction of more than
one wavelength of light). The region within the A band
where the actin and myosin do not overlap is called the
H band or H zone (for Hellerscheibe, or “clear disc”).
At the middle of the H band is the M band or M line (for
Mittelscheibe, or “middle disc’), the transverse band that
connects adjacent myosin filaments with each other. The
ends of the myosin filaments have projections that give
them a brushlike appearance. These projections are the
cross bridges that link to the actin filaments and create
the active contractile force during a muscular contrac-
tion. Figure 11.1 illustrates conceptually the structure

Zline

Resting state

Myosin (thick)

Actin

filament
Head Tail Backbone
Tropomyosin
Actin (thin)
filament

Troponin

- Figure 11.1 Skeletal
muscle microstructure.

Reprinted, by permission,
from G.R. Hunter, 2000,

Z line end

Muscle physiology. In NCSA's
essentials of strength train-
ing and conditioning, 2nd
ed., by National Strength and
Conditioning Association,
T~ M bridge edited by T.R. Baechle and

R.W. Earle (Champaign, IL:
H zone level Human Kinetics), 6.
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of a muscle fiber, its myofibrils, and a sarcomere. A
transverse or cross section through a myofibril shows
that each myosin filament is surrounded by six actin fila-
ments in the overlap zone, whereas each actin filament is
surrounded by only three myosin filaments.

—> The sarcomere is the basic contractile
unit of muscle.

Macrostructure of Skeletal
Muscles

Muscle fibers are bundled together in groups of 100 or
more to form a fascicle (or fasciculus). Each fascicle is
encased by a connective tissue sheath called the perimy-
sium. The endomysium of each muscle fiber is bound
to this perimysium. Several fascicles are then bound
together within a connective tissue sheath called the epi-
mysium to form a whole muscle, as shown in figure 11.2.

Myofilaments run the entire length of a muscle fiber,
and the ends of the myofilaments attach to the endo-
mysium. In long muscles, individual muscle fibers are
not long enough to run the entire length of the muscle
and may not be as long as the fascicle in which they are
bound. The endomysium of a muscle fiber thus attaches
to the endomysium of the next muscle fiber in series
(aligned with it end to end) or to the perimysium of the
fascicle. The perimysium of a fascicle then attaches to
the perimysium of the next fascicle in series or to the epi-
mysium of the entire muscle. Thus the connective tissue

Epimysium (deep fascia)

Fasciculus

Endomysium
(between fibers)

Sarcolemma

Sarcoplasm
Myofibril e

o~

Myofilaments{
actin (thin)
myosin (thick)

Nucleus

Figure 11.2 Skeletal muscle macrostructure.

sheaths of the muscle become bound together at the ends
of the muscle. This connective tissue extends beyond the
region of the muscle containing the contractile elements.
It weaves itself into cords or sheets of connective tissue
that connect the muscle to bone. These cords are called
tendons, and the sheets are called aponeuroses. The
force of a muscular contraction is thus transmitted from
the endomysium of the muscle fiber to the perimysium
and epimysium and then to the tendon, which is a con-
tinuation of these connective tissues.

The insertion or attachment of a tendon to bone is
similar to the attachment of a ligament to bone. Because
tendons (and ligaments) are less stiff than bone, there
must be a gradual increase in the stiffness of the tendon
(or ligament) from the muscle end to the bone end. At
the site of insertion, the tendon gradually contains more
ground substance so that it becomes fibrocartilage. This
fibrocartilage part of the tendon then becomes more
mineralized, and thus bony, as the tendon attaches to the
periosteum of the bone and blends into the bone itself.
This attachment and transition at the tendon—bone inter-
face is shown in figure 11.3.

Because muscles attach to movable limbs, the muscles
and their attached tendons move when the muscles
shorten or lengthen. Movements of the belly of the muscle
may create friction between it and adjacent muscles.
Loose connective tissue between adjacent muscles func-
tions to reduce this friction. Where tendons or muscles
would rub against bones or ligaments, bursae may be
present to reduce friction or prevent damage to the muscle

Muscle belly Tendon

Perimysium

Single muscle fiber

Reprinted, by permission, from G.R. Hunter and R.T. Harris, 2008, Structure and function of the muscular, Neuromuscular, cardiovascular, and respiratory
systems. In Essentials of strength training and conditioning, 3rd ed., by National Strength and Conditioning Association, edited by T.R. Baechle and

R.W. Earle (Champaign, IL: Human Kinetics), 6.
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Figure 11.3 The insertion of tendon to bone, illustrating the transition from collagen fibers to fibrocartilage to bone.

or tendon. A bursa is a sac filled with synovial fluid that
pads and lubricates soft tissues on bones. Tendon sheaths
are similar to bursae in structure and function, but they
wrap completely around a tendon.

Typically, muscles have two ends that are attached by
tendons to bones on either side of a joint. When a muscle
contracts, it pulls with equal force on each attachment,
and each bone will tend to move. Anatomically, the
origin of a muscle is its more proximal attachment, and
the insertion of a muscle is its more distal attachment.
Mechanically, the origin of a muscle attaches to the bone
that moves less, and the insertion attaches to the bone
that moves more. The anatomical insertion of the triceps
brachii is always the olecranon process of the ulna, the
more distal attachment of this muscle. Mechanically,
the origin and insertion of the triceps brachii depend on
the movement. The olecranon process is the mechanical
insertion of the triceps brachii during a bench press; but
during a push-up, the olecranon process is the mechanical
origin of the triceps. The anatomical terminology is most
common because it is understood even if no movement
is referred to.

—> When amuscle contracts, it pulls with
equal force on each attachment.

A muscle’s line of pull refers to the direction of the
resultant force produced at an attachment. The direction
of the resultant force is along a line from the origin to the
insertion of the muscle. This is true for muscles that have
single points of origin and single points of insertion. Some
muscles, such as the triceps brachii, have more than one
insertion or origin; other muscles, such as the trapezius,

have broad origins or insertions. In these situations, no
single line of pull is apparent, and the line of pull of these
muscles depends on which fibers are active.

=) A muscle’s line of pull refers to the
direction of the resultant force pro-
duced at an attachment.

As alluded to in the previous paragraph, the arrange-
ment of fibers in a muscle may affect its function. Muscles
may have more than one head or anatomical origin (e.g.,
biceps, triceps, quadriceps). The fibers in these muscles
align in several different directions. Long muscles whose
fibers all align parallel to the line of pull of the muscle are
called longitudinal, strap, or fusiform muscles. Muscles
that have shorter fibers not aligned with the line of pull
are called pennate (for feather) muscles. The fibers of
these muscles insert at an angle to a tendon and thus
resemble the barbs of a feather. Pennate, or penniform,
muscles may be unipennate, bipennate, or multipennate.
In general, pennate muscles are able to exert greater
forces than similar-sized longitudinal muscles, but the
longitudinal muscles are able to shorten over a greater
distance. Figure 11.4 shows examples of the various
shapes and forms of muscles.

Muscle Action

The distinguishing characteristic of muscle is its ability
to contract. The development of tension within a muscle
causes it to pull on its attachments. This action of a muscle
is usually referred to as a muscular contraction; however,
this use of the word contraction is confusing because it
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Figure 11.4 Examples of different fiber arrangements in skeletal muscles.

implies that the muscle shortens in length during this
activity. But a muscle may be contracting and not chang-
ing length at all or may even be lengthening. A more
accurate word to denote muscle “contraction” is muscle
action. When a muscle is active, it develops tension and
pulls on its attachments. The active muscle may shorten,
stay the same length, or lengthen.

Types of Muscular Actions

When a muscle is active and its attachments draw closer
together, the muscle is active concentrically (or contract-
ing concentrically). The muscle action is a concentric
action (or a concentric contraction). This occurs when
the torque created by the active muscle on either limb at
ajoint is in the same direction as the rotation of the limb.
Concentric muscle action occurs when

¢ the flexor muscles are active and flexion occurs,

e the extensor muscles are active and extension
occurs,

¢ the abductor muscles are active and abduction
occurs,

e the adductor muscles are active and adduction
occurs,

¢ the internal rotator muscles are active and internal
rotation occurs, or

¢ the external rotator muscles are active and exter-
nal rotation occurs.

Because the force and torque created by the muscle
are in the same direction as the movement of the muscle’s
points of attachment or the rotation of the limbs, positive
mechanical work is done by the muscle. Recall from
chapter 4 that work done causes a change in energy.
Positive work results in an increase in kinetic or potential
energy or both. If the muscle force is the only force acting
on the limb (other than gravitational forces), then a con-
centric muscle action results in an increase in the limb’s
kinetic or potential energy. Generally, if a limb’s velocity
is speeding up or its position is being elevated, concentric
muscular activity is likely to be occurring. During the up
phase of a push-up, potential energy is increased because
the body is being elevated. Elbow extension occurs, and
the elbow extensor muscle (the triceps brachii) is active
concentrically. Figure 11.5 illustrates examples of con-
centric muscle activity.

—0 When a muscle is active and its
attachments draw closer together,
the muscle is active concentrically.
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Figure 11.5 Examples of phases of movements that involve concentric muscular activity.

When a muscle is active and its attachments are drawn
farther apart, the muscle is active eccentrically (or con-
tracting eccentrically). The muscle action is an eccentric
action (or an eccentric contraction). This occurs when
the torque created by the active muscle on either limb at
ajoint is in the direction opposite the rotation of the limb.
Eccentric muscle action occurs when

e the flexor muscles are active and extension
occurs,

e the extensor muscles are active and flexion
occurs,

e the abductor muscles are active and adduction
occurs,

e the adductor muscles are active and abduction
occurs,

¢ the internal rotator muscles are active and external
rotation occurs, or

¢ the external rotator muscles are active and internal
rotation occurs.

Because the force and torque created by the muscle are
in the direction opposite the movement of the muscle’s
points of attachment or the rotation of the limbs, nega-
tive mechanical work is done by the muscle. Negative
work results in a decrease in kinetic or potential energy
or both. If the muscle force is the only force acting on
the limb (other than gravitational forces), an eccentric
muscle action results in a decrease in the limb’s kinetic
or potential energy. Generally, if a limb’s velocity is
slowing down or its position is being lowered, eccentric
muscular activity is likely to be occurring. During the
down phase of a push-up, potential energy is decreased
because the body is being lowered. Elbow flexion occurs,
and the elbow extensor muscle (the triceps brachii) is
active eccentrically. Figure 11.6 illustrates examples of
eccentric muscle activity.

—) When a muscle is active and its
attachments are drawn farther apart,
the muscle is active eccentrically.
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Figure 11.6 Examples of phases of movements that involve eccentric muscular activity.

When a muscle is active and its attachments do not
move relative to each other, the muscle is active iso-
metrically (or contracting isometrically). The muscle
action is an isometric action (or an isometric contrac-
tion). No rotation of the limb occurs, so no mechanical
work is done and no change in kinetic or potential energy
occurs. Because the isometrically active muscle exerts a
torque about the joint, some other opposing torque must
be exerted about the joint to keep it in static equilibrium
and not moving. This opposing torque may be provided
by the opposing muscles on the other side of the joint
or by some external force such as gravity. Generally, if
no movement occurs at a joint but other forces act on
the limbs at that joint, an isometric muscular activity is
likely to be occurring. If you push yourself halfway up
during a push-up and hold that position, no movement
is occurring, but the elbow extensor muscle is active to
prevent gravity from flexing your elbows and pulling you
back down to the ground. The elbow extensor muscle (the
triceps brachii) is active isometrically.

=) When a muscle is active and its
attachments do not move relative
to each other, the muscle is active
isometrically.

Roles of Muscles

A variety of terms are used to refer to the roles of muscles
either relative to a joint action or relative to another
muscle. An agonist muscle is capable of creating a torque
in the same direction as the joint action referred to. Thus
muscles that are active concentrically are agonists to the
action occurring at the joint they cross. The biceps brachii
is an agonist for elbow flexion; the triceps brachii is an
agonist for elbow extension; the quadriceps femoris is an
agonist for knee extension; the gastrocnemius is an ago-
nist for ankle plantar flexion; and so on. These muscles
may also be referred to as prime movers or protagonists.
The terms agonist, prime mover, and protagonist are
undefined unless a joint action is referred to in relation to



them. The statement, “The biceps brachii is an agonist,”
is incomplete.

An antagonist is a muscle capable of creating a torque
opposite the joint action referred to or opposite the other
muscle referred to. The biceps brachii is an antagonist
for elbow extension; the triceps brachii is an antagonist
for elbow flexion; the quadriceps femoris is an antagonist
for knee flexion; the gastrocnemius is an antagonist for
ankle dorsiflexion; and so on. In the preceding examples,
the term antagonist is used in reference to a joint action,
and thus muscles active eccentrically are antagonists to
the action occurring at the joint they cross. Antagonist
may also be used in reference to another muscle. The
biceps brachii is an antagonist to the triceps brachii; the
quadriceps femoris is an antagonist to the hamstrings; the
gastrocnemius is an antagonist to the tibialis anterior; and
so on. In these cases, the torque that the antagonist cre-
ates opposes the torque created by the muscle referred to.

Other terms have been used to denote other roles that
muscles play, including synergist, neutralizer, stabilizer,
fixator, and supporter. These terms are all used in refer-
ence to another muscle. The terms stabilizer, fixator, and
supporter refer to muscles that are active isometrically
to keep a limb from moving when the reference muscle
contracts. When a muscle is active, it tends to move both
bones to which it is attached when movement of only one
limb may be desired. Other external forces may cause
unwanted movement of limbs as well. The isometric
action of the stabilizing (fixating, supporting) muscles
keeps the limb from moving. During the down phase of
a push-up, the shoulder girdle tends to adduct due to the
weight of the trunk and the upward reaction force acting
on the shoulder joint. The serratus anterior acts as a sta-
bilizer to prevent this adduction by acting isometrically.

A neutralizer is a muscle that creates a torque to
oppose an undesired action of another muscle. The
torques created by many muscles have components in
several planes; thus, when these muscles are active, they
create torques about more than one axis of a joint. For
example, when the biceps brachii is active, it creates a
flexion torque at the elbow as well as a supinating torque.
If supination is the desired action, the triceps would act
isometrically to neutralize the undesired flexion torque
of the biceps.

The word synergy is used to refer to mutually ben-
eficial actions of two or more things. In terms of muscle
function, a synergist muscle has been described as a
muscle that assists in producing the desired action of an
agonist muscle. Neutralizers and stabilizers could thus
be described as synergists. A synergist could also be
another muscle whose torque adds to the torque of an
agonist. The term synergist is not very exclusive, and its
use should be avoided.

The Muscular System

Contraction Mechanics

The action responsible for the contraction of a muscle
occurs within the sarcomere. In response to a stimulus
from the motor neuron that innervates a muscle, the
muscle becomes active, and the cross bridges of the
thick myosin filament attach, pull, release, and reattach
to specific sites on the thin actin filament. The cross
bridges of the myosin filament tug on the adjacent actin
filament and pull themselves past it, similar to the way
you might pull on (or climb up) a rope hand over hand.
The myosin filaments thus slide past the actin filaments,
and the muscle shortens (in a concentric contraction). An
eccentric contraction is like lowering a bucket on a rope
by letting it drop a short distance, then regripping it, then
letting it drop, and so on. The cross bridges of the myosin
filament attach and tug, but another force pulls them off
that attachment site; and as the actin filament slides away,
the myosin cross bridges quickly reattach to another site.
The force developed during a contraction is the sum of
the pulling forces that each myosin cross bridge exerts
on the actin filament. The more cross bridges attached to
actin filaments, the larger the contraction force.

A single stimulus from the motor neuron (the nerve
cell that innervates the fiber) results in a twitch response
of the fiber. The cross bridges attach briefly and then
release, with muscle tension rising and then falling as
shown in figure 11.7a. The duration of tension in the
muscle is short. A repeated series of stimuli received
from the motor neuron results in a repeated series of
twitch responses of the muscle fiber if the time between
each successive stimulus is long enough. With increased
frequency of stimulus (and less time between stimuli),
there will still be tension in the fiber when the next
stimulus occurs. The subsequent tension in the fiber will
be greater. If the frequency of stimuli is rapid enough, a
tetanic response of the fiber results, as shown in figure
11.7b. The cross bridges attach, release, and reattach,
with increasing tension developed until a maximum
value is reached. The maximum tension achieved in a
tetanic response is much greater than that achieved in a
twitch response. Continued stimuli keep the tension in
the muscle high until fatigue occurs.

=) A single stimulus from the motor
neuron results in a twitch response
of the fiber.

Muscle Contraction Force

The maximum force a muscle is capable of developing
depends on several factors concerning the state of the
muscle. If all the fibers of a muscle are stimulated to
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Figure 11.7 Tension developed in a muscle fiber
as a result of a single stimulus (a) is smaller than that
developed as a result of repeated stimulation (b) if the
stimulation frequency is great enough.

contract, these factors include the physiological cross-
sectional area of the muscle, the length of the muscle, and
the velocity of muscle shortening, as well as other factors.

Physiological Cross-Sectional
Area

The tensile force produced by an active muscle would
appear to be determined by the number of myosin cross
bridges attached to actin myofilaments throughout the
muscle. But this is not exactly the case. Let’s consider a
single muscle fiber. As described earlier, a muscle fiber
consists of a bundle of myofibrils arranged parallel to
each other (see figure 11.1). A number of sarcomeres
lined up end to end in series with each other make up
each myofibril, and within each sarcomere are the force-
generating myofilaments. If we increased the number
of sarcomeres lined up end to end in series with each
other, we would increase the number of cross bridges
and thus increase the number of possible attachments of

the cross bridges to the actin myofilaments. The length of
the myofibril would increase; and if we did this to each
myofibril, the fiber length would increase as well as the
length of the resting muscle. But would the muscle be
capable of producing any more force?

Series Arrangement of Fibers
and Myofibrils

The arrangement of muscle fibers in a muscle or of myofi-
brils in a muscle fiber affects the behavior of the muscle or
muscle fiber. Fibers and myofibrils arranged and attached
end to end are described as in a series with each other.
Fibers and myofibrils arranged alongside each other are
described as parallel to each other. Self-experiment 11.1
illustrates the behavior of fibers in series.

Self-Experiment 11.1

You’ll need three rubber bands and two paper clips for
this experiment. Loop one rubber band over the index
finger of your right hand and over the index finger of
your left hand as shown in figure 11.8. Now pull until
the rubber band stretches to twice its length. Unhook the
rubber band from your left hand and link a second rubber
band in series to this one using a paper clip. Now loop
the second rubber band over your left index finger and
pull. Pull until the two rubber bands double their length.
Unhook the second rubber band from your left hand and
hook the third rubber band to this one and then over your
left index finger. Pull again until the three rubber bands
double their length. After adding one or two rubber bands
in series with the first rubber band, did you have to pull
with more force to double the length of the rubber bands?
No! The force you had to pull with to double the length
was about the same. Muscles behave similarly—longer
muscles can stretch and shorten over greater lengths than
short muscles, but they are not any stronger even though
they may have more myofilaments. Strength gains don’t
occur in weight training as a result of athletes growing
longer muscles; instead, their muscles grow wider.

Parallel Arrangement of Fibers
and Myofibrils

Now suppose that, rather than adding sarcomeres in
series to a myofibril, we added them in parallel by
increasing the number of myofibrils, or instead of adding
sarcomeres, we increased the number of myofilaments
within each sarcomere of a myofibril. In these cases, we
have increased the number of possible attachments of
the cross bridges to the actin myofilaments (as was the
case before), but rather than increasing the length of the
myofibril or muscle, we have increased its diameter and
cross-sectional area. Would the muscle be capable of
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Figure 11.8 Stretching rubber bands in series. The force required to double the length of one, two, or three rubber

bands in series is the same in all three cases.

producing any more force in these cases? Self-experiment
11.2 illustrates the behavior of fibers in parallel.

Self-Experiment 11.2

Again, let’s use rubber bands for our model of muscle.
Loop one rubber band over your right and left index
fingers as in self-experiment 11.1. Pull until the rubber
band doubles in length. Now loop a second rubber band
over the index fingers of your right and left hands so that
both rubber bands are looped over your fingers as shown
in figure 11.9. Pull again until the rubber bands double
in length. Now loop the third rubber band over the index
fingers of your right and left hands so that three rubber

bands are looped over your fingers. Pull again until the
rubber bands double in length. After adding one or two
rubber bands in parallel with the first rubber band, did
you have to pull with more force to double the length of
the rubber bands? Yes!

Muscles behave similarly to the rubber bands in self-
experiment 11.2. Increasing the number of fibers side
by side and parallel to each other increases the strength
of the muscle. The cross-sectional area of the muscle
perpendicular to the muscle fibers and line of pull of a
muscle gives an indication of the maximal tensile force
that a longitudinal muscle can produce.
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Figure 11.9 Stretching rubber bands in parallel. The force required to double the length of two rubber bands in
parallel is twice the force required to stretch one rubber band the same distance. For three rubber bands, the force

required is three times as large.

Longitudinal Versus Pennate Muscles

Human muscle can produce a tensile force of approxi-
mately 30 N/cm? of cross-sectional area of active muscle
during an isometric contraction, or the tensile stress pro-
duced by muscle during isometric contractions is 30 N/
cm? if all the muscle fibers in that cross section are active.

F =Ac (11.1)

m-m

where
F = maximal isometric contraction force,
A = cross-sectional area of muscle, and

o, = maximum stress developed by isometric
muscle contraction.

Thus a longitudinal muscle with a diameter of 3 cm (and
a cross-sectional area of 7 cm?) can produce a maximal
isometric contraction of

F = (7 cm?) (30 N/cm?)
F,=210N

Growth in the size of muscles produces increases in the
strength of the muscle as well. Gains in size and strength
are thus commonly observed by novice weightlifters.
The maximum tensile force a pennate muscle can
produce cannot be estimated by the cross-sectional area
perpendicular to the muscle fibers and line of pull of a

muscle because the muscle fibers and the line of pull of
a pennate muscle are not in the same direction. A cross
section taken perpendicular to the line of pull of a pen-
nate muscle would not include all the fibers of the muscle
(see figure 11.10). A cross section taken perpendicular
to the muscle fibers may not include all the fibers either.

The solution is to take several cross sections per-
pendicular to the fibers so that all the parallel fibers are
included. This area gives an indication of how much total
tension the fibers can produce, but this tensile force is
not in the same direction as the muscle’s line of pull. The
component of this total tensile force parallel to the line
of pull must be determined. We compute this component
by multiplying the total area by the cosine of the angle
of pinnation (this product gives the physiological cross-
sectional area of the muscle) and then by the maximum
tensile stress of the muscle, or

F =(A, cos 0o, (11.2)
where
F_ = maximal isometric contraction force,

A, cos 0 = physiological cross-sectional area of
muscle,

6 = angle of pinnation (the angle of the muscle
fibers with the line of pull), and

o, = maximum stress developed by isometric
muscle contraction.
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Figure 11.10 A cross section through a pennate muscle
and perpendicular to its line of pull may not include all
its fibers.

For example, let’s compare the tension-producing
capabilities of two equal volumes of muscle tissue, one
from a longitudinal muscle and one from a unipennate
muscle, as shown in figure 11.11.

Using equation 11.1, the maximum isometric tensile
force developed in the longitudinal muscle is

FVH = Amo-m
F =(5cmx2cm)x (30 N/cm?)
F =300N

And, using equation 11.2, the maximum isometric tensile
force developed in the unipennate muscle is

F =(A cosb)go,

The Muscular System

F = (11.54 cm® + 11.54 cm?) (cos 30°) (30 N/cm?)
F =(23.08 cm?) x (0.866) (30 N/cm?)
F =600N

In this example, the same volume (and mass) of muscle
tissue from a unipennate muscle is able to produce 2.0
times as much tensile force during an isometric contrac-
tion as tissue from a longitudinal muscle. The shorter
fibers of the pennate muscle and their orientation rela-
tive to the angle of pull, however, limit the distance over
which a pennate muscle can shorten. A comparison of
minimum contraction lengths for the longitudinal and
unipennate muscles used in the previous example is
shown in figure 11.12.

Muscle Length

The physiological cross-sectional area of active muscle
gives an indication of the maximum tensile force a muscle
is capable of producing, but this maximum is dependent
on the length of the muscle during the contraction. The
mechanics of contraction within the sarcomere determine
the relationship between the length of a muscle and the
maximum force of contraction.

:) The physiological cross-sectional area
of active muscle gives an indication of
the maximum tensile force a muscle
is capable of producing.

Active Tension

The attachment of the myosin cross bridges to the actin
filament within a sarcomere is the basis for the active ten-
sile force developed during a muscular contraction. The
range of lengths through which the actin and myosin myo-
filaments can overlap determines the range of lengths over
which a whole muscle can actively develop tension, as
shown in figure 11.13. At maximum tension, the overlap
between the actin and myosin myofilaments is maximal.
Let’s call this the sarcomere’s resting length, or €, (see
figure 11.13a). The sarcomere can shorten beyond this
point, but then opposing actin filaments begin to overlap;
and because the myosin cross bridges cannot attach to
these filaments, the tension decreases. Shortening of the
sarcomere can still continue until the actin and myosin
myofilaments become jammed against the opposite Z
disk. At this point, no tension is produced in the muscle
and the sarcomere is a little more than half its resting
length, or about 60% of €_ (see figure 11.13b). A whole
muscle can thus produce tension and shorten to approxi-
mately half its resting length (not including the length
of its tendons). If the sarcomere is stretched longer than
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Figure 11.11 Comparison of total cross-sectional areas of longitudinal and pennate muscles of the same volume. The
cross-sectional area, A, of the longitudinal muscle is 5 cm x 2 cm = 10 cm?. The cross-sectional area of the pennate
muscleisXA=A + A,=(5.77cm x 2cm) + (5.77 cm x 2 cm) = 11.54 cm? + 11.54 cm? = 23.08 cm?.

its resting length, fewer myosin cross bridges can attach
to the actin myofilaments, and the tension decreases.
Active tension can be developed at longer lengths until
the actin and myosin no longer overlap. At this point, no
active tension is produced and the sarcomere is a little
more than 1.5 times its resting length, or 160% of € (see
figure 11.13c¢). A whole muscle can thus actively produce
tension at lengths 60% to 160% of its resting length.

Passive Tension

Passive tension can be developed in the sarcomere and
within the whole muscle by stretching of the connective
tissue structures: the sarcolemma, endomysium, perimy-
sium, epimysium, and tendon. The passive stretching of
these tissues allows a muscle to be stretched and develop
tension beyond 160% of its resting length. The tension
developed in a whole muscle thus depends on the tension
produced by active contraction of the contractile elements
(the myofilaments) plus the passive tension developed
when the muscle is stretched beyond its resting length.

The relationship between muscle length and tension is
shown in figure 11.14. Maximum tension can be devel-
oped in a whole muscle when it is just a little longer than
(about 120% of) its resting length. If the muscle is able to
stretch beyond 160% of its resting length, the maximum
tension is reached when the muscle is stretched to its
maximum length.

:) Maximum tension can be developed
in a whole muscle when it is just a
little longer than (about 120% of) its
resting length.

Single- Versus Multiple-Joint Muscles

Most single-joint muscles are limited by the range of
motion of the joint they cross to operating well within
60% to 160% of their resting lengths. Their maximum
tension is developed at about 120% of their resting length
because they cannot be stretched beyond 160% of their
length and into the right side of the curve shown in figure
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Figure 11.12 The minimum contraction length of a longitudinal muscle (¢) is shorter than that of a pennate muscle
(¢,) if their resting lengths (£,) are the same. The longitudinal muscle can create tension through a greater range.

11.14. You are stronger in some positions than in others,
partly because single-joint muscles are able to create the
greatest tension at a specific length.

Multiple-joint muscles are not so constrained to
operate within 60% to 160% of their resting length.
The arrangements of multiple-joint muscles usually do
not allow shortening below 60% of their resting length,
but they may be stretched beyond 160% of their resting
length. They are able to operate in the right side of the
curve shown in figure 11.14. Their maximum tension
is developed at lengths beyond 160% of their resting
length due to passive stretching of the connective tissue
structures. Self-experiment 11.3 illustrates how passive
tension is produced in stretched muscles.

Self-Experiment 11.3

Consider the muscles that flex or extend your fingers. The
finger flexor muscles are located in your anterior forearm,
while the finger extensor muscles are located in your
posterior forearm. Their tendons cross the wrist joint, the

carpometacarpal joints, the metacarpophalangeal joints,
and the interphalangeal joints. Flex your fingers and grip
a pencil as tightly as you can. Now flex your wrist as far
as you can. You may notice that you cannot flex your
wrist as far with your fingers flexed as you can without
your fingers flexed. You may also notice that your grip
on the pencil weakened as you flexed your wrist (try to
pull the pencil out in both positions). If you push on your
hand and cause it to flex farther, the pencil may even fall
out of your grip. The finger flexor tendons shortened at
each joint they crossed, and thus the finger flexor muscles
were unable to produce much tension. The finger extensor
tendons were lengthened at each joint they crossed and
stretched the extensor muscles beyond 160% of their rest-
ing length. Passive tension created by the stretching of the
connective tissue resulted in an extension of the fingers
when you pushed your hand into further wrist flexion.

The hamstring muscles provide another good example
of the practical implications of the length—tension rela-
tionship for muscles. These muscles on the posterior of
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Figure 11.13 Interactions of the actin and myosin filaments with each other and the Z disks determine the magnitude
of active tension developed in a sarcomere. The greatest active tension is at resting length (a); (b) shows the minimum
length for producing active tension; and (c) shows the maximum length for producing active tension.

your thigh create a flexor torque about the knee and an
extensor torque about the hip. If you have ever done ham-
string curl exercises using a flat bench with weights and a
pulley system, you may have noticed that your hamstring
muscles are very weak in the fully flexed position shown
in figure 11.15a. This is because your hamstrings are as
short as you can get them. They are close to the minimum
length at which they can develop tension—they are on the
left end of the curve shown in figure 11.14. The position
you are in, with hips extended and knees flexed, may
shorten the hamstrings to less than 60% of their resting
length. The hamstring curl exercise performed on a flat
bench works the muscle only in the 60% to 100% range
of its resting length. To improve this exercise, you could
modify your position so that your hips are slightly flexed
rather than extended. This would lengthen the hamstrings
a little and thus keep them active in a stronger range of
lengths. Rather than using a flat bench, a bench with a
hump in it, as shown in figure 11.15b, would allow you
to keep your hips flexed while doing the hamstring curl.

c Actual
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0 60% (o to  160% (o Length

Figure 11.14 The relationship between muscle length

and tension.



Figure 11.15 Machines for exercising hamstring
muscles. In (a), muscle length is very short, and its abil-
ity to create tension is limited. In (b), muscle length is
longer due to flexion at the hip, and its ability to create
tension is greater.

Contraction Velocity

The maximum tensile force a muscle is capable of pro-
ducing is dependent on the velocity of shortening of the
muscle as well as its length. Just as the mechanics of
contraction within the sarcomere determine the relation-
ship between the length of a muscle and its maximum
force of contraction, these mechanics also determine the
relationship between the velocity of a muscle’s contrac-
tion and its maximum force of contraction.

—> The maximum tensile force a muscle
is capable of producing is dependent
on the velocity of shortening of the
muscle as well as its length.

Activity Within the Sarcomere

Remember that the active tension produced during a
muscular contraction is a result of the attachment of the
cross bridges of the myosin filament to the actin filament
within the sarcomere. As the muscle shortens during a
contraction, the cross bridges attach to the actin myofila-
ment, pull it toward them, release it, and then reattach

The Muscular System

to it farther along its length. Thus there are three steps
in the cycle for the cross bridges: attach, pull, release.
The force developed within a sarcomere is proportional
to the number of cross bridges attached and pulling on
the actin filaments. When a muscle is shortening, some
cross bridges are in the release step of the process and are
not contributing at all to the tension development. If the
velocity of shortening is slow, only a small percentage of
the cross bridges are in the release step, and each cross
bridge spends a small proportion of the contraction time
in that step, so a large amount of tension is developed.
If the velocity of shortening is faster, more of the cross
bridges are in the release step, and each cross bridge
spends a larger proportion of the contraction time in
that step, so less tension is developed. Thus, in a sarco-
mere, greater tension is developed at slower velocities
of shortening. The same is true in a whole muscle. It is
easy to lift lightweight objects quickly, but as things get
heavier, you cannot move them as quickly. You can lift
10 Ib with one hand very quickly; you cannot lift 50 Ib
with one hand as quickly. This is partly due to the inertia
of the object, but it is also due to your inability to create
large forces if your muscles must shorten quickly. This
relationship between contraction velocity and muscle
tension is shown in figure 11.16.

Concentric, Eccentric, and Isometric
Activity

You may notice that negative velocities of shortening
are shown on the graph in figure 11.16. These represent
eccentric contractions. A muscle contracting eccentrically
or isometrically is capable of producing more force than
a muscle contracting concentrically. If you have ever
done any weight training, you’ll find that this makes
sense. Imagine that you are in the weight room trying
to determine your maximum lift in the bench press. A
graphic representation of these lifts on the velocity—
tension curve is shown in figure 11.17. You’re lying on
the bench with your partner spotting you as you try to
lift 150 Ib. You lower the barbell to your chest and then
lift it quickly. The pectoral muscles contract eccentrically
during the lowering phase and concentrically during the
raising phase. Your partner adds two 25 Ib plates to the
bar to make the total weight 200 1b. You lower the barbell
to your chest and then lift it upward, but this time you
can only move the bar slowly. The speed of the muscular
contraction is now limited by the size of the force your
muscles must develop. You cannot lift 200 1b as quickly
as you lifted 150 Ib.

:) A muscle contracting eccentrically or
isometrically is capable of producing
more force than a muscle contracting
concentrically.
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Figure 11.16 The relationship between contraction
velocity and tension. Maximum eccentric activity is stron-
ger than maximum isometric activity, which is stronger
than maximum concentric activity.

Your partner adds two more 25 1b plates to the bar,
so the total weight is now 250 Ib. You slowly lower the
barbell to your chest, but you cannot lift it off your chest
(accelerate it upward) without help from your spotter.
You and your spotter lift the barbell halfway up; then
the spotter lets you handle the weight. You are unable
to keep it moving upward (constant velocity with zero
acceleration), but you are able to hold the barbell at that
position. The pectoral muscles contracting isometrically
were able to produce a force large enough to hold the
250 1b statically, but they were unable to produce the
same force concentrically to lift the 250 1b. The tension
developed in the isometric contraction was greater than
the maximum tension that could be developed in the
concentric contraction.

Your spotter now adds another 50 1b to the barbell to
make a total of 300 Ib. You are able to lower the barbell
slowly (at constant velocity) to your chest, but you are
not able to lift it (accelerate it upward), even with a slight
assist from your partner. Your spotting partner helps you
lift it halfway, then releases and lets you try again. You
cannot even hold it still this time, and the barbell begins
to lower slowly (at constant velocity) toward your chest
before your spotter helps you complete the lift. The
pectoral muscles contracting eccentrically were able to
produce a force large enough (300 Ib) to lower the 300 Ib
slowly, but they were unable to produce the same force
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Figure 11.17 Graphic representation of four bench
press lifts on the velocity-tension curve.

isometrically to hold the 300 b still or concentrically to
lift the 300 1b. The tension developed in the eccentric con-
traction was greater than the maximum tension that could
be developed in the isometric or concentric contraction.

Other Factors

Several other factors may affect the maximum force
produced by an active muscle. Temperature is one of
these factors. Increasing the temperature of a muscle
slightly increases its ability to produce tension. Muscle
temperature can be raised externally through rubbing or
heating or internally through engagement in warm-up
exercises before an activity. The next sections review
additional factors.

Prestretch

Prestretching a muscle just before a concentric contrac-
tion may also affect the force of the concentric contrac-
tion. The less time between the stretching of the muscle
and the subsequent concentric contraction, the greater
the force of the contraction. The mechanical bases for
this effect are not well understood. The slack in the
connective tissue and other noncontractile elements in



series with the contractile elements (the myofilaments)
may be reduced by prestretching, so that the contraction
force is immediately transmitted to the attachments.
There is also a neuromuscular basis for this behavior,
which is discussed in the next chapter. In any case, you
can demonstrate the effect of prestretch to yourself while
performing self-experiment 11.4.

Self-Experiment 11.4

Try to jump up as high as possible using the following
two techniques. First, flex your knees and hips slightly
as shown in figure 11.184, and hold this position for a
second before extending your legs and jumping up as
high as you can. Now try it again, but this time start in
an upright position (see figure 11.18b). Quickly flex your
knees and hips and then extend them and jump up as
soon as you reach the start position of the first jump. You
probably jumped higher using the second technique, and
the forces exerted by your knee and hip extensors were
larger. The muscles were stretched quickly immediately
before contracting concentrically in the second technique.
The concentric contraction was more forceful as a result
of the prestretch.

Stimulus Duration

As discussed in the previous section under “Contraction
Mechanics,” the frequency of muscle stimulation affects
its tension. Maximum tension does not develop within a
muscle fiber for a short time (between 0.001 and 0.300 s,
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depending on the muscle type) after it is stimulated.
This rate of tension development affects the maximum
tension developed in a muscle if a large force is needed
in a short time. Thus muscle contractions of very short
duration are weaker than contractions lasting longer than
0.001 to 0.300 s.

Fatigue

The maximum tension a muscle can develop is also
affected by fatigue. Continuous stimulation of a muscle
results in an eventual decline in the tension it produces.
The demand of the contracting muscle for adenosine
triphosphate (ATP) eventually exceeds the supply of ATP
to the muscle, resulting in diminishing force production
by the muscle. You can demonstrate this to yourself even
if the muscle does not produce a maximal contraction.
Take the largest weight you can lift with your extended
arm (perhaps several books) and hold it at arm’s length
away from you. How long can you hold the weight in this
position? Eventually, the tension your muscles produce
weakens, and you are unable to hold up the weight.

Fiber Type

Fatigue and the rate of tension development within a
muscle are both affected by the type of muscle fiber.
Skeletal muscle fibers differ in terms of their fatigue
resistance and rate of tension development. Fibers are
classified into three types according to these differences:
type I, or slow-twitch oxidative (SO); type IIA, or fast-
twitch oxidative-glycolytic (FOG); and type IIB, or
fast-twitch glycolytic (FG). Type I muscle fibers (SO)

Figure 11.18 Two different standing vertical jump techniques. The second technique uses the prestretch of the
muscles involved in the jumping action to produce a higher jump.
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have a high density of mitochondria and are thus highly
aerobic and fatigue resistant. These fibers have a slow
rate of tension development and are smaller in diameter;
thus their maximum tension is lower. Type IIB muscle
fibers (FG) are glycogen rich and oxygen poor. These
fibers have a high anaerobic capacity and a low aerobic
capacity, so they fatigue quickly, but their rate of tension
development is fast. Type IIB fibers are larger in diameter
than type I fibers, so they can produce greater tension, but
not for long durations. Type IIA muscle fibers (FOG)
have characteristics of type I and type IIB fibers. They
have relatively high aerobic and anaerobic capacities,
so they develop tension quickly and can maintain it for
long durations.

The muscles of the average person contain about 50%
to 55% type 1 fibers, 30% to 35% type IIA fibers, and
15% type IIB fibers, but great variations exist. The more
successful athletes engaged in endurance activities have
a higher than normal percentage of type I fibers, whereas
those in activities requiring short bursts of power (sprint-
ers, jumpers, throwers, weightlifters, and so on) have a
higher than normal percentage of type II fibers.

Torque Produced

A final consideration in the discussion of ma