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PREFACE

Second Edition

In the preface to the first edition of this textbook, we stated our primary goals in writing
this book. These goals have not changed: we hope to provide the needed basis in physics
to health-science students. However, in the second edition of this book we have an ad-
ditional goal. We recognise that there are a number of physical ideas which appear in
other areas in the health sciences which are often introduced in a very cursory way. In
this book we hope to provide health-science students with an explanation of these con-
cepts which, while not introductory, may be useful as reference material in other courses
and later in their careers as health professionals. As well as broadening the scope of the
book, we have taken the opportunity presented by a second edition to plug some gaps in
the coverage, correct some slight errors, and to smooth some of the rough edges of the
first edition.

Students, like everyone else, learn more effectively by doing and in physics that means
working through problems, and they frequently request sets of questions to try. This sec-
ond edition attempts to provide more support for this perennial request. We have added
many new problems across the book, with more variety in the difficulty level to make
them accessible to students at all levels, and to provide some problems which will chal-
lenge students at all levels.

In addition to a large number of new problems, we have added a number of new sec-
tions to the book. The primary additions are to the Optics and Thermodynamics topics.
The new chapters in the Optics topic cover optical instrumentation and go deeper into ge-
ometric optics by looking at refraction by a single spherical surface. Optical instruments
are central to both research and everyday clinical practice in the health sciences, and a
basic understanding of magnifiers is useful. The method of vergences is also introduced
as an alternative to the standard thin-lens equation approach to image formation, which
allows for the more sophisticated reduced eye model to be introduced briefly.

The second large addition to the textbook is a new section in the Thermodynamics
topic with chapters covering thermodynamic processes, heat engines, entropy, and ther-
modynamic potentials. The material presented in these chapters goes further into some
thermodynamics concepts than is typical for a first-year physics text. However, students
are confronted with concepts like entropy and Gibb’s energy in other courses they un-
dertake as part of their training. These students cannot be expected to develop a deep
understanding of these ideas in a single term, especially in a course whose main pur-
pose is teach chemistry or biochemistry. Our primary goal in this section of the book is
to provide students with a secondary source of information which they may access later
in their course of study, though it may also prove useful in joining physics with chemistry
in integrated science programmes.

Finally, we would like to express our gratitude to the many people who have helped in
the production of this edition. Firstly, we would like to thank our students whose contin-
uing search for understanding has continued to keep us honest. Secondly, the support
we have received from our colleagues in the Department of Physics at the University of
Otago has made the completion of both of the editions of this book possible. Finally we
would like to thank Sam Belcher and Professor Gerry Carrington. Sam read through the
entire book and worked through every single problem. The errors and other difficulties
he found have greatly improved this book. The assistance we received from Professor
Carrington in the design and writing of the new thermodynamics chapter has been in-
valuable. His insight and experience in this field have greatly strengthened both the text-

ix



PREFACE

book and our own understanding of the field.

We would also like to acknowledge the contribution of Lara Wilcocks to the develop-
ment of the first edition of this book.

We have subjected the text of this book to pitiless scrutiny, however it is unavoidable
that errors will remain. For these mistakes we apologise in advance. While unavoidable
they are still our responsibility alone.

First Edition

Physics is central to an understanding of biomedical science. We are aware that many
students studying for a career in biomedicine are not primarily motivated by physics;
they are interested in other areas of science. We are also aware that no currently available
first-year textbook takes the physics needs of health-science students seriously.

In this textbook we have several goals. Firstly, we are trying to present the necessary
base concepts of physics as clearly as possible. Secondly, the textbook is designed to
remove any unnecessary conceptual load from students by removing all physics that is
not absolutely necessary for health-science students. The decision as to which parts of
physics are necessary has been determined in close collaboration with the physicists and
teachers of the Department of Physics and the professional clinicians and academics in
the Faculty of Health Science at the University of Otago. Thirdly, we are keenly aware that
student motivation is always an issue in the study of physics for the health sciences. We
have tried to add as many applications to the biomedical sciences as possible to the text
in an attempt to aid this motivation. The companion website for this book is available at
www.wiley.com/go/biological_physics.

The production of a textbook is an enormous task and this textbook is no exception.
In writing this book, we have relied on the expertise and goodwill of a large group of aca-
demic colleagues. We would like to express our gratitude to Mr Gordon Sanderson of the
Ophthalmology Department and Professor Terence Doyle of the Radiology Department
in the University of Otago Medical School. We would like to thank Dai Redshaw for the
many hours he has spent reading through the text and working through the problem sets
and Dr Phil Sheard from the Department of Physiology for his inspiring review lectures
on bioelectricity. We would particularly like to thank Dr Don Warrington for his diligent
and careful reading of the entire manuscript, and for his many corrections and sugges-
tions. Finally we would like to thank the staff of the Department of Physics at Otago for
the time and support that they have rendered over the past years. While the staff of the
Department of Physics are listed as authors of this textbook we would particularly like to
thank Gerry Carrington, Pat Langhorne, Craig Rodger, Rob Ballagh, Neil Thomson, and
Bob Lloyd.

Finally, the goal of this textbook is to provide for the needs of our students. In order
to achieve this goal, we have depended on the feedback provided by our students. There
will of course still be errors which have escaped our editing process, and for these we
apologise in advance, and we welcome feedback from our readers.


http://www.wiley.com/go/biological_physics

Mechanics

Mechanics is the study of motion. It may be divided into two related areas: kinematics
and dynamics. Kinematics is the study of the fundamental properties of motion: dis-
placement, acceleration, velocity, distance, and speed. These concepts allow us to quan-
tify motion and this allows for its scientific study. Dynamics is the study of force as de-
scribed by Newton'’s three laws. Forces produce accelerations and thus cause changes in
the motion of objects.

Mechanics is a fundamental subject in physics: it shows how the forces of nature pro-
duce the changes which are observed in nature. The concepts introduced in mechanics
will be used throughout the rest of this book.

Mechanics is of central importance in the health sciences. The applications of me-
chanics in biological systems appear whenever the concepts of force, energy, or momen-
tum appear. There are, however, many more direct applications of the ideas of mechan-
ics. The working of the musculoskeletal system in humans and other vertebrates cannot
be understood without an understanding of mechanical concepts such as torque, force,
levers, and tension. The energy and forces required for everyday activities in nature -
jumping, flying, accelerating to elude capture - can only be evaluated using the tech-
niques introduced in this section.






KINEMATICS

1.1 Introduction

Kinematics is that part of mechanics which is concerned with the description of motion.
This is a vital first step in coming to an understanding of motion, since we will not be
able to describe its causes, or how it changes, without a clear understanding of the prop-
erties of motion. Kinematics is about the definition and clarification of those concepts
necessary for the complete description of motion. Only six concepts are needed: time,
distance, displacement, speed, velocity, and acceleration.

We will begin by focussing on linear motion in one dimension. Later we will expand
this to include motion in two and three dimensions, and we will then look at three par-
ticularly important special cases of motion in one and two dimensions: circular motion,
simple harmonic motion, and wave motion.

Key Objectives

o To develop an understanding of the concepts used to describe motion: time, dis-
tance, displacement, speed, velocity, and acceleration

¢ To understand the relationships between time, displacement, velocity, and accel-
eration

o Tounderstand the distinction between average and instantaneous velocity and ac-
celeration

o To understand that the horizontal and vertical components of vector quantities,
such as acceleration and velocity, may be treated independently

1.2 Distance and Displacement

Motion is characterised by the direction of movement, as well as the amount of move-
ment involved. It is not surprising that we must use vector quantities in kinematics. The
distance an object travels is defined as the length of the path that the object took in trav-
elling from one place to another. Distance is a scalar quantity. Displacement, on the
other hand, is the distance travelled, but with a direction associated. Thus a road trip of
100 km to the north covers the same distance as a road trip of 100 km to the south, but
these two trips have quite different displacements. The use of displacement rather than
distance to give directions is commonplace.

1.3 Speed and Velocity

We are accustomed to talking about the speed at which an object is moving. We also talk
about the velocity with which an object is moving. In normal usage, these two words
mean the same thing. We can talk about the speed with which a car is travelling, or we
can talk about its velocity. In physics, we redefine these two words, speed and velocity,
so that they have similar, but distinct meanings.

Introduction to Biological Physics for the Health and Life Sciences, Second Edition. Franklin, Muir, Scott and Yates
©2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons Ltd.
Companion Website: www.wiley.com/go/franklin/biological_physics2e
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1.6  ChangeinDisplacement Un-
der Constant Acceleration

1.7  The Acceleration Due to Gravity

1.8 Independence of Motion in
Two Dimensions

1.9 Summary
1.10 Problems



http://www.wiley.com/go/franklin/biological_physics2e

1 - KINEMATICS
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Figure 1.1 A toy car on a race track. How do we
characterise its motion?

Vectors in Examples

Many of the numerical examples presented
will be one-dimensional, so the vector prop-
erties of many quantities are reduced to
them being simply positive of negative rel-
ative to a certain direction, and thus are ad-
dressed in the process of constructing the
problem.
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R .
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Figure 1.2 Linear motion in two directions. The
cars are travelling at different speeds and in differ-
ent directions.

Key concept:
The velocity of an object is the change in its position, divided by the time it took for
this change to occur. Velocity is a vector and has both a magnitude and a direction.

Mathematically, the velocity of an object is

Ax

v= A7 (1.1)

where v is the velocity vector, Ax is the displacement vector and At is the time interval

over which the displacement occurs. Note that we will use bold symbols, such as v, for

vectors and normal-weight symbols, such as v, for scalar quantities. Note also that the

Greek letter A (capital delta) represents the change in a quantity. In the above expression,

Eqg. (1.1), for example, the change in the position of an object is its final position minus
its initial position:

Ax = x; — x;

(1.2)

Key concept:
Speed is the magnitude of the velocity. Speed is a scalar, and it does not have a di-
rection.

The speed of an object is the distance travelled, divided by the time it took to travel

that distance: A
X
= A (1.3)

Note the differences between Eqns. (1.1) and (1.3). In Eq. (1.1), we use bold symbols
for both the v and the x, indicating that we are referring to the velocity and the displace-
ment in this equation. In Eq. (1.3), we use normal weight symbols, v and x, indicating
that we are referring to the speed and distance in this equation.

Many textbooks use d to represent distances and d to represent displacements rather
than Ax and Ax. We will often follow this practice when specific reference to the initial
and final positions is not called for.

Consider Figure 1.1. A toy car is travelling in a circle around a toy race track and we
wish to characterise its motion. If we are interested only in how fast the car is going,
we could say it is travelling at 5m s~! (= 18 km h™!). Two cars travelling on the same
circle will be perfectly well distinguished by noting the different lengths of the circle they
traverse in the same time.

Now consider the situation illustrated in Figure 1.2. In this case, two cars approach
the same intersection from different directions. In this situation, we might point out that
one of the cars is travelling at 18 km h~!, while the other is travelling at 12 km h~!. How-
ever, this will not cover all of the differences between the two cars. Another important
fact about them is that they are travelling in different directions. If we wanted to predict
where these two cars would be in an hour (for example) it would not be enough to just use
the magnitude of their velocity; we would also need to take into account their directions.

1.4 Acceleration

In kinematics, the acceleration, a, is a vector which quantifies changes in velocity. In
everyday conversation we use the word acceleration to mean that the speed of an object
is increasing. If an object was slowing down we would say that the object was deceler-
ating. The concept of acceleration in physics is more general and applies to a larger set
of situations. In physics, acceleration is defined to be the rate of change (in time) of the
velocity:
_Av
C At
This definition implies several characteristics of the acceleration:

(1.4)



1. Acceleration is a vector: it has a direction as well as a magnitude. The acceleration
is the rate of change of the velocity, and velocity is a vector, therefore acceleration
must also be a vector.

2. The acceleration vector of an object may point in the opposite direction to that ob-
ject’s velocity vector. When this happens, the object’s velocity will decrease and
may even reverse direction. This means that deceleration (slowing down) is just
another acceleration, but in a particular direction.

3. An object may have an acceleration without its speed changing at all. Should the
acceleration vector point in a direction perpendicular to the velocity vector, the
direction of the velocity vector will change, but its length will not. A good example
of this is when an object moves in a circle. In this case, the acceleration is always
perpendicular to the velocity, so the speed of the object is constant, but its velocity
is constantly changing.

To illustrate these ideas, consider a car which starts from rest (v; = 0) and accelerates
along a straight road so that its velocity increases by 2 m s~! every second. The velocity
of this car is illustrated at a series of later times in Figure 1.3.

a=2ms"

—> o
qﬁi@v:Oms
t=0s )

a=2ms
-—> B
G2 v=2ms
t=1s -2
a=2ms
—> i
GEe>v=4ms
t=2s 2
a=2ms
._9 -1
o P v=6ms
t=3s -2
a=2ms
> -1
gﬁEﬁ@———>v=8ms
t=4s 2
a=2ms
—> O
>V =10ms

t=5s

Figure 1.3 A car accelerating at2 m s 2for5s.

Since the velocity changes by the same amount every second (2 m s™!), the accelera-
tion of the car is constant. The velocity is changing at a rate of 2 m s~! per second, or 2 me-
tres per second per second. This acceleration would normally be written as @ = 2 m s>
(or 2 m/s?) to the right.

We can calculate the velocity at any time. Since we know how much the velocity in-
creases every second and we also know that the car was initially stationary, we just mul-
tiply this rate by the time elapsed since the acceleration began, i.e. we use the equation

v=at (1.5)

Note that this is a vector equation, so that the velocity is in the same direction as the accel-
eration. For the car in this example, which is accelerating in a straight line at a constant
rate of 2 m s~ from rest, after 4 s the speedisv =at =2m s2x4s=8ms"! andso
on.

What if the car had not been at rest initially? Suppose that the car in the previous
example had been travelling at a constant velocity of 5 m s~! for some unspecified length
of time, and then began to accelerate at 2 m s~2. Figure 1.4 shows this car at a sequence
of later times. Compare this figure with Figure 1.3.

1.4 ACCELERATION
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t=2s

t=3s

t=4s

v=15ms"

T

t=5s

Figure 1.4 A car accelerates from an initial velocity of 5 m s~ with a constant acceleration of 2 m s~2.

In one most important respect, the situation has not changed. The velocity of the car
still increases at the same rate, so that the change in velocity after the acceleration begins
is given by the equation

Av = at (1.6)

The difference between Eq. (1.5) and Eq. (1.6) is that we now explicitly recognise that
it is the change in velocity that we are calculating. In the previous example we calculated
the change in velocity, but since the car started atrest, the velocity of the car was the same
as howmuch the velocity had increased. Since we now have a nonzero initial velocity, we
must recognise that the change in velocity is the final velocity minus the initial velocity,
so

v;—v; = at

Thus after 5 s we would find that I5m s™! —=5m s~ =2ms2x5s.
We are normally interested in calculating the final velocity, so we write the above
equation in the form

v =v; + at (1.7)

We can use this equation to find the final velocity at any later time, so long as the accel-
eration has not changed.

Note that the velocity calculated using this formula is the instantaneous velocity of
the car at that time. This is the velocity that you would read off the car’s speedometer. We
will discuss instantaneous and average velocities in more detail next.

1.5 Average Velocity or Speed

The discussion above allows us to calculate the instantaneous velocity of an object mov-
ing with constant acceleration. This is the velocity of the object at a particular instant of
time. It is also often useful, when we are dealing with motion in a straight line, to use the
average velocity of an object to solve problems. The average velocity is

_ total displacement ¢

v, = — 1.8
a total time t (18)

If you drive a car from Dunedin, New Zealand, to Christchurch (370 km away to the
north) in 5 h, your average speed is given by

_d _370km

==—=2""—"=74kmh"!
Pav = 7 5h



1.6 CHANGE IN DISPLACEMENT UNDER CONSTANT ACCELERATION

Itisimportant to realise that this calculation does notrequire any knowledge of the details
of your trip. You may have travelled at a constant 74 km h~! the whole way, or (more
likely) you may have varied your speed significantly. You may even have stopped to look
atthe view and eat lunch for half an hour. These details are not needed for the calculation
of the average velocity.

Without explicitly deriving it, an alternative expression for the average velocity vector,
v, of an object which is undergoing constant acceleration is given in Eq. (1.9).

1
Vay = E (vi + vf) (1.9)

where v; is the initial velocity and vy is the final velocity. Note that neither the magnitude
or direction of the acceleration or the time period over which the acceleration acted are
required here.

1.6 Changein Displacement Under Constant Acceleration

If an object is undergoing a constant acceleration a, then the displacement, d, occurring
in some given time, , is

1
d=v,t= z(vi+vf)t
and from Eq. (1.7), we get

1
dzi(vi+vi+at)t

and so

d=uvit+ %aIZ (1.10)
If the object starts at rest (that is v; = 0) then this can be simplified to

d= %atz (1.11)

An Expression Independent of Time

The kinematic equations derived so far all include time. It is useful to have an alternative
kinematic equation in which time does not feature. Such an equation can be derived
from the kinematic equations already covered starting from of Eq. (1.8) in 1D:

d = vt

U1+Uf

The average velocity v,, =
Uy — U

as before, and rearranging Equation 1.7 to the form

1 =

gives

SO

with the useful result:

2

2 =07 +2ad (1.12)

U

We will now investigate an acceleration which is particularly important for the mo-
tion of objects near the surface of the Earth: the acceleration due to gravity.
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Example 1.1 Falling Ball (1D Kinematics)

Problem: You drop a cricket ball from a 125 m high tower and it accelerates downwards at a rate of 10 m s~2. How far

will it fall in 5 s?

Solution: We can solve this problem in two different ways. We can find the average velocity of the ball over the first 5 s and
use this average velocity to calculate a displacement, or we can calculate a displacement directly.

(a) Theacceleration of the ballis 10 m s~> downwards and so the velocity increases by 10 m s~! in the downwards direction
every second. The initial velocity is 0 m s~! so the final velocity must be

vp=v;+at=0ms' +10ms2x5s=50ms"!

v; = 50 m s~! in the downwards direction. The average velocity of the ball in the downwards direction is

Oms!+50ms™!

v = 5 =25ms~!

Using this average velocity, the distance that the cricket ball will fall in 5 s is:

d=v,t=25ms ! x55s=125m

(b) The second technique uses Eq. (1.11) (since the initial velocity is zero). The change in displacement of the ball is

d=%at2=%x10ms_2x(55)2= 125m

which is the same answer as we found with the previous method.

Air Resistance

Actually, the acceleration is only the same
in a vacuum. Objects falling in air are af-
fected by air resistance which reduces the
acceleration. Often this is small enough to
be ignored.

Precision and g

In mathematical examples where we wish to
find an accurate result, we will use a value
for g of 9.8 or 9.81 ms~2. However, in
some cases where we are more interested
in the concepts and methods than the ex-
act answer we may approximate the value
as10ms~2to keep things simpler.

1.7 The Acceleration Due to Gravity

Galileo found (and countless experiments since have also shown) that all objects falling
freely towards the Earth have the same acceleration. (In order to see this effect, we must
take into account the effect of air resistance when this is significant.) Thus every object
in free fall close to the surface of the Earth has its downward speed increased by approx-
imately 10 m s~! in every second regardless of its mass. Galileo claimed that this was an
experimental fact and is reported to have shown it by dropping two balls of unequal mass
from the top of the Leaning Tower of Pisa. Later we will discuss the theoretical explana-
tion for this experimental fact when we investigate the relationship between acceleration
and the concept of force. The value of this constant acceleration is given by

2=98Ims 2~ 10ms> (1.13)

This quantity, g, is called the acceleration due to gravity. This is the value at sea level
on the surface of the Earth; the value will change with altitude.

Consider an object released from rest and accelerating in free fall. Assuming that the
air resistance is negligible, we are able to calculate its velocity after 5 s:

v=gr=981ms>x500s=49.1ms"

2

The result is obtained when using the approximation g = 10 m s~ is very similar:

v=gt= 10ms2x5s=50ms™!

Note that the mass of this object is not even mentioned in the original question, and that
we have not considered the vectorial character of either the acceleration due to gravity
or of the velocity achieved by this object after 5 seconds. These quantities are of course
vectors, but their directions may be assumed to be towards the centre of the Earth and
need not be considered in this problem. This is not always the case.



1.7 THE ACCELERATION DUE TO GRAVITY

Example 1.2 A Ball Thrown Straight Up (I) (1D Kinematics)

Problem: Ifyou throw a cricket ball straight up at 12 m s~1, how high will it go?

Solution: This problem is very similar to the previous one, except now the cricket ball has an initial velocity. This initial
velocity is in the opposite direction to the acceleration due to gravity. This means that, at first, gravity will reduce the upward
velocity of the cricket ball by 10 m s~! every second. At some point the upward velocity of the cricket ball will have been
reduced to zero - the cricket ball has stopped travelling up so it has reached its maximum height.

To calculate the maximum height that the ball reaches we need to find the time taken for the upward velocity to decrease
to zero as this is also the time for the ball to reach its maximum height. We then calculate the average velocity and use this
combined with the elapsed time to calculate the change in displacement of the ball.

For this problem we will define the upwards direction as positive, and define d = 0 m to be the height at which the ball
was released. The change in velocity of the ballis v;—v; = —12 m s~! (i.e. the velocity goes from +12 m s~! initially to O m s
at its highest point). The time it takes the acceleration due to gravity (—9.81 m s~2, as it points in the downwards direction)
to cause this change in velocity is found using

Av = gt
SO
Av —12ms!

t=—

= =1.2s
g —-9.81ms2

The average velocity is 6.0 m s~! (v,, = % (vi+v;) = % (12ms™' +0ms™!) = 6.0m s™!) and using this we calculate

the change in displacement of the cricket ball during the 1.2 seconds it takes to reach the maximum height,
d=v,t=60ms ! x12s=72m

The highest point the ball reaches is 7.2 m above the point at which it was released.

Example 1.3 A Ball Thrown Straight Up (II) (1D Kinematics)

Problem: How long does it take the ball in Example 1.2 to fall to its original position from its maximum height?

Solution: The ball reaches a maximum height of 7.2 m above the point at which it is thrown. At its maximum height it has a
velocity of 0 m s~!. The time taken to fall a distance of 7.2 m back to its original position can be found using Eq. (1.10):

1
d = vt + Eatz

Since the initial velocity, v;, is the velocity of the ball at its maximum height, i.e. v; = 0 m s~! this can be reduced to

1
d = —ar’
2
The time in this equation, ¢, is the time the ball takes to fall back to its original position.
We rearrange this equation to solve for # where (using the same sign convention as in Example 1.2) d = —7.2m and

a=g=-10ms™2

_ [2X-72m
—9.81ms2
=12s

Note that this is the same time it took the ball to reach its maximum height from the point at which it was initially thrown in
Example 1.2. This is a useful general result. Projectile motion is symmetrical about the point of maximum height. It takes
the same amount of time to reach the maximum height from a starting height as it does to get back to that height from the
maximum height.
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Example 1.4 A Ball Thrown Straight Up (III) (1D Kinematics)

Problem: What is the velocity of the ball in Examples 1.2 and 1.3 when it falls back to the height at which it was released?

Solution: As in the previous problem we can think of the ball starting at its maximum height and falling 7.2 m under the
influence of gravity to its original height, which we found would take 1.2 s, the same as the time taken to reach its maximum
height from the point at which it was released. The change in velocity over the 1.2 s seconds in which it is falling from its
maximum height is

Av=at=-10ms2x12s=—-12ms"!

The ball is travelling at the same speed at it was when released, but in the opposite direction! Again this is a useful general
result we can apply to many kinematics problems without going through an extensive derivation.

Example 1.5 A Ball Thrown Straight Up (IV) (1D Kinematics)

Problem: If the ball in the Example 1.2 was released (travelling upwards) at a height of 1.2 m above the ground, what is
the velocity of the ball just before it hits the ground?

Solution: We will first need to find the time it takes for the ball to hit the ground and then use Av = at to find the change in
velocity, and hence the final velocity. Initially it is tempting to try to to solve this problem directly using Eq. (1.10) :

d=uvt + %at2 (1.10)

We know the change in position of the ball d = —1.2 m (as, in this case, the ball ends up 1.2 m below it’s starting point),
the initial velocity of the ball (v; = 12m s™!), and acceleration (g = —9.81 m s72). In order to use this equation, however,
we would need to solve for 7, which would require solving a quadratic equation. Even using the shortcuts highlighted in
the previous two examples does not allow us to avoid this quadratic as we still end up with two terms featuring ¢. If you're
confident doing this, that is great. If you are not very confident at solving quadratic equations however, all is not lost.

We can simplify the problem by using the fact that we know a bit more about the situation than is apparent from the
question. From Example 1.2, we know that the ball reaches a maximum height of 7.2 m above the point at which it was
released. This means that the ball will reach a height of 7.2 + 1.2 = 8.4 m above the ground.

At this maximum height, the velocity of the ball is 0 m s~!, and by ignoring the first part of the ball’s motion, we can simplify
Eq. (1.10)tod = %atz, where d is the change in displacement of the ball as it moves from its maximum height to the ground,

d=-84m,anda=g=-9.81m s2:

dzlat2
2
. /2_d: /2><—8.4m=1.3S
g —-9.8ms™2

This gives a change in velocity of Av = gt = —=9.81 m s™! x 1.35s = —13 m s7/, so the ball will be travelling at 13 m s~! in the
downwards direction as it hits the ground.

1.8 Independence of Motion in Two Dimensions

In the previous section, we considered objects which move vertically up and down. This
means that in these cases the velocity vector is always parallel to the acceleration vector.
These objects would go straight upward and fall straight downward. They will not move
horizontally since there is no initial velocity in the horizontal direction, and no accelera-
tion in the horizontal direction to cause a non-zero horizontal velocity to develop. What
would happen if the initial velocity was not straight upward? What would have happened

10



1.8 INDEPENDENCE OF MOTION IN TwO DIMENSIONS

if the initial velocity was at some angle to the vertical? This is the situation shown in Fig-
ure 1.5, using the example of a cricket ball launched upward at an angle.

(Cricket) Ball Flight
1 t=3s
45 F 10ms »wms_l i
t=4s
40 t=2s 10ms " 10ms’ 4
20ms’’ -
3BT 10ms~ T
30 1
-1

EZS | t=1s 10ms t=5s 19ms |
=
20

320 t .

30ms !

15 20ms! ]

10 1 1

5T J

t=0s .
10ms
0 H 10ms t:65.-—>
0 10 20 30 40 50 6
Horizontal distance (m)
30 ms~

Figure 1.5 The trajectory of a cricket ball initially launched upward at an angle to the vertical. The vertical and horizontal
components of the ball’s velocity are shown at a number of times in its trajectory.

In Figure 1.5, the cricket ball has a vertical velocity and a horizontal velocity and
this results in a net velocity at an angle to the vertical. The acceleration due to gravity,
however, acts only in the vertical direction, and changes only the vertical component of
the velocity. The horizontal component of the velocity is initially 10 m s~! and is still
10 m s~! when the ball reaches its maximum height at 45 m after 3's, and is 10 m s~!
when the ball reaches the ground again after a total of 6 s. There is no acceleration in the
horizontal direction, so the velocity component in this direction cannot change.

The vertical component of the velocity is changed by the acceleration due to gravity.
This can be seen in Figure 1.5 as well. In point of fact, the vertical component of the veloc-
ity behaves in exactly the same way as it did in the examples above. The vertical velocity
is initially 30 m s~! upward. After 3 s this has dropped to 0 m s~! when the ball reaches
its maximum height. The vertical velocity is again 30 m s~! just before the ball hits the
ground after 6 s, but now the velocity is in the downward direction.

This is what we mean when we say that the horizontal and vertical components of
the velocity vector are independent. These components are acted on separately by the
accelerations in those directions. An acceleration in the horizontal direction would not
change the velocity component in the vertical direction. This means that when we are
attempting to solve a kinematics problem in three dimensions, we may look at the com-
ponents of the velocity and acceleration in a given direction independently of their com-
ponents in the other two directions.

This effect may be seen in the following experiment. Suppose that we have two identi-

&——© = -
Y

A 4

Figure 1.6 Two balls are released at the same
time from the same height. One ball has a non-
zero intitial horizontal velocity. Both balls fall the
same distance in the same time, and have the
same vertical velocity at each point in time.

11
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cal balls which are held on a platform in a darkened room. (The balls do not need to have
the same mass for this experiment to work, but we will simplify the discussion by assum-
ing that they do.) Now suppose that we drop one ball directly downward from a platform
and at the same instant fire the other ball horizontally out from the same platform. As
the balls fall, a strobe light flashes at regular intervals and the trajectory of the two balls
is recorded on a camera with a very long exposure time. Figure 1.6 is an example of the
sort of image that would be obtained from this experiment.

In this figure, we observe that the balls are at the same height at each interval, i.e.
at each flash of the strobe light. This means that their vertical velocity components are
the same at each time. Their horizontal velocity components are quite different, how-
ever. The ball which is simply dropped has no horizontal velocity component, whereas
the horizontal velocity component of the other ball is constant.

Example 1.6 Projectile Motion (2D Kinematics)

Problem: A modern artist throws a bottle of paint towards the wall of a nearby building. The bottle leaves the artist’s hand
at a height of 2.0 m, a speed of 16 m s~!, and at an angle of 30° above the horizontal. If the building is 15 m away:

(a) Atwhat height H does the bottle hit the wall?
(b) Atwhat velocity v is the bottle travelling as it hits the wall?
Solution:
A good first step for this kind of problem is to draw a diagram like Fig-
ure 1.7. Remember that when dealing with 2D kinematics you can always
\ separate out the horizontal and vertical motions. Note also that since
16ms Y we are given numerical quantities to two significant figures, we will use
30° hy " this level of numerical precision throughout the problem, i.e. we will use
A i g=-98ms™2
2.0m i In order to answer both of the questions, we will need to know how
long after the bottle leaves the artist’s hand it hits the wall. We can
calculate this time by looking at the horizontal motion of the bottle.
As the acceleration due to gravity is in the vertical direction only, we
15m . a0 g -
know that the horizontal velocity is constant and has a magnitude of
v, =16.0ms~! xcos30°=13.9m s
T L A ERES D e D CeEl s The time it takes the bottle to travel the 15 m horizontally to the wall is
d.=vg = L__15m g4,
x  139ms!
(a) The difference in height between the bottle’s initial height of 2.0 m and its final height of H is h;. We can calculate this
height by using the initial vertical velocity of the ball (in =16m s~! x sin30° = 8.0 m s~!) and the fact that the ball is
accelerating in the vertical direction at arate of a = g = —=9.8 m 572,

(b)

1
hy = vyt + Egt2

=80ms~! x1.08s+ % X (=9.8ms™%) x (1.08 )?
=293m

So the bottle must hit the wall a total of 4.9 m above the ground (giving solution to two significant figures).

In order to find the final velocity of the bottle we will have to add together the vertical and horizontal components of
the bottle’s velocity as it hits the wall. We already know that the horizontal velocity of the bottle is constant as there is
no acceleration in the horizontal direction, therefore the horizontal component of the final velocity is v, = 14 m s~

To find the final vertical velocity we can use vy = v; + at where v; = vy; = 8.0m sTlanda=g=-98ms2.

12
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ny = in ar gt
=80ms™' +(-9.8ms?)x1.08s=-2.58ms""

By the time the bottle has hit the wall, it has reached its maximum height (at which v; = 0 m s~!) and has started
moving back down, hence the negative vertical velocity.

\jef\
Ve

Figure 1.8 The velocity vector components of the bottle as it hits the wall.

We can get the magnitude of the final velocity by vector addition of the two components v, and vy;:

lvgl = 4/v2 + Uif = \/(13.9m s_l)2 + (—2.58ms_1)2 =14.14ms™!

The direction in which the bottle is travelling can be found by using trigonometry.

1Y)
tanf, = e
UX
D, -1
0, = tan”! <—yf> = tan™! <w> = 10.52°
Uy 13.9ms~!

So as the bottle hits the wall it is travelling at a speed of 14 m s~!, 11° below the horizontal (to 2 s..).

1.9

Summary

Key Concepts

elapsed time (Af) The time interval between two events.

distance (d or Ax) The length of a path between two spatial positions.

displacement (d or Ax) The vector equivalent of distance, which specifies the distance and direction of one point in space relative to another.

It depends only on the initial and final spatial positions, and is independent of the path taken from one position to the other.

speed (v) A scalar measure of the rate of motion. The SI unit of speed is metres per second (m/s or ms™).

velocity (v) A vector measure of the rate of motion, which specifies both the magnitude and direction of the rate of motion.

acceleration (@) Ameasure of the rate of change of the velocity. Acceleration is a vector quantity. The SI units of acceleration are m/s> orm s™.

2

Equations

av’

d=v,t d=vit+%at2
Av = at v; = v} +2ad

1
UV, = E(vi +vy)

13
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1.10 Problems

When solving the following problems use
g = 9.81 ms~2 unless otherwise speci-
fied.

1.1 Figure 1.9 shows five different paths
between two end points. The initial posi-
tionis indicated by i and the final position

by f.

north

100 m 200 m 300 m 400 m 500 m
: —
. ~
n ~.
‘\'ﬂ

east
100 m200 m 300 m 400 m 500 m

Figure 1.9

If each of the paths shown in the fig-
ure were travelled in exactly 100 s what
are the:

(a) change in displacement, d.
(b) distance travelled, D.

(c) average velocity, v.

(d) average speed, s

for each journey?

1.2 Whatis the average velocity of the fol-
lowing:

(@) A snail moves 30cm north in
2 minutes.

(b) Anelevatorisraised 18 min 15s.

(¢) Anelevatorislowered 18 min 15s.

(d) Alionruns49 mwestin7s.

(e) A jogger runs a complete lap of a

1500 m oval track in 6 minutes.

(f) A car passes a signpost travelling
west at a speed of 10ms~! and
2 min later passes a second signpost
while travelling north at 12ms~!.
The second signpostis 300 m north-

west of the first.

A car decelerates at a constant rate
from a velocity of 40 m s~! west to a
velocity of 14 m s~! west.

(g)

14

(h) Atrain carriage that is initially mov-
ing at a velocity of 0.5 ms~! north
that accelerates uniformly to a ve-
locity of 1.5 m s~! south.

(i) Atrain carriage that is initially mov-
ing at a velocity of 0.5 ms~! south
that accelerates uniformly to a ve-
locity of 1.5 m s~! south.

1.3 Att = O0s a hovercraft is station-
ary and accelerating at a uniform rate of
0.8ms~! east.

What is the velocity of the hovercraft and
its displacement with respect to its initial
position at:

(@) t=1s

(b) t=2s

(c) t=5s

(d r=10s

(e) t=20s

(f) r=40s

1.4 The position of a drag car along a

400 m long drag strip is recorded at regu-
lar intervals of 2 s. The results are shown
in the table below and the finish line is
due East from the start line.

t(s) d(mEast)
A 0 0
B 2 16
C 4 64
D 6 144
E 8 256
F 10 400

(a)

What is the average velocity of the
car between times A and B?

(b)

What is the average velocity of the
car between times A and C?

(©)

What is the average velocity of the
car between times A and D?

(d)

What is the average velocity of the
car between times A and E?

(e)

What is the average velocity of the
car between times A and F?

If we assume that the drag car accelerated
at a uniform rate and started off station-
ary then:

(f) Whatis the velocity of the car at time
B?

(g) Whatisthevelocity of the car at time
Cc?

(h) Whatis the velocity of the car at time
D?

(i) Whatis the velocity of the car at time
E?

(j)  Whatis the velocity of the car at time
F?

(k) What is the rate of acceleration of

the drag car?

1.5 A car travels along the path shown in
Figure 1.10. The car is travelling at a con-
stant speed of 21 m s~!. The radius of the
trackis 100 m.

Figure 1.10

(a) What is the velocity of the car as it
passes point A?

(b) What is the velocity of the car as it
passes point B?

(c) What is the velocity of the car as it
passes point C?

(d) What is the velocity of the car as it
passes point D?

(e) What is the average velocity of the
car between points A and B?

(f) What is the average velocity of the
car between points A and C?

(g) What is the average velocity of the
car between points A and D?

(h) What is the average velocity of the

car over a complete lap (from A to
A)?



1.6 Att = 0Os a hovercraft has a velocity
of 10ms~! west and is accelerating at a
uniform rate of 0.8 m s~ east.

What is the velocity of the hovercraft and
its displacement with respect to its initial
position at:

(@) t=1s
(b) t=2s
(c) t=5s
(d t=10s
(e) t=20s
(f) t=40s

1.7 Att = Os ahovercraft has a velocity
of 10 m s~! west and is accelerating at a
uniform rate of 0.8 m s~2 north.

What is the velocity of the hovercraft and
its displacement with respect to its initial
position at:

(@) t=1s

(b) t=2s

(c) t=5s

(d t=10s

(e) t=20s

(f) t=40s

1.8  You are walking at a speed of
0.80ms~!. Define the direction that

you are walking in as the positive direc-
tion. Your friend is walking at a speed of
1.2ms !

(a) Ifyouandyour friend are walking in
the same direction, what is the rela-
tive velocity of your friend from your
point of view?

(b) Ifyouand your friend are walking in

the opposite directions, what is the
relative velocity of your friend from
your point of view?

1.9 A blue car travelling at 80 km h~!
westis passed by ared car travelling in the
same direction at 100 km h~1.

(a) What is the velocity of the red car
relative to the blue car?
(b) What is the velocity of the blue car

relative to the red car?

A green car then passes the blue car. The
velocity of the green car relative to the
blue car is 6 km h~! west.

(c) Whatis the velocity of the green car?

(d) What is the velocity of the green car
relative to the red car?

1.10 Three cars are approaching an in-
tersection as shown in Figure 1.11.

—» =

(N ) (I )
A B
Figure 1.11

Car Aistravelling ata speed of45 km h—1,
Car Bis travelling at a speed of 50 km h™!,
and Car C is travelling at a speed of
55kmh.

(a) What is the relative velocity of car B
from the point of view of car A at the
instant shown in Figure 1.11?

(b) Does this relative velocity of car B

from the point of view of car A

change as the positions of the cars

change?

(c) What is the relative velocity of car C

from the point of view of car A at the

instant shown in Figure 1.11?

(d) Does this relative velocity of car C

from the point of view of car A

change as the positions of the cars

change?

1.11 A ball is dropped from a height of
10.0 m. The ball was stationary just be-
fore you let it go.

(a) What is the acceleration of the ball
just after you let it go?

(b) What is the acceleration of the ball
half-way towards the ground?

(c) What is the acceleration of the ball

just before it hits the ground?

1.10 PROBLEMS

(d) How long does it take for the ball to
hit the ground?
(e) What is the velocity of the ball just

before it hits the ground?

1.12 You throw a ball straight up. The
speed of the ball just after it leaves your
hand is 14.1 ms~! upwards. The ball
rises, reaches it maximum height, then
falls down. You catch the ball when it is
the same height that you let it go.

(a)

What is the acceleration of the ball

just after you let it go?

(b) What is the acceleration of the ball
when it is at its maximum height?

(c) What is the acceleration of the ball
just before you catch it?

(d) How long does it take the ball to
reach its maximum height?

(e) Howlongis the ball in the air before
you catch it?

(f) Whatis the velocity of the ball at the
instant when it is at its maximum
height?

(g) Whatis the velocity of the ball at the

instant just before you cath it?

1.13 A bullet is fired horizontally from a
gun that is 1.5 m from the ground. The
bullet travels at 1000 m s~! and strikes a
tree 150 m away. How far up the tree from
the ground does the bullet hit? [Neglect
air resistance.]

1.14 You are abducted by aliens who
transport you to their home world in a
galaxy far far away. Oddly, the only thing
you can think of doing is measuring the
acceleration due to gravity on this strange
new world. You drop an alien paper-
weight from a height of 12 m and use an
alien stopwatch to measure the interval of
1.36 s it takes the paperweight to hit the
ground below. What is the acceleration
due to gravity on the alien home world?

1.15 In a bid to escape from your
alien captors you hurl your paperweight
straight up towards the door switch on a
space ship above you. Ifthe switchis 25 m
above you how fast does the paperweight
need to leave your hand?

15



1 - KINEMATICS

1.16 A cricketballis hitfor six and follows
the path shown in Figure 1.12. The initial
velocity of the cricket ball is 20 m s~ at
an angle of 45° above the horizontal.

o=

20ms "

45°

Figure 1.12

The cricket ball is shown at 3 positions
along its trajectory: Position A just after
it is hit, Position B at the balls maximum

16

height, and Position C just before the ball

lands. If the ball is hit at time # = O s then:

(a) Whatis the component of v, in the
x-direction?

(b) What is the component of v, in the

y-direction?

(c) What is the acceleration of the ball

at Position A?

(d) What is the component of vy in the
x-direction?

(e) Whatis the component of v in the

y-direction?
(f) What is the acceleration of the ball
at Position B?
(g) Whatis the component of v in the
x-direction?

(h)

What is the component of v in the
y-direction?

(i) What is the acceleration of the ball
at Position C?

1.17 The following question relates to
the trajectory of the cricket ball in Prob-
lem 1.16.

(a)

What is the maximum height that
the ball reaches?

(b) Howlongis the ball in the air?

(c) How far away from its initial posi-
tion does the ball land?

(d) What is the velocity of the ball just

before it lands?



FORCE AND NEWTON’S LAWS OF
MOTION

2.1 Introduction

We now have a clear and complete description of motion. This description relates the
primary properties of motion - displacement, velocity, acceleration and elapsed time - to
each other. The question ‘What causes a change in the motion of an object?’ amounts to
asking ‘Where does acceleration come from?. The answer to this question is deceptively
simple, accelerations are caused by the application of forces. The purpose of this chapter
is to explain clearly what a ‘force’ is in physics and how it can be used to solve problems
relating to the motion of objects. When forces are included in the discussion of motion,
itis called dynamics.

Key Objectives
¢ To understand the concept of force.
¢ To understand the relationship between force and motion.
o To be able to identify action-reaction pairs of forces.

« To understand normal, friction and tension forces.

o To be able to solve straightforward problems in dynamics.

2.2 The Concept of Force

In everyday conversation we use the word ‘force’ quite liberally. The Oxford English Dic-
tionary gives a number of definitions of the noun ‘force”:

1. physical strength or energy accompanying action or movement.
2. (Physics) a measurable influence that causes something to move.
3. pressure to do something backed by the use of threat of violence.
4. influence or power.

5. aperson or thing having influence: a force for peace.

6. an organised group of soldiers, police or workers.

The word is also used as a verb, as in sentences like: ‘She forced the committee to
consider her application seriously. In physics, the word ‘force’ has a very precise mean-
ing, and this is given by Newton’s laws. These laws define force by listing the essential
properties of a force. If some phenomenon does not have all of these properties, then it
is not a force. In this section, we will go through Newton’s laws and explain each of them
in turn.

Introduction to Biological Physics for the Health and Life Sciences, Second Edition. Franklin, Muir, Scott and Yates
©2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons Ltd.
Companion Website: www.wiley.com/go/franklin/biological_physics2e

2.1 Introduction

2.2 The Concept of Force
2.3 Kinds of Force

2.4  Newtonian Gravity
2.5 Fictitious Forces

2.6 Summary

2.7 Problems

Force Vectors in Figures

In this chapter force vectors are represented
as acting on the centre of mass of an object.
It should be noted that other texts use dif-
fering conventions for contact force vectors
in which a contact force is shown acting at
the surface between two objects. The dis-
tinction between the two ways of represent-
ing contact force vectors is partially style, al-
though when dealing with contact forces that
may act to rotate an object the exact position
of action of a force is important. Such cases
will not be dealt with in this chapter and so
the simpler standard in which all force vec-
tors are shown to act at the centre of mass
of an object has been used in the interests
of clarity.

In later chapters, particularly Chapter 4, we
will be considering forces that rotate an ob-
ject and will draw force vectors for forces re-
sulting from contact, at the point of contact.
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Yoa
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Figure 2.2 If the force applied to an object does
not change, but the mass of the object is doubled,
then the acceleration is halved. If the mass does
not change and the force is doubled, then the ac-
celeration is doubled also.
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Newton’s First Law

In the list of Oxford English Dictionary definitions of force given above, the second item
is closest to the definition used by physicists. A force causes a change in the motion of an
object. For example, if an object is at rest, then we must apply a force to it to cause it to
accelerate and to develop a non-zero velocity.

Key concept:

Newton’s first law

Any object continues at rest or at constant velocity (constant speed in a straight line)
unless an external force acts on it.

Figure 2.1 illustrates the effect of a force on the motion of an object. This object is
travelling in a straight line until an external force acts on it in a direction perpendicular
to its motion. This causes the object to be deflected from its straight-line motion.

No external force

6—> 66> 6> 06> 6> 06> O00—>

External force

Y

6—> ©6—> 06> O06—>

Y
o<
0

Figure 2.1 A pair of objects initially travel in the same direction. The lower object is subject to a force and its motion
then deviates from a straight line while the force acts on it, but continues on in a new straight line after the force ceases
to act.

Newton’s Second Law

Key concept:

Newton’s second law

An external force gives an object an acceleration. The acceleration produced is pro-
portional to the force applied, and the constant of proportionality is the mass.

Newton’s second law can be summarised with the following equation:
F = ma (2.1)

In this equation, a is the acceleration (in m s~2) as usual, m is the mass (in kg), and F
is the force (in N) (N = newton). The SI unit of force is the newton; one newton (1 N) is
the force which would accelerate a 1 kg mass at 1 m s~ (i.e. would cause its velocity to
increase by I m s™! in every second).

As is illustrated in Figure 2.2, if the mass of an object on which the force is applied
does not change, but the force is doubled, then the acceleration of this object will also
be doubled (see diagram to the right in Figure 2.2). If the applied force is not changed,
but the mass of the object is doubled, then the acceleration will be halved (see centre
diagram of Figure 2.2). For numerical examples of the relationship between mass, force
and acceleration, see Table 2.1.



