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PREFACE

There are a lot of biomechanics books out there. Some are good and some
are bad. Often whether a book is good or bad will depend on the reader and
what they hope to learn from the book. For many practitioners (strength and
conditioning coaches, personal trainers, physiotherapists, athletic trainers,
etc), the most interesting part of a biomechanics book will be examples that
show the practical relevance of the material. However, as far as I have seen,
all biomechanics books share a similar logic in terms of their narrative
direction. That is, the order of the books is dictated by the mathematical
content and they are arranged in the most logical order for learning the
mechanics. This is fantastic if the ultimate goal is to learn about the maths,
however it can relegate the practical interpretation of the material to a
secondary role.

This is a very different type of biomechanics book because its narrative is
structured around the training process. First and foremost, what I try to do
here is explain the purpose of training from a biomechanical perspective. I
only introduce mechanical concepts when I need them to elaborate on the
story that I am telling. This means that the order of presentation of the
mathematics is pretty non-standard, but hopefully means that the relevance
and importance of mechanical principles for training is clearer and more
explicit.

The book is structured as follows. The first seven chapters describe what we
are trying to achieve when we train (from a biomechanical standpoint). This
essentially boils down to producing as much force as possible in the sporting
environment (or, more strictly, and as we will see in Chapter 3, as much
impulse). Having determined the goal of training, in Chapters 8 and 9, I talk
about the general factors that need to be considered in order to ensure that
our training is effective in improving our ability to express force in a way



that is relevant for our sport. This is often referred to as the specificity of
training. Most of the rest of the book is then comprised of a discussion of the
way in which force is expressed during movement, and the implications of
this for the training process.

Biomechanics is a discipline which seems to be particularly susceptible to
pseudoscience. One of my goals in this book is to try and explain why some
popular ‘biomechanical’ theories may not be as rigorous as they might seem.
These discussions are presented throughout the book, in places that seemed
most logical to me.

My main motivation in writing this book is to demonstrate that an
understanding of biomechanics is fundamental to effective training practices.
However, the relevance of the science is not in finding a particular study that
examined x or y training practice in order to say whether the method is
worthwhile or not. Rather, a deep appreciation for the way in which the body
produces force, and how this varies depending on the task in hand, is one of
the key considerations in designing effective training programmes.



“From understanding Jin [trained force], we
can achieve enlightenment”

The Canon of Tai Chi Chuan (Tai Chi Chuan Ching),
Often attributed to Wang Zong-yue (late eighteenth century),

Translation by Dan Docherty,
Tai Chi Chuan: Decoding the Classics for the Modern Martial Artist



INTRODUCTION

What is the purpose of training?
It seems most appropriate to start a book about training by asking what we
are trying to achieve when we train. At the most basic level this can probably
be boiled down to two aims – we train in order to improve our performance
level and to reduce the likelihood that we will get injured. How can an
understanding of force help us to achieve these aims?

Sporting performance is often predicated upon our ability to either change
our own motion or the motion of an external body. As we will see shortly in
order to change the motion of a body we need to apply a force to it. Our
ability to move ourselves or to move things is therefore highly dependent on
our ability to express force. Consequently, whether we are aware of it or not,
one of the main outcomes of our training is to increase or refine our force
expression capabilities.

At the same time as we exert forces on our external environment, we also
load our bones, muscles, tendons and ligaments with internal forces. This
loading is an important stimulus for training adaptations. However, the most
common mechanism for musculoskeletal injury is that one or more of these
tissues is exposed to too much force. This can be in the form of a one-off
event where the force exceeds the load bearing capacity of the tissue (e.g. in
the case of a bone break or muscle tear) or because the tissue is exposed to
repeated loading over a period of time that exceeds the tissue’s ability to
adapt (as occurs in chronic overuse injuries). Thus, if we want to reduce the
likelihood that we get injured, we need to understand the forces that our
bodily structures experience during movement.



At the most fundamental level, sports performance can probably be reduced
to just two dimensions – the actual physical performance capability of the
athlete and then the athlete’s ability to use these capacities within the
competitive environment. To use an autosport analogy, we have the
capabilities of the car, and the capabilities of the driver. In training we want
to improve both. The capabilities of the ‘driver’ include things like the
athlete’s ability to read and predict what is happening in the competitive
arena, to deceive opponents and to be able to compete effectively (which in
turn encompasses their psychological make-up). The capacity of the ‘car’ can
essentially be boiled down again to just two inter-related elements – that is,
the abilities of the athlete to access energy and to express force. This book is
principally about the latter ability, although we will also touch on the
relationship between force expression and energy needs.

Lost in translation
Biomechanics is the application of mechanical principles to biological
organisms. For the purpose of this book this will comprise the analysis of the
forces acting on, and expressed by, an athlete. As we have just seen, such an
analysis is fundamental to the understanding of athletic performance.
However, despite the importance of a clear understanding of force, it is very
common for coaches to make mistakes in the interpretation of some of the
most basic biomechanical principles. Why is this?

The problem arises because some of the technical terms used in mechanics
overlap with some everyday language. In particular, in mechanics we talk
about force, work and power, and these terms all have strict mechanical and
mathematical definitions. Unfortunately, the way that we use these words in
everyday language often does not correspond with the mechanical definition.
For instance, in mechanics, power is ‘the rate of doing work’. However, a
dictionary definition of power might be something like ‘the capability to act
in a particular way’, ‘the ability to influence the behaviour of someone else’,
or ‘physical strength or the force expressed by something’ [*] . The dictionary
definitions are clearly both very different and much wider than the
mechanical definition. To add to the confusion, the latter dictionary definition
actually equates power with another mechanical quantity, force – suggesting
that power and force are the same thing.



It is thus really easy for the uninitiated to get confused. It is entirely natural to
read a word like ‘power’ in a biomechanical text and to understand this in
terms of one of the dictionary definitions. However, this can quickly lead to a
fundamental misunderstanding of the biomechanics.

At the outset of this book it is thus vital that we recognise that words like
force or power have both an everyday and a mechanical meaning. Many
people don’t realise this, and this is a constant source of misunderstanding. It
is also imperative that when we talk about biomechanics we are vigilant
about using terminology precisely. It is really easy to slip and to use
mechanical terminology according to the common vernacular – especially
when trying to convince the lay person.

Throughout this book I will try to outline some of the common mistakes that
people make in applying biomechanics to questions of training. In many cases
these problems are simply a result of imprecision in terminology. To a large
part then, this book is about having clarity in the meaning of biomechanical
terms, and then deriving training insights from them.



1 ARISTOTLE VERSUS
NEWTON

What is a force?
Trying to answer the question ‘What is a force?’ is very far from being a
trivial task. It is true that most of us have some intuitive understanding of
what a force ‘is’. However, when we are actually asked to define a force we
discover that something we thought we understood is actually pretty difficult
to pin down. Many of us would probably settle on the somewhat vague
definition that a force is a push or a pull, but would have the nagging
suspicion that our explanation was missing something.

The reason for our difficulty is that a force is not something we can see. In
fact, some philosophers of science would argue that a force is not something
that even really exists at all. Instead, force is our attempt to explain the
causes of motion (or actually, the causes of a change in motion, but we will
come to this shortly). We actually define force in terms of the effects it has on
motion. For instance, we know that if we push something it will start moving,
and if we push it harder it will move faster. Force thus describes a quality of
the push – how hard it is, or more strictly, its tendency to create changes in
motion.

Given that we define a force based upon its effect, we could argue that a
force is not a “thing” per se, but rather a concept or theoretical construct. If
this is the case, force is also a pretty nebulous concept. We use it to describe
the changes in motion caused by actual physical, material interactions
between objects – our pushes and pulls [ † ] . However, we also talk about
forces that exist in the absence of motion. Similarly, we use the same concept



to describe the mutual attraction that exists between massive bodies (gravity)
or the repulsion/attraction between charged bodies (electromagnetism).

To summarise, defining the meaning of force is not simple...

Our intuition is stuck in Ancient Greece
So we have decided that we will define a force by reference to its effects.
Unfortunately, the next problem that we encounter is that determining the
effects of a force is also non-trivial. We might be inclined to think that our
common sense will tell us what happens when we push, pull or drop
something, however frequently it can lead us astray. For instance, our
intuition tells us that if we drop two similarly sized balls of differing weights
from a tall tower that the heavier ball will hit the ground first (when in actual
fact they will make contact with the ground at the same time). We shouldn’t
feel too bad if we make this mistake however – no less a thinker than
Aristotle thought exactly the same thing.

Aristotle devoted considerable effort to the problem of motion. In particular,
he observed (as did we on the previous page) that if we push something it
will start moving and if we push it harder it will go faster [‡] . Similarly, he
noted that in order to keep the object moving we need to keep pushing it. He
explained this by suggesting that the application of a force is the cause of an
object’s velocity (speed). That is, force (F ) is directly proportional to
velocity (v ), or:

Some variation of this law remained the dominant definition of force for
around the next 2000 years. Even today, our intuition will tell us the same
thing, and for exactly the same reasons as Aristotle – that is, we tend to feel
that things will only move if we are pushing them.

Newton’s 1st Law
Isaac Newton revolutionised our understanding of the causes of movement
with his eponymous three laws. We can best understand this by contrasting



his laws with the Aristotelian position. Let’s consider his 1st Law.

“Every body perseveres in its state of  being at rest or of  moving uniformly straight
forward, unless it is compelled to change its state by application of  a force.”

The first part of this law is the same as for Aristotle – things that are still,
will only start moving if we push them. However the second part is entirely
different – it says that if something is moving it will continue moving with the
same speed and in the same direction unless we push it. This is diametrically
opposite to our intuitive sense that we need to keep pushing something if it is
to continue moving. So how has our intuition failed us? Well arguably it
hasn’t – in our everyday experience if we start a wheel rolling or throw a
ball they don’t keep moving, but instead come to a rest. What is important
here is that the reason they stop moving is because there is a force acting on
them that changes their motion, be it wind resistance, friction or gravity. If the
object was moving in outer space and thus not subject to any forces, it would
keep moving indefinitely.

Newton’s 2nd Law

Newton’s 2nd Law is one of the most well-known laws of nature and it to all
intents and purposes provides us with the modern definition of force.

“The rate of  change in motion is proportional to the force applied and takes place
along the straight line in which that force is impressed.”

‘A change in motion’ means a change in the velocity of the object. The rate of
change of velocity of an object is its acceleration [§] , thus Newton’s 2nd Law
defines force as being proportional to acceleration (a ).

Clearly this is also very different to the ideas of Aristotle. Newton proposed
that rather than force being the cause of an object’s velocity, rather it was the
cause of the change in the object’s velocity. The distinction is important and
it is very common for people to miss its significance. For instance, you will
often hear the claim that forces are the cause of motion – they are not, they
are the cause of changes in motion.



Newton’s 2nd Law is probably best known as the relationship between force,
mass (m ) and acceleration.

That is, the force required in order to achieve a given acceleration is also
proportional to the mass of the object.

Newton’s 3rd Law
“To any action there is always an opposite and equal reaction; in other words the
actions of  the two bodies upon each other are always equal and always opposite in
direction.”

As my good friend Jon Goodwin is want to say, if we push on something, it
will push back – even if it doesn’t have muscles. This effect is often highly
important in sport – in many movements we push into the ground, and the
ground pushes back on us. This ‘ground reaction force’ is the force that
actually changes our motion. For instance, during vertical jumping it is the
ground reaction force that propels us into the air.

A note on Einstein
It should be noted that Newtonian mechanics does not represent the cutting
edge of modern physics. Rather, Einstein in turn revolutionised physics with
his theories of special and general relativity. In actual fact, Newton’s laws
just describe a special case of Einstein’s universe where the observer and all
objects are within the same inertial frame. Thankfully, our movements in
sport and training are an example of this special case, and thus we can
restrict our biomechanical analyses to Newtonian (classical) mechanics.

Retraining our intuition
In the introduction we have already seen that the understanding of mechanics
is complicated by the fact that many mechanical terms also have an informal
popular meaning that is different from their mechanical definition. What this
chapter has shown is that in addition we sometimes cannot rely on our first



instincts in order to understand the effect of forces, as our intuition can be
misleading. The process of becoming an excellent coach therefore also
involves the retraining of our intuition such that we see the sporting world
through Newton’s eyes.



2 CHANGING VELOCITY

Force? Who cares?
So where are we? We have managed to define force and have some rules
which describe what forces do. However, we seem to be proceeding in a
backwards fashion – we haven’t yet talked about what we are trying to
achieve with our biomechanical analysis, why we need to understand force,
or why this is relevant to sport and training. Let’s do this now...

Ultimately, very often one of the key factors in sports performance is the
ability of the athlete to change their velocity or the velocity of an external
object. Running, acceleration, jumping, throwing, lifting, striking and
changing direction all involve a change in velocity, for instance:

How high we jump is entirely dependent on our velocity at the
point we leave the ground;

How far we throw is largely dependent on the velocity of the
implement at the point of release;

Change of direction (e.g. cutting) requires the athlete to
decelerate their motion in the direction of travel, and then re-
accelerate in a new direction.

Now forces cause changes in velocity, hence our interest in them.

Rate versus magnitude of change



It is important to realise that in sport we are often most interested in the
magnitude of the change of velocity during the course of a particular
movement. For instance, in a vertical jump we might start from a stationary
standing position. As we have seen, how high we jump is entirely dependent
on our take-off velocity. Thus the critical performance variable is how much
we increase (change) our velocity. If we are simply interested in jumping as
high as we can, we don’t mind if it takes us longer to achieve this change in
velocity if the end result is a greater change.

Newton’s 2nd Law provides us with a relationship between the force applied
and the acceleration experienced by an object. However, acceleration is the
rate of change of velocity. It is critical that we understand that this is an
instantaneous relationship – it just tells us how quickly velocity is changing
in one particular moment. This doesn’t tell us what was the overall change in
velocity over the movement.

Of course, if the acceleration over the duration of the movement is constant
(i.e. the force applied is constant) then it is simple to work out the change in
velocity: We know that:

And so:

Human movement isn’t constantly accelerated
Unfortunately human movement isn’t generally constantly accelerated. For
instance, it takes us time to generate force and the amount of force that we
can apply is highly dependent on the posture of our body at any given
moment. The variable nature of force expression is illustrated by the force-
time graphs for some common human movements that are depicted in Figure
1.



Figure 1. Force-time graphs for some common human movements (note that
axes are not to scale relative to one another).

It is clear that the force-time relationship in all of these movements is highly
non-linear and certainly not constant. This means that we can’t simply
calculate the change in velocity using the previous equation. How can we
possibly work out the change in velocity during these movements?



3 HOW MUCH FORCE?

What variable?
Let’s approach the problem of finding the change in velocity from a different
angle. We know, from Newton’s 2nd Law, that forces are the cause of changes
in velocity. Therefore, if more force is applied during a movement then the
change in velocity must be greater. But how can we say ‘how much’ force
has been applied? How do we calculate the ‘total force’ applied during the
movement? To put this in terms of the force-time curves we saw in Figure 1,
we have a highly non-linear curve that represents the force applied over the
course of the movement. What aspect of the curve would best express if a lot
of force was applied or not?

One reasonable solution might be to look at the maximum force that was
achieved. However, this will just tell us how much force there was at one
instant in time – this doesn’t mean that force was necessarily high over the
whole period. To get a better idea of the force that was applied over the
whole movement we could calculate the average force that was applied.
However, this in turn doesn’t tell us anything about the duration of the force
application – and longer force application surely means ‘more’ total force.

Impulse
Instead, let’s consider calculating the area underneath the force-time curve.
There will be more area under the curve if the peak force is higher, if the
average force was greater, or if force was applied for longer. Thus the area
under the curve seems like a good choice for quantifying how much force
was applied as it will capture the different ways in which we can apply more
force. We give the area underneath the force-time curve a special name –



impulse (I). However, it might be easier to understand if you think of impulse
as ‘total force’.

Impulse-momentum relationship
As we might expect given that forces are the cause of changes in velocity,
there is a direct relationship between impulse applied and the change in
velocity. More impulse, i.e. more total force, means that there will be a
greater change in velocity. In fact, impulse and change in velocity are directly
proportional to each other:

More strictly, the impulse applied is equal to the change in momentum
(momentum is mass multiplied by velocity):

We can rearrange this equation to find the change in velocity:

For those that are interested, the derivation of the impulse-momentum
relationship can be found in this footnote [**] .

Impulse, impulse, impulse
We have already seen that our change in velocity during a movement is often
a critical performance variable. We have now shown that the cause of our
change in velocity is the impulse that we apply. This means that in many
cases we can explain differences in explosive physical performances in
terms of impulse generation. Impulse will often be the most important
performance variable. I’ll say that again, impulse will often be the most
important performance variable. However, in coaching and training circles it



is rare for there to be much, if any, focus on impulse. Instead, coaches tend to
be more interested in other variables like peak power or peak force.

This is not a force-velocity relationship
One of the most common errors in biomechanics, is to think that the impulse-
momentum relationship is effectively a force-velocity relationship.
Remember that intuitively, like Aristotle, we have a tendency to ‘feel’ that
force should be related to velocity – i.e. that more force should mean more
velocity:

The impulse-momentum relationship tells us that impulse or ‘total force’ is
related to the change in velocity:

‘total’  

Why isn’t this the same as a force-velocity relationship? The critical point
here is that there is no direct instantaneous relationship between the force
and the velocity. That is, if we know the force at a particular time we still
don’t know the velocity of an object with a known mass – the force could be
large, but the object be moving slowly, or vice versa. In contrast, Newton’s
2nd Law defines an instantaneous relationship between force and
acceleration. If we know the force acting on a known mass then we can
directly calculate the acceleration of the object. If the force is large then so is
the acceleration.

It is important to remember that the impulse-momentum relationship is about
the magnitude (amount) of change in velocity over a particular period of
time, whereas Newton’s 2nd law is an instantaneous relationship reflecting
the rate of change in that moment. The magnitude of change is independent of
the actual velocity that the object is travelling at. If we apply a certain
amount of impulse to an object then the increase in its velocity will be the
same if it starts from rest or if it is travelling at 100 miles per hour.



4 MAXIMISING IMPULSE

How can we increase the impulse applied?
It is clear then, that for many sporting activities, in order to improve our
performance we need to increase the amount of impulse that we apply during
a movement. That is, we need to increase the area under the force-time curve.
There are effectively three ways that we can do this.

Increase peak or average force
Probably the simplest way to increase the impulse applied (i.e. the ‘total
force’) is simply to increase the magnitude of the force applied during a
particular part of the movement. For instance, Figure 2 presents the force-
time graph for the propulsive phase of a vertical jump. In the second panel
we can see that if the peak force is increased, then the area underneath the
curve is clearly increased as well. It is important to note here if the height of
any part of the curve is increased that the area under the curve is increased –
the increase doesn’t have to be at the peak. Average force can thus be
increased, increasing the impulse, with the peak force being unchanged.

Figure 2. Increasing impulse during vertical jumping. Top left panel indicates
the original jump. The other three panels illustrate the increase in area under
the curve with greater peak force, greater rate of force development (RFD)
and a longer duration of force application.



Increase rate of force development

An alternative strategy is to increase our rate of force development [††] (RFD;
F’ ). If there is a greater RFD then the force-time curve will have a steeper
gradient (as indicated in Figure 2). This means the athlete reaches near
maximal force expression more quickly, resulting in a curve that is wider
towards the top and hence has more area.

Increase the duration of force application



The final method to increase impulse is to increase the duration of the force
application. Of course, in some skills this is neither possible nor desirable,
as there is a limited time available for force application. For instance, in
maximum speed sprinting the duration of each foot contact will typically be
around 0.1s, and it would be detrimental to an athlete’s performance to
increase this. Thus, in order to maximise impulse production in sprinting the
athlete will need to either improve their maximum force capabilities or their
RFD. However, for movements where it is possible or desirable, increasing
the time of force application clearly increases the impulse.

Trade-offs
The most appropriate way to maximise impulse application will depend on a
range of different factors including the nature of the skill, competitive
considerations, the environment and the characteristics of the athlete. What is
important to realise is that all of the methods for increasing impulse can
affect each other, and so an increase in one variable does not necessarily
mean that there will be an overall increase in impulse. For instance, an
athlete might increase their peak force production, but in doing so decrease
the duration of the force application, and the overall effect of this could be to
decrease impulse. This is one reason why measuring peak force, average
force or RFD is inferior to the measurement of impulse.

A study of jump technique and impulse
In order to put these considerations into practical terms let’s try to explain
why vertical jump technique varies in different sports and different
environments. Remember that how high we jump is entirely dependent on
how much impulse we impress, and so optimal jump technique will facilitate
the greatest expression of impulse within the constraints of the competitive
environment.

First of all, it is interesting to note that the gross movement strategy that
humans adopt in vertical jumping is highly consistent. In particular, when
people jump they exhibit a proximal to distal [‡‡] pattern of joint extension –
i.e. the hip starts to extend first, followed by the knee and then the ankle. One



reason for this pattern is to prolong the amount of time that the athlete is in
contact with the floor to allow more impulse to be impressed. The arms are
used in a similar way – if we swing our arms upwards at the start of the
propulsive phase this actually presses our body down into the floor (as a
result of Newton’s 3rd Law). The floor then has to press back on us (also due
to Newton’s 3rd Law) increasing the ground reaction force. This will also
tend to give us more time in which to develop force.

Better jumpers, by definition, are able to impress more impulse during
jumping. Of course, this can be achieved simply by having the ability to
express high forces in short time periods. However, skilful jumpers are also
able to coordinate the extension of their lower limb in order to maximise
impulse expression. For instance, skilful jumpers gain more benefit from
using their arms than novices – they are able to remain in contact with the
ground for longer, or to sustain the period of higher force expression for
longer.

The way in which we jump is influenced by the rules of the sport that we are
playing. In some sports, the most important variable is simply how high we
jump, and it doesn’t matter how long we take to get off the floor. For
instance, an outside hitter in volleyball is able to predict where and when the
set will arrive and thus generally has lots of time available to jump. In these
situations it is common for an athlete to adopt a ‘hip dominant’ strategy – that
is, they will have a more inclined trunk with more hip flexion. This is a
slower jumping strategy which can facilitate the production of more impulse.
In contrast, in some sports the time available to jump is limited. For example,
in basketball the athlete who snags a rebound is the one who reaches a
certain height first. In these situations it is more common to see a “knee
dominant” jumping strategy, where the athlete remains more upright.

Similarly, the surface that an athlete competes on can also influence jump
technique. Let’s compare jumping to block in volleyball and beach
volleyball. In beach volleyball, athletes will tend to squat much (much)
deeper in the countermovement of their jump. This makes the propulsive
phase longer allowing the athlete to generate more impulse. Why don’t
indoor volleyball players use this strategy then? The critical difference is the
sand – it is hard to push off sand which will yield to pressure from the feet.



This makes it hard to exert high forces and so players compensate for this by
making their jump last longer. In contrast, indoors volleyball players can
generate much higher peak forces by keeping their lower limb relatively
more stiff and showing a greater degree of ‘bounce’ off the floor. The
optimal strategy here is then to produce higher forces by sacrificing jump
duration (it should be noted that there is also a competitive advantage to
jumping quicker, and that given the nature of the two sports this is more
important indoors).

Hopefully this brief analysis illustrates how important an understanding of
impulse is in interpreting sport. This information is critical for informing
training. For instance, beach and indoor volleyball players use completely
different strategies for jumping and their training should differ accordingly.



5 VELOCITY-BASED
TRAINING

Measuring stuff
Biomechanics is fundamental to understanding sport and training. However,
for many coaches, the main time when they explicitly engage with
biomechanical questions is in thinking about how they test their athlete’s
performance. There are broadly two main purposes to performance testing.
The first is to try and quantify training induced increases in an athlete’s
performance capability. The second is to monitor and adjust training sessions
based on the athlete’s current physical state.

There are a wide variety of different variables that can be measured when
we come to performance test our athletes. Some popular variables include
force, power, time, load and velocity. Equally, for any particular variable
there are a range of options – for instance, do we look at peak force or
average force. In choosing exactly what we want to measure it is most
appropriate to consider what variable is most meaningful in influencing
performance. From the discussion that we have seen in the previous couple
of chapters, in many cases this variable might be impulse, or one of the
variables that influences the amount of impulse impressed (RFD, peak force,
average force). Despite this, impulse is not the most common choice (at least
in the weight room). Instead, power and velocity are probably the most
popular performance measures. In this chapter we will consider the
measurement of velocity and why it may be appropriate and then in the next
chapter we will take an in depth look at power.

How do we measure impulse?



If we want to quantify impulse then we need to measure the force expression
over time. In sport and training, the most common way to achieve this is
through the use of a force plate – a piece of equipment that can be considered
to be a glorified bathroom scale. In recent years, the cost of force plates has
been decreasing and there are now a number of user-friendly force plates on
the market that are designed for use by coaches. However, despite this there
are still some barriers to their use – in particular that they still tend to be
quite bulky and so are not the most portable tools.

An alternative method by which we can (indirectly) measure force is to use
an accelerometer. As the name suggests, accelerometers give a measure of
the acceleration which they are experiencing. From Newton’s 2nd Law we
know that acceleration is proportional to force, and in particular, if we know
the mass of the body that is accelerating we can then determine the force.
Thus it is theoretically possible to back out force-time data from
acceleration-time data. The advantage of accelerometers is that they are
small and portable and can thus be easily incorporated within wearable
technology.

What has all this got to do with velocity?
Somewhat strangely, many commercial devices that are used to monitor
resistance training and that incorporate accelerometers don’t actually output
acceleration or force. Instead, it is common for such devices to provide data
relating to the velocity of the movement – for instance, mean or peak
velocity. Generally, higher velocities are then considered to be desirable,
and the velocity with which an athlete executes a movement is then used to
inform training decisions.

At first glance then, the use of accelerometers in contemporary practice
seems to run contrary to the analysis that prefaced this chapter. Why are we
reporting velocity if the most interesting variable is impulse? I think the
answer to this is probably quite mundane – the concept of velocity based
training is intuitively easy for coaches and athletes to understand and accept,
and there is now an established tradition of practising in this way. However,
if we dig a little deeper, the use of velocity is probably not unreasonable.



Let’s consider using peak velocity as a variable to quantify training. We
know that there is a direct relationship between change in velocity and
impulse. We also know that the athlete will generally be starting a repetition
of a resistance training exercise from rest. Our peak velocity measurement is
thus also the change in velocity over the movement up to the point of peak
velocity. From the impulse-momentum relationship this will be directly
proportional to the impulse impressed during this time period. Peak velocity
is therefore a pretty good proxy for the impulse impressed during the main
propulsive phase of the movement. In addition, it is easy to understand, and
although the nature of the performance is described by only one number, we
do get a picture of what happened over the duration of the main propulsive
phase [§§] . The disadvantage is that we don’t get the richer information which
would be provided by the whole force-time curve – that is, exactly how was
the impulse generated.

This is not a force-velocity relationship!
So, as far as I can see, the main rationale for using velocity to guide training,
rather than the acceleration (or force), which is directly measured by an
accelerometer, is that it is easier to understand. However, this might also add
to the confusion around the relationship between force and velocity. In
particular, it gives athletes and coaches another opportunity to conflate
change in velocity with instantaneous velocity or ‘total’ force (impulse) with
force.



6 POWER: WHO CARES?

The influence of terminology
Most coaches want their athletes to be powerful. In expressing this desire the
term ‘powerful’ has its common every day meaning – it is not used in the
strict mechanical sense. What do coaches mean by powerful? This will vary,
but probably encompasses things like being ‘explosive’, being strong and
fast, being able to accelerate themselves or external objects rapidly, etc...
How might we define these qualities in mechanical terms? Well, they can all
probably be described by some aspect of the force-time curve – the RFD,
peak or average force, or impulse.

However, rather than being focussed on the force production capabilities of
their athletes, many coaches are obsessed by their power output capabilities.
This is understandable, but is based on a faulty understanding of the
mechanics. Coaches want powerful athletes and so it seems logical to
measure power output. However, the common meaning of ‘powerful’ in
everyday language is not the same as ‘power’ in the strict mechanical sense.
A confusion over terminology is leading these coaches to focus on a less
relevant variable.

How much force revisited?
In Chapter 3 we asked how we could measure the ‘total’ force expressed
during a movement. Our answer to this was to use the area under the force-
time curve – the impulse. However there is another common way to calculate
total force. Figure 3 presents the force-time curve and the position-time
curve during vertical jumping. By combining these two curves we can plot a
force-position curve as shown in the right hand panel of Figure 3 (note that in



this case the position is the height of the centre of mass). So now, instead of
depicting the force at each moment in time, we are depicting the force at each
position the athlete is in. Similarly, rather than summing the force ‘over time’
as we did to calculate the impulse, we can instead sum the force ‘over
position’. That is, we calculate the area underneath the force-position curve.

Figure 3. Height-time, force-time and force-height curves for a typical
vertical jump.

The area underneath the force-position curve is called the work. It is the
‘total’ force with respect to the distance moved. Note that to be more precise
about our description of impulse, we should say it is the ‘total’ force with
respect to the time taken.

Positive and negative work
There is a little wrinkle with regards to the calculation of work. Whereas
time only moves forwards, our position can move both backwards and
forwards. This won’t have escaped your attention – it is why the force-height
curve in Figure 3 has such a peculiar shape. The jump starts at the point



indicated on the graph, and then the height of the centre of mass decreases as
the athlete dips during the countermovement of the jump. The downward
motion is represented by the grey line. At the end of the countermovement the
athlete then begins to move upwards – this part of the movement is
represented by the black line.

During the dipping phase, the direction in which the athlete is moving
(downwards) is opposite to the direction of the force (upwards). The work
done is thus negative. During the propulsive phase of the jump, the direction
of travel and the direction of the force are the same (upwards) and thus the
work done is positive. The net work done during the movement is therefore
the positive work minus the negative work – that is, the area underneath the
black line minus the area underneath the grey line.

What has all this got to do with power?
Power is defined to be the rate of doing work. That is, power is the amount
of work done in a particular period of time. What does this look like? In
Figure 4, I have added markers to our force-position curve at 40ms intervals.
It is clear that these markers aren’t evenly spaced. This is because the
athlete’s velocity varies over the course of the movement, and thus in some
periods they cover more distance than in others.

Figure 4. Force-height curve during vertical jumping. Circles indicate 40ms
intervals.



Now compare the rectangles labelled A and B, that approximate the area
under the curve (work done), for these two time periods. It is obviously
apparent that more work was done in the period labelled B, and thus the
average power output during this period was also higher.

As power (P) is the rate of doing work (W) it can be calculated as follows:

But I thought that power was force times velocity
Well yes, but not by definition... A brief derivation of this is given in the
footnote [***] , but yes, instantaneous power can be calculated in this way.



This is all a bit complicated isn’t it?
Err, kind of, yes…

My motivation for showing what power is in such detail, other than to
promote understanding, is to show that the mechanical meaning of power
isn’t as intuitive as the word seems to suggest. Of course, this doesn’t
necessarily mean that the variable isn’t interesting, and if there was some
type of direct link with performance this would justify our interest in power,
despite the complexity.

Remember that in Chapter 2 we saw that for many explosive sports skills that
the change in velocity during the movement is often one of the most important
performance variables. This is why impulse is so important for us – impulse
accrued is directly proportional to the velocity change. Unfortunately, there
isn’t the same type of direct link between power and change in velocity and
so it is less useful for quantifying explosive sports performance (there is a
direct link for endurance performance that we will look at in a later chapter).

There is however an indirect link between power and change in velocity.
This means that power will still tend to be well correlated with explosive
performances like vertical jumping or weightlifting. These correlations lead
coaches to believe that power is the most important variable and are
sometimes used to justify their interest in it.

Peak power output: Who cares?
The measurement of peak (i.e. instantaneous maximal) power output is very
popular in training, however for many activities it may not be the most
helpful variable to track. We have already explored the reasons why power
output generally may not be the best choice of performance variable.
However, considering power output at one single moment in time is possibly
even more limited. Can a snapshot taken at a single moment in time represent
the most important performance aspects of a movement?



Figure 5 presents the power-, force-, velocity- and height-time graphs for a
typical vertical jump. The vertical line indicates the instant that peak power
output occurs. What is clear is that this event is not coincident with any other
key events in terms of the force, velocity or displacement of the athlete. Peak
power output occurs just prior to the point that the athlete leaves the ground.
At this point velocity is near, but just short of, maximal. At the same time,
although force is relatively high, it is rapidly decreasing. The question is
whether a focus on peak power output, and consequently a focus on the force
production immediately prior to take-off, is the most meaningful. I would
suggest that in many cases the answer to this question is no.

Figure 5. Power output, velocity, jump height and force for a typical vertical
jump (all measures relative to time).





7 GRAVITY

A force of attraction?
So far our analysis has neglected a critical contributor to performance –
gravity. But what is gravity? To be honest, no one really knows. In the same
way that we defined forces in terms of the effects that they cause, gravity is
our explanation for an effect that we can observe. In this case, the effect that
we are talking about is the tendency of objects to be attracted to one another.
This attraction is proportional to the masses of the objects. However, the
cause of this attraction is not visible to us, despite the fact that we experience
the effect every day of our lives.

The most sophisticated explanation for the effect of gravity is given by
Einstein’s theory of general relativity. According to this theory, the mass of
an object distorts the fabric of space-time and gravity is a result of the
undulating landscape of different sized troughs around each object. Don’t
worry though, such a complicated description of gravity is unnecessary for
our purposes and again we can rely on Newton for our analysis.

Newton’s model of gravitation was to represent the attraction between
objects by a gravitational force. He proposed that this force is proportional
to the product of the masses of the two objects (m 1 and m 2 ) and inversely
proportional to the square of the distance (r ) between them:

Note that G is the gravitational constant.



Gravity is a weak “force”, and the attraction between ourselves and the
objects around us is tiny enough to be immaterial. However, the Earth itself
is a very large object, and thus it exerts a relatively strong attractive force
upon us. At the same time, we spend our whole lives at a relatively constant
distance from the centre of the Earth. These two facts mean that for practical
purposes we can describe the force of gravity that acts on an object on Earth
by Newton’s 2nd Law:

In this equation, g is the acceleration due to gravity, which on the Earth’s
surface is 9.81ms-2 directed towards the centre of the Earth.

Weight
Our weight is the force that acts on us due to the attraction of our body mass
to the Earth. Our weight is an important concern in any analysis of our
movement. Even when we are standing at rest we need to exert a force on the
ground that is equal to our weight to prevent ourselves being accelerated
downwards. In movement it is important to understand that we are constantly
subject to this force. If we want to propel ourselves away from the Earth we
have to exert a force that is at least in excess of our weight.

Net impulse
In our earlier discussion of impulse we neglected the effect of gravity and the
need to overcome our body weight when moving. Figure 6 illustrates the
force-time graph for jumping and landing that we saw previously. However,
this graph now includes a grey shaded area that represents the force (and
impulse) that would be expressed if the athlete were simply standing still.
This impulse does not contribute to the jump height achieved by the athlete.
Instead, the propulsive impulse is the total impulse (area under the black
line) net of the body weight impulse. We calculate this net impulse by
subtracting the shaded grey area from the area under the force-time curve.



Figure 6. Force-time graph for jumping and landing. Grey area indicates
body weight impulse.



8 SPECIFICITY

What is the purpose of training (revisited)?
In the introduction to this book I made the unsurprising contention that the
purpose of training was to maintain or improve our sporting performance.
But how do we achieve this?

When we train, we want to stimulate adaptations that increase our
performance capability in our given sport. Every sport demands a particular
set of performance capabilities, and so our training for sport needs to be
focussed on developing one or more of these capabilities. In order to achieve
this most training approaches are guided by the principle that the body will
make adaptations that are specific to the demands that are imposed upon it
(often called the SAID principle). Thus to improve a given performance
capability we need to challenge it in training, the idea being that the resulting
adaptation will increase our capability. In turn, the SAID principle suggests
that our training will need to reflect the demands of the sport in order to
ensure that adaptations are relevant to our sporting performance.

The previous paragraph is a very long-winded way of saying that training
needs to be specific to the sport in question. The reason why I didn’t simply
just say this is that the idea of training specificity is one of the most widely
known but least understood principles of training.

What is specific?
The SAID principle suggests that training for sports performance should be
‘specific’. However, the meaning of specific is not defined. There is a risk
that coaches interpret ‘specific’ in a very narrow sense, and consider that



only training activities that closely mimic the sport will be appropriately
specific. Instead, in many cases sport specific training can still be focussed
on very general qualities that are then applied in a specific way in the
sporting arena.

Coaches are often quite prepared to accept that energy system training can be
general, while being very resistant to general approaches to the development
of force expression capabilities. For instance, many coaches will be happy
for their athletes to cross-train (swim, bike, run, etc) in order to develop
their endurance capabilities, even if the sport itself doesn’t involve
swimming or biking or running. Similarly, many coaches believe that the
specific endurance qualities needed in their sport will depend on the
development of a strong aerobic base, and will thus be happy to spend time
performing non-specific steady-state aerobic training activities like jogging.
However, the same coaches will expect resistance training activities to
closely replicate the movement patterns seen in the sport itself, and will find
it hard to see how general athletic development activities translate to the
field of play. We will explore the issue of what makes an activity ‘specific’
in the next chapter.

Transfer of training
The key to successful sports specific training is to ensure that any
improvements in our capabilities ‘transfer’ to the sporting environment. That
is, if we improve a particular capacity that this means that we are then able
to perform better in our chosen sport. However, there are various
mechanisms by which this transfer could occur. My friend Jon Goodwin and
I, proposed the following categories for the transfer of training effects in a
previous book:

Primary transfer: the capability that has been increased is one
that is directly used in the sport itself. For instance, if a
volleyball player increases their vertical jumping ability as a
result of training this might be expected to result in a primary
transfer of training effects to sporting performance.



Secondary transfer: there is an improvement in a general
capability that underpins a more specific sporting ability. Good
examples of this are improvements in general strength or aerobic
capacity.

Tertiary transfer: there is no direct mechanism for the transfer of
performance effects, but the improvement in capability
indirectly results in an improvement in performance. For
instance, if an athlete becomes more robust as a result of their
training then they may be able to practise and compete more
frequently, and this will in turn improve their performance.

Clearly there will be some degree of overlap between these categories.
Moreover, it is important to recognise that the categories are not listed in
order of importance – for instance, many strength and conditioning coaches
believe that their primary role is to keep their athletes healthy and available
for practice and competition. These coaches are therefore most interested in
the tertiary transfer of training effects to performance.



9 DYNAMIC
CORRESPONDENCE

Improving our force expression capability
At the start of this book I suggested that our performance capabilities
ultimately boil down to one of two things – our ability to access energy and
our ability to express force. For this reason, a principal goal of training is to
improve our ability to express force. However, we need to improve our
ability to express force in the positions, postures and time constraints that are
presented to us in our sport. We thus need to improve our ‘sport specific’
ability to express force. In order to do this the SAID principle tells us that
we need to pick training activities that are specific to the force production
demands of the sport. But how can we evaluate this?

As I alluded to in the previous chapter, for many coaches specific exercises
are ones that mimic the sporting movement. These coaches only consider the
kinematics [ † † † ] of the movement – they are interested only in whether the
movements themselves are similar, and do not consider whether there are
similarities in force production. Given that the force expression itself is the
key variable, such an approach is unlikely to provide the basis for the best
training decisions.

Dynamic correspondence
Dynamic correspondence is the term given to a more rounded method for
evaluating the mechanical similarity of an exercise to a sporting skill. It is a
method that was first popularised in the West by Siff and Verkhoshansky in
their book Supertraining . In the method described by Siff, the dynamic



correspondence of an exercise is established by comparing how closely it
resembles the skill on five criteria:

The amplitude and direction of movement: this is the kinematic
criterion – do the joint movements in the exercise resemble
those in the sporting skill?

The region of accentuated force production: how do the joint
angles when peak force is expressed compare?

The dynamics of the effort: this is the criterion that
encapsulates the need for overload – is the effort exerted in the
exercise greater than that required in the sporting skill?

The rate and time available for force production: how much
time is available for force production in the sport? Does the
exercise replicate this demand? Is the rate of force production
greater in the training exercise?

The regime of muscular work: how is force produced by the
muscle in the sporting skill? Is force produced in the same way
in the training exercise?

What is important to realise when evaluating dynamic correspondence is that
a good training exercise does not need to correspond on every criterion.
Rather, an exercise need only correspond on key criteria. In order to
understand this, we need to introduce a couple more training principles –
those of progressive overload and variation.

Progressive overload and variation
Training is generally described using the stress-adaptation model proposed
by Hans Selye. According to this model, if we apply a stress to the body, the
body’s performance capability is first decreased (the so-called alarm phase),
before adaptation occurs increasing the performance capability above its
original value. In training, the stress that we apply to the body is our training
bout. In order for training to be stressful, we need to ‘overload’ the body in



some way – by challenging the body to do more than it is accustomed to.
Over time, as we adapt and improve our performance capability, a given
training session will no longer be challenging. For this reason we need to
progressively increase the overload that we apply during training.

The need for variation in our training is related to the need for progressive
overload. Again, if we simply perform the same training over and over again,
we will experience diminishing returns – the training is not as stressful as it
once was. By introducing variation to our training we can challenge our body
in new ways, stimulating further adaptations.

How do these two concepts relate to dynamic correspondence?
Fundamentally we are interested in improving our ability to express force in
a way that is relevant to our sport. However, if we have practiced our sport
for many years it may be difficult to overload aspects of the sports skill, and
we will be very accustomed to performing them. In training therefore, we are
seeking varied ways to challenge our force production capabilities in ways
that will transfer to our sport. This is the beauty of using a method like
dynamic correspondence. We can use the criteria to find exercises that allow
us to overload particular aspects of sport specific force production. Again it
is worth noting that we don’t need to satisfy all criteria – in fact, by just
focussing on particular aspects of force production we broaden the exercises
available to us. This then allows us to provide progressive overload and
variation to our training that far outstrips the possibilities offered by simply
practising the sport itself.

Towards a refined model of dynamic correspondence
Dynamic correspondence is just one model for evaluating mechanical
similarities, and it does have its weaknesses. For me, the most important of
these is that the need for overload is not emphasised in the model, but is
simply one of five criteria. It could be argued that for any exercise to
dynamically correspond to a sporting skill it would need to satisfy the third
criterion (the dynamics of the effort) – that is the effort exerted in the
exercise is greater than the sporting skill. Similarly, the third criterion does
not have an adequate focus on impulse production.



I would thus reframe the analysis of dynamic correspondence as follows.
Firstly, the exercise must meet at least one of the two primary criteria:

Possibility for overload: does the exercise provide the
possibility of overload in terms of impulse production or factors
that contribute to impulse production? [‡‡‡] In particular (and as
explicitly captured in Siff and Verkhoshanky’s criteria) is the
peak force or rate of force development higher in the exercise?
Alternatively, does the exercise provide the opportunity for
overload through repetition?

Possibility for variation: does the exercise provide the
possibility for variation. This might be considered to be
particularly important when we consider the capability for force
expression to be a skill. A discussion of this will be found in
Chapter 10.

If the exercise satisfies one or both of the primary criteria, we can then
evaluate its mechanical similarity to the sport by consideration of the
secondary criteria:

The movement kinematics;

The direction of force/impulse production relative to the athlete;

How is the limb coordinated to produce force?

The time available to generate impulse;

Body position and posture during peak force/impulse
production;

How does the muscle-tendon unit produce force?

The remainder of this book essentially comprises an exploration of these
criteria. This will thus provide the vehicle for elucidating some of the more
important biomechanical concepts that have implications for training.



10 DYNAMIC SYSTEMS
THEORY

Guruism 101
In my first book, The Little Black Book of Training Wisdom , I cautioned
coaches to be aware of the very human tendency to overcomplicate things.
Motivations for this behaviour can be diverse. Sometimes we seek more
complicated explanations in order to satisfy an internal desire to feel more
expert. At the more nefarious end of the scale, skilful self-promoters
understand the power of opaque, pseudoscientific systems in creating a guru
persona, which can in turn lead to (relative) fame and wealth.

One of my personal bug bears has been the popularity of dynamic systems
theory in explaining and guiding training. I believe that dynamic systems
theory is attractive to coaches because it plays to our love of complexity, our
need to feel expert and our desire to invent. However, the risk in giving
primacy to dynamic systems considerations is that it can lead us to overlook
other facets of the training process. This is not to suggest that the ideas
professed by advocates of dynamic systems theory are incorrect, but rather
that their importance is overstated.

What is dynamic systems theory?
Dynamic systems theory emerges from a consideration of classical
mechanics and so it is ‘biomechanics’. The theory is based upon the
behaviour of differential equations. This definition is probably not that
helpful for most readers, and leads to a string of further questions:
- “Well, what is a differential equation?”



- “An equation that contains a derivative.”
- “But what is a derivative?”

- “The instantaneous rate of change of a variable.” [§§§]

- “Pardon?”
And so on. In its essence, a good understanding of dynamic systems theory
requires a working knowledge of calculus, the branch of mathematics that
deals with rates of change. As most coaches don’t have this background, it
surprises me that dynamic systems theory is so popular. The good news is
that, as we will see, it is not necessary to invoke dynamic systems theory in
order to capture the ideas that its advocates are describing.

The basis for dynamic systems theory is that many systems can be usefully
described (mathematically) by modelling the way in which they change. We
have relied on a fantastic example of this already – Newton’s 2nd Law relates
the rate of change of velocity (acceleration) to the applied force. The fact that
we have this calculation of rate of change within the equation, makes it a
differential equation. We can make this more explicit if we write Newton’s
2nd Law like this:

Now let’s say we wanted to use Newton’s 2nd Law to calculate the final
velocity of a body with a known mass when it is accelerated by a given
force. In this case, it is useful to write Newton’s 2nd Law in terms of the
initial (v 1 ) and final (v 2 ) velocity:

What we can see here is that in order to find the final velocity, we need to
know the initial velocity. That is, to find the solution of this differential
equation we need to know the ‘initial conditions’.



Sometimes differential equations are highly sensitive to their initial
conditions. What this means is that even small differences in the initial
conditions can create very large differences in the solution. This is the basis
of chaos theory – some systems are so sensitive to their initial conditions that
it makes predicting their behaviour impossible. Even though we can create a
mathematical model that describes the system (that consists of a system of
differential equations) we can’t find a useful solution because we can’t
specify the initial conditions with sufficient precision. The most famous
example of this is probably ‘the butterfly effect’. Climate models can exhibit
chaotic behaviour, and the effects of this can be profound. For instance, a tiny
change in the initial wind conditions caused by a butterfly flapping its wings
in the United Kingdom, can result in a climate model predicting a tsunami in
China.

At the other end of the spectrum is convergence. This is where a large range
of initial conditions all lead to the same or similar solution. For instance,
consider the crater depicted in Figure 7. If we drop a football anywhere
within the crater, it will roll down the slope and end up in the bottom of the
crater. We can have a large variation in the initial conditions (where we drop
the football), but the outcome will be the same – the ball will come to rest at
the bottom of the crater.

Figure 7. If we release a football at any point in this crater it will end up in a
similar place at the bottom of the crater1 .



What is an attractor state?
In the training literature, there is a lot of talk about attractor states. An
attractor state is simply a solution which exhibits convergence. That is, it is a
solution that we will arrive at even if we start from a wide range of different
initial conditions. So, for instance, we could describe the bottom of our
crater as an attractor state.

The reason this is relevant to coaching and training is that we can use
differential equations to describe movement – in particular, by using
Newton’s Laws. In this case, our initial conditions might be a range of
variables that describe the task, environment or physical characteristics of
the environment. Our attractor states would then be patterns of movement that
emerge even when the constraints (task, environment, physiology) on the
movement are quite varied. For instance, most people will exhibit a very
similar gait pattern (i.e. walking) when they are asked to move from point A
to point B at a relatively modest speed. This pattern is pretty stable even if
the surface changes, or if the person is asked to carry a heavy weight, or if



they are tall or short, etc etc. However, if we ask the person to increase their
speed of movement the majority of people will transition to a different gait
pattern (i.e. running) when their speed reaches around 4.5 miles per hour.
Thus, the gait patterns of walking and running can be described as different
attractor states that are relatively stable across a range of variables but that
are sensitive to gait speed.

Self-organisation
In the example of gait, it is important to recognise that the transition from
walking to running isn’t ‘ordered’ by some central command unit like the
brain. Instead, it is an emergent property of the system. What this means is
that the system self-organises based on the interaction between its component
parts. The ability of systems to self-organise results in some startling
examples from nature (Figure 8).

Figure 8. Birds flocking are a good example of how natural systems can self-
organise2 .



Variability
The final bit of theory that we need to talk about prior to really considering
what dynamic systems theory might have to do with training is to consider
variability within movement. Much of the thinking in this area is heavily
influenced by Nicolai Bernstein’s [****] studies of skilled performance in the
middle of the 20th century. Bernstein studied the hammer strikes of
blacksmiths (Figure 9). He found that although the outcome of the movement
was very stable – that is the actual strike – the movement of the hammer
could be very variable. Somewhat counter-intuitively, more skilled
performers may exhibit more variability in certain aspects of their
movements, and this may be beneficial to their performance.



Figure 9. Variability in hammer trajectory of a skilled blacksmith3 .

What does all this have to do with training?
There is no doubt that there are aspects of the training and coaching process
that can be well described by dynamics systems theory. The question is, is it
helpful to describe training in these terms? Does dynamic systems theory
provide us with insight or tools that would not be available to us if we didn’t
invoke it? I would suggest that the answer to these questions is no. I believe
that we can capture much of the detail that is provided by dynamic systems
theory if we understand self-organisation and variability.

Self-organisation and constraints-based learning
When it comes to learning a new skill, I guess that most often people will
think that a coach will teach a skill in a very prescriptive way – showing the
athlete the desired technique and then guiding them towards it through well-



chosen cues. However, as we have just seen, when we move, our bodies and
the environment form a self-organising system. This might suggest the
possibility of a quite different process of skill acquisition – that is, given the
right environment and conditions that a person can ‘self-organise’ in order to
develop an appropriate technique themselves. In this paradigm, the role of
the coach is then to create the appropriate conditions for effective skill
development.

Constraints-based approaches to skill acquisition are founded on the latter
view of the skill learning process. That is, the athlete is encouraged to
explore a given movement to find their own most optimal technique. The
problem with this is that self-organisation is difficult if the task is complex –
for instance, an athlete who has never touched a tennis racket is unlikely to
discover top spin – at least not for a long time. The role of the coach is
therefore to provide constraints that facilitate the learning process, by
providing movement problems that are appropriate to the skill level of the
athlete, that allow them to experiment with movement, and that tend to
encourage ways of movement that are technically optimal.

When we talk about ‘constraints’ it might lead some people to imagine that
we are tying up one of the athlete’s limbs (or similar). Of course, this is not
the case, and effective constraints can often be quite modest. For instance,
simply cueing an athlete to start from a particular start position is a
constraint, and sometimes making sure an athlete starts from the right position
is enough to encourage them to select the desired movement strategy.
Similarly, verbal cues can also be constraints if they compel the athlete to try
and move in a particular way.

It is important to recognise here that constraints-based approaches to
coaching are not new and have been a part of the toolkit of many excellent
coaches. Similarly, it is not necessary to invoke dynamic systems theory in
order to understand how constraints-based approaches might work. It is
enough to recognise that athletes can learn a great deal if they are allowed to
explore movements themselves, and that a component of good coaching can
be creating tasks or games that challenge athletes to move in new ways that
are relevant to their sport.



What about dynamic correspondence?
A focus on dynamic systems theory has led to a resurgence of some weird
and wonderful training exercises. However, whereas before such exercises
were justified in the name of specificity, now the language of attractor states,
constraints and variability is used in their support. But are these exercises
any good?

In The Little Black Book of Training Wisdom I suggested that training can be
characterised as improving both skills and capacities. Similarly, I proposed
that some training can be viewed as involving the application of training
stress in order to promote adaptation, whereas other types of training can be
best described as practice. I think this distinction is helpful when considering
the role of exercises derived from dynamic systems theory in training. I think
such exercises should often be considered to be practice and are employed to
improve skills. More explicitly, by adding variability into the skill execution,
the athlete is able to explore the movement and find new strategies. It should
be recognised that the ability to express force is a skill and that these
exercises can be considered to meet the primary criteria of dynamic
correspondence as they provide the possibility of variation. However, at the
same time, the price of increasing variability is often in reducing the
opportunity for the athlete to display high levels of force, and thus the
possibility of overload is compromised.

My personal bias would be to ensure that some of our exercises provide the
opportunity for overload such that we increase our force expression capacity.
I thus tend to focus more on overload than I do on variation.



11 HORIZONTAL FORCE

Resolving vectors
Forces are vectors. When we describe a force we say how hard something is
pushing or pulling (its magnitude) and in what direction. In order to
understand forces we thus need to know a little bit more about vectors – in
particular, how to add them. It’s easiest to understand vector addition by
visualising it geometrically. As seen in Figure 10a, the sum of a series of
vectors can be represented by a single vector that runs from the start of the
first vector to the end of the final vector.

This property of vectors is very handy when we are thinking about forces. In
particular, what it means is that we can split any force into its horizontal and
vertical components (Figure 10b; the sum of the two will add up to the
original force). As we will see, this trick can considerably simplify the task
of biomechanical analysis.

Figure 10. Understanding vectors: a) vector addition; b) resolution of a force
into its horizontal and vertical components.



Ground reaction forces

We know from Newton’s 2nd Law that if we want to accelerate in a given
direction then we need a force to push us in that direction. We achieve this by
generating a ground reaction force in the direction we want to move. This is
achieved by pushing on the ground in the opposite direction to the one which
we want to go. As a consequence of Newton’s 3rd Law the ground then
pushes back on us in the opposite direction – that is in the direction that we
want to go (Figure 11).

Horizontal and vertical forces
We have just seen that if we want to accelerate or change the direction in
which we are moving then we need to generate ground reaction forces in the
desired direction. This means that acceleration or change of direction
necessarily requires substantial horizontal forces – as we can see in Figure
11. This fact explains the correlation between the generation of horizontal
force and acceleration/change of direction performance.

Figure 11. Generation of the ground reaction force in sprint acceleration.



What coaches tend to neglect in their enthusiasm for horizontal forces, is that
the athlete needs to exert substantial vertical forces as well. Firstly, they
need to overcome the force of gravity. Secondly, in order to be able to take a
step, they need to generate some flight time, and so need to propel themselves
vertically.

Arguably, the requirements to overcome gravity and generate vertical
propulsion are of primary importance and need to be satisfied before the
athlete can even think about generating horizontal forces. However, it is
probably more correct to observe that the production of horizontal and
vertical forces are dependent upon one another – the athlete can only
generate substantial horizontal forces if they also have the vertical lift to take
a step. A focus on horizontal force alone is misguided.

One thing that is interesting to note here is that our athlete is not generating
horizontal and vertical forces separately. Instead, they are exerting a force on
the ground at an angle. We have resolved this force into its horizontal and



vertical components as it is useful for our analysis – the horizontal
component explains our horizontal acceleration whereas the vertical
component counteracts gravity. However, this distinction is arbitrary. Rather
than thinking about horizontal and vertical forces as separate qualities, it
might be wise to think about the direction of the ground reaction force vector,
and understand that this can be resolved into horizontal and vertical
components if necessary for analysis. This in turn should help with the
current over-emphasis on horizontal force production which is described in
the next chapter.



12 FORCE-VECTOR
THEORY

The worst name for a theory ever…
One of our revised criteria of dynamic correspondence was the direction of
force production relative to the athlete. However, latterly some practitioners
have contended that the specificity of an exercise should be evaluated based
on the direction of the force relative to the Earth. They have named this idea
the ‘force-vector theory’. Apart from the fact that this is a terrible name
(force is, by definition, a vector, so I am not sure what the theory is) it is also
based on some confused thinking around coordinate frames.

Coordinate frames
When we describe the position of an object we generally use three
dimensional coordinates. The coordinate system that we are all most familiar
with is the Cartesian coordinate system. In order to specify the position of an
object using Cartesian coordinates we need to have an origin from which we
measure the distance of an object, and then three axes that are at right angles
to one another. What is important to realise here is that both the position of
the origin and the orientation of the axes is entirely arbitrary. As the position
of the object is given relative to the coordinate system, provided we know
the details of the coordinate system we can specify the position of the object
precisely. The question then is what coordinate system should we use?

One thing that makes the choice of coordinate systems difficult is that
everything around us is moving, as are we. In order to define our axes we
need to ‘fix’ them to a particular object – the coordinate system then moves



with that object. A sensible choice might be to fix our coordinate system
relative to the Earth – we call this the ‘world-fixed’ or global coordinate
system. Gravity provides us with a handy way to do this – the direction of
vertical can be defined as being in the same direction as the force of
attraction and then the remaining horizontal axes can be chosen to be
perpendicular to the vertical axis (Figure 12). This is an acceptable solution,
as in sport the movements that we are interested in take place relatively close
to each other and so we can treat the surface of the Earth as being flat in our
area of interest.

Sometimes it is helpful to specify positions relative to the athlete themselves.
In this case we define a body-fixed or local coordinate system (Figure 12). In
biomechanics we use a particular terminology to describe the position of
things relative to the body-fixed coordinate system as shown in Figure 12.
For instance, the axis that runs from the feet to the head is called the
superior/inferior axis, and we would say that something that is closer to the
head is more superior.

As can be seen in Figure 12, the orientation of the body-fixed coordinate
system can change relative to the world-fixed frame. For instance, in the
image on the left, with the athlete stood in the ‘anatomical position’, the two
coordinate systems are aligned with one another. However, in the image of
the athlete sprinting on the right, the orientation of the body-fixed coordinate
system is very different to the world-fixed coordinate system. One important
reason for the differing names that are given to the axes in the world- and
body-fixed coordinate systems is to avoid confusion. The potential for this is
apparent given that the two coordinate frames can be aligned with one
another making it easy to mistake one for the other.

Figure 12. World-fixed (global) and body-fixed (local) coordinate systems
(CS).



How do we direct force horizontally?
Our primary strategy for directing forces horizontally is to alter our body’s
orientation relative to the global frame – we lean forward (Figure 13). What
is important to recognise here is that the direction of the force relative to the
athlete is still largely unchanged. The athlete still extends their leg inferiorly
generating a superiorly orientated ground reaction force, the force is just
directed more horizontally relative to the global frame because the leg is
now at an angle. This can be seen in the right hand image of Figure 13. If we
rotate the athlete so that their body-fixed coordinate system is aligned to the
world-fixed coordinate system we can see that the ground reaction force is
predominantly vertical (superior relative to the athlete).

Figure 13. Force expression during sprint acceleration is horizontally
inclined relative to the world-fixed coordinate system but largely superior
(vertical) relative to the athlete.



So, we have seen that during sprint acceleration, we predominantly create
forces along the superior/inferior axis of the athlete. We could thus argue that
any exercise where the direction of force expression is superior/inferior
relative to the athlete would dynamically correspond on this criterion. For
instance, exercises like squatting, deadlifting and Olympic style weightlifting
all result in ground reaction forces that are superiorly directed and so would
dynamically correspond to acceleration.

Where coaches sometimes get confused is because the direction of forces
relative to the global frame are different. For instance, in acceleration there
is a substantial horizontal component to the ground reaction force, whereas in
squatting the force is largely vertical. This then leads these coaches to
contend that the force production in these exercises is materially different.
However, the direction of force production relative to the athlete is very
similar.

Of course, the force production challenge that is presented to the two athletes
in Figure 13 is not identical. In particular, the direction of gravity relative to
the two athletes is different. This will mean that the direction of the ground
reaction force vector relative to the two athletes will be different too and



there will be differences in their movement strategies. However, the
magnitude of this difference will be nowhere near as great as is suggested by
proponents of the force-vector theory and the fundamental movement strategy
is still to produce force on the superior-inferior axis by extending the leg
forcefully.

Finally, there is mixed terminology…
Sometimes proponents of the force-vector theory are inconsistent in their use
of terminology. For instance, it is common to see the argument that the hip
thrust exercise is more specific to acceleration because force is directed
horizontally in both activities (Figure 14). Let’s unpack this claim.

Figure 14. Comparison of force expression relative to global and local
coordinate frames in hip thrusting and sprint acceleration.

In acceleration, as we have seen, there is substantial horizontal force
production relative to the global frame, but the direction of force production
relative to the athlete is inferior (i.e. vertical in the athlete’s local coordinate
frame). So the claim that acceleration is about horizontal force is clearly
based upon a consideration of the global frame. In contrast, during hip



thrusting the ground reaction forces are vertical relative to the global frame,
but are directed anteriorly relative to the athlete (i.e. horizontally in the
athlete’s coordinate frame). The claim that hip thrusting is horizontal is thus
based upon a consideration of the athlete fixed frame! The claim for
correspondence is made by switching the coordinate frame in question for the
two activities in order to fit the narrative.



13 PUSH, PULL, BOUNCE
OR BLOCK

Creating vertical ground reaction forces
We have already seen that our main strategy for directing ground reaction
forces is simply to reorient our body or our lower limb. But how do we
generate ground reaction forces using our lower limb in the first place? In the
majority of normal movements I would say there are essentially just four
fundamental strategies which we employ to exert force on the ground with
our lower limb: push, pull, bounce or block. The former two strategies are
often referred to as squat and hinge within the strength and conditioning
community and are widely known, whereas the latter two are less frequently
acknowledged.

An understanding of the strategy that is used to create ground reaction forces
is important in making training decisions. As we will see, these strategies
differ markedly in terms of both the structures of the body that are used to
exert force, and the specific mechanisms employed. For this reason, the
strategy used in a sporting environment is a key consideration when thinking
about the specificity of a given exercise. This chapter thus serves as an
introduction to some of the later material in the book where I describe the
production of force in more detail.

Push and pull
During push and pull strategies force is principally produced actively by the
contractile tissue in muscle. If these terms are unfamiliar, don’t worry, we
will look at this in much more detail later. Essentially, what we see in these



strategies is that a mechanical process takes place within the muscle itself,
whereby energy is used to create force. During push and pull strategies
muscle will undergo a change in length, which means there will be a
substantial joint excursion.

A push or squat strategy (Figure 15) is where the knee and hip joints are
extended or flexed in a synchronous pattern in order to express force. A push
strategy is also seen in activities like vertical jumping – in this case there is a
coordinated extension of the ankle, knee and hip (which is sometimes
referred to as triple extension – see the next chapter).

Figure 15. Squat (left) and pull/hinge (right) patterns as exhibited in an air
squat and a Romanian deadlift.

In contrast, in a pull or hip hinge, knee excursion is relatively minimal, and
force is principally expressed by the extension or flexion of the hip joint. For
instance, an example of hip hinging is the Romanian deadlift which is
depicted in Figure 15. The identification of squat and hinge patterns isn’t
restricted to only athletic performance. For instance, in the occupational
health literature it is common to see squat and stoop lifting techniques
contrasted with one another.



Clearly, the choice of movement strategy has a profound impact on the
musculature that is used to express force. For this reason, activities that rely
on hip hinging strategies are often referred to as hip dominant as the muscles
of the hip (glutes and hamstrings) are the prime movers. Hip dominant
movements are often contrasted with knee dominant movements. Essentially,
there is a continuum of movement strategies ranging from a very upright squat
pattern that will require more involvement of the knee, all the way through to
a strict Romanian deadlift which will largely involve the hip.

Individuals can show considerable variation in the way that they execute the
same movement skills. As we saw in Chapter 4, some athletes jump using a
very pure squat strategy (push strategy), with their torso very upright. In
contrast, other athletes jump with a much more hip dominant strategy, with a
torso that is quite flexed relative to the ground (pull strategy). As the
discussion in Chapter 4 illustrated, often the rules or demands of a sport will
determine the most appropriate technique.

Bounce and block
Both the push and pull strategies involve the active generation of force by
muscle – we are creating force, as it were, from scratch. However, we can
also express force passively. In this mode, we allow ourselves to collide
with an external object, most often the ground, and forces are expressed
during the impact. There are a number of different ways in which we can
manage this impact, in order to most optimally use the force expression
potential of the collision.

We can exemplify these strategies by considering what happens when we
land after stepping off a box. If we want to remain on the ground after
landing, we will need to exert an impulse that is equal to our momentum at
the point of contact with the ground. Our strategy to do this will lie on a
continuum between two extremes. At one end of the continuum we try and
land as ‘softly’ as possible allowing our hips and knees to flex considerably,
and trying to minimise the peak force during landing by taking a longer time
to land. This is actually a push strategy for expressing force however, and we
will discuss it in much more detail in Chapter 26. At the other end of the
spectrum we could not try to cushion our landing at all, instead landing with



straight legs. This landing would take less time to complete, but the peak
force that we experienced would be much higher. The continuum that is
described by these two extremes is the ‘stiffness’ of the landing.

The two strategies described above are based on remaining on the floor after
landing. Alternatively, we might want to jump again after hitting the floor. We
can do this by landing softly and coming to rest, and then jumping by using a
further push strategy. However, we could try to bounce off the floor instead –
using the momentum of our collision to propel us back into the air.

The three strategies described here can be intuitively understood by
consideration of Figure 16. Let’s say we drop three objects of the same mass,
a teddy bear, a rock and a basketball, from the same height. The teddy bear
will land softly, because it will deform considerably on landing, reducing the
peak forces. In contrast, the rock will land with a crash, and if it is brittle
might even break, due to the larger force experienced on landing. Finally, the
basketball will, of course, bounce.

Figure 16. Dropping a teddy bear, a rock and a basketball.



In terms of our force expression strategies, the basketball unsurprisingly
represents the bounce strategy. In human movement, during a bounce strategy
we try to organise our musculoskeletal system such that the collision with the
ground stretches our elastic tissues. We can visualise this by thinking of our
lower limb as a spring that is compressed as we collide with the ground,
producing force. When the spring returns to its original length, more force is
produced.

A block, or vault strategy is represented by the rock. This may seem like a
strange way to express force given the risk associated with the high peak
forces and the fact that we don’t seem to be using the tissues of the leg at all.
I think this is one reason why block strategies are often overlooked in
analyses of human movement. However, there are situations where we do
block to produce force. For instance, when throwing a javelin or bowling a
cricket ball, athletes block on the last step. This allows them to convert their
momentum into a very high ground reaction force.

Bounce and block strategies are seen during gait, and in fact, some popular
simple models of gait make these strategies very explicit (Figure 17). For
instance, many of the key characteristics of running can be captured using a
‘spring-mass’ model. Here, the leg is simply modelled as a spring, and the
body as a point mass. As can be seen in Figure 17, during each foot contact,
when the foot first makes contact with the ground the spring is compressed in
order to halt the athlete’s downward momentum. Later in the gait cycle, the
spring expands and it is this force which launches the athlete into their next
stride. Clearly, the spring-mass model provides a vivid illustration of the
bounce strategy – under this model, we bounce from foot contact to foot
contact.

Figure 17. The spring-mass model of running (left) and compass-gait model
of walking (right).



A similar model is also sometimes employed to describe walking. The only
difference is that in this case the leg is modelled as a rigid beam. In contrast
to the spring-mass model, where the mass of the athlete compresses the leg,
during walking the athlete ‘vaults’ over their rigid leg.

Of course, there is a blend of strategies
Although I have described the push, pull, bounce and block strategies as
being distinct, in practice there will be a blend of strategies during
movement. For instance, during vertical jumping which I earlier suggested
was principally a push strategy, there is also an element of ‘bounce’,
particularly as the athlete transitions from moving down in the
countermovement to moving upwards in the propulsive portion of the jump
(this is often referred to as the stretch-shortening cycle). It is also of critical
importance to recognise that athletes differ in terms of their reliance on
different force production strategies. For instance, some athletes are more
bouncy and tend to select movement strategies that allow them to use their
momentum to create force. Alternatively, other athletes show a preference
towards the active production of force through push and pull strategies.

The gross movement strategy used by an athlete to express force will have a
profound effect on the way in which the structures of the musculoskeletal
system are employed and loaded during movement. For this reason, the



movement strategy used by an athlete will be an important consideration
when choosing training modalities.



14 DISTRACTED BY
TRIPLE EXTENSION

What is triple extension?
So, as we have just seen, many athletic movements involve us extending our
leg to exert force into the ground. These movements generally require the
coordinated extension of the ankle, knee and hip – hence triple extension. An
example that is often given of a triple extension pattern is the ‘clean pull’ in
Olympic weightlifting (Figure 18).

Triple extension certainly occurs in a range of movements, so why do I say
people get distracted by it? In order to understand this we need to talk about
observability bias.



Figure 18. Triple extension at the end of the second pull in Olympic-style
weightlifting.

Observability bias
One of Steve Magness’ ‘Rules of Everything’ is that “we overemphasise the
importance of what we can measure and what we already know”. In coaching
this manifests itself in what I call ‘observability bias’. That is, we can only
coach what we can see, and this will lead us to focus on the aspects of the
skill that are most visually evident to us. However, the problem here is that
the most obvious things may not be the most important.

A good example of observability bias is triple extension. How do we assess
whether an effective triple extension has occurred? In high speed extension
movements it is often difficult for the inexperienced eye to pick up fine
technical details during the course of the movement. Instead, the easiest
position to spot is the fully extended end position (for instance, the end of the
second pull that is depicted in Figure 18). Naturally, if a coach is particularly
interested in improving an athlete’s triple extension this can lead them to cue
the athlete to ensure that they hit a fully extended end position. Unfortunately,
this can often be counter-productive.



Full extension is follow through…
The fully extended end position seen in a range of triple extension
movements (e.g. jumping and weightlifting) is actually a consequence of
things that happen earlier in the movement. For instance, Figure 19 shows a
series of stills of an athlete jumping side-by-side with the force-time graph
from the movement. As the top image shows, the end of peak force
expression occurs when the lower limb is still relatively flexed. From this
point onwards, force production drops rapidly, such that in the fully extended
position, force production is zero. Essentially, it is the momentum that the
athlete accrued in the earlier part of the jump that carries them through to the
fully extended position. The instant at which full extension occurs is of minor
importance to the execution of the movement as little force is expressed at
this time.

The problem with cueing an athlete to hit a fully extended position is that you
are emphasising a less important position. This isn’t always necessarily a
bad thing – such a cue might be effective if the athlete complies with it by
exerting more force at the appropriate time and then has a greater ‘follow
through’. However, there will be negative consequences if the cue results in
the athlete delaying their peak effort until later in the movement.

A misguided focus on the end position is frequently a problem in Olympic
weightlifting. This is because, after exerting the maximum possible impulse
on the bar, the athlete then needs to reverse their body’s direction of motion
and descend to catch the bar. Over-cueing the athlete to hit an extended
position can badly compromise an athlete’s technique by making them slow
to get under the bar. This then compounds the problem of the athlete reserving
their effort until too late in the movement.

Figure 19. Force production during vertical jumping4 .





The triple extension myth
Clearly, running also involves a triple extension pattern of the lower limb
(Figure 20). The latter part of the extension takes place when the foot is
behind the athlete. What is important to realise is that for many elite sprinters
the leg will not be fully extended at the point the foot leaves the ground.
However, to the untrained eye it can appear like full extension is reached.
The legs move quickly when we sprint, it is hard to pick out the shapes that
athletes make, and it seems logical that full extension should occur.

Figure 20. Kinogram of an elite sprinter5 (personal best 100m performance
9.94s) running at 11.1ms-1 .

Similar to jumping or weightlifting, coaching an athlete to focus on fully
extending at push-off can have a disastrous effect. Again, force production
should be miniscule at this point, and instead the athlete should be bringing
the leg forward to prepare for its next contact with the ground. Asking an
athlete to emphasis push-off will cause them to spend more time on the
ground which will in turn make them slower.



15 MOMENTS

External and internal
So far, we have just considered the external mechanics of the athlete. In
particular, we have talked a great deal about the external force that acts on
the athlete’s feet – the ground reaction force. In the last two chapters, we
have begun to consider how the joints and segments of the body are
coordinated to produce the ground reaction force. In this chapter we will
start to look beneath the skin, to see how the internal forces that are produced
by muscle are converted into external forces.

Linear to rotational
In order to understand the function of our musculoskeletal system we need to
understand levers. An example of a lever within the musculoskeletal system
is illustrated in Figure 21. A lever is a rigid body that rotates around a pivot
point. In our bodies, our bones act as levers, that are pivoted by other bones
at our joints. This means that the linear forces that are exerted by our muscles
are converted into ‘rotational forces’ that act upon our bones. A ‘rotational
force’ is called a moment or a torque.

Figure 21. Bones often act as levers within musculoskeletal systems6 .



The magnitude of the moment (M ) or turning force is dependent on two
things (Figure 22). The first is, of course, the magnitude of the force (F ) that
is exerted by the muscle. The second is the perpendicular distance (d ) from
the muscle’s line of action to the pivot (that is, the joint). The moment is
simply the product of the force and the distance:

Figure 22. The turning force or moment (M ) acting to rotate a lever about a
pivot is the product of force (F ) and distance (d ).





Figure 23. A large force (F ) applied close to the pivot (d ), results in a
smaller force (f ) further away from the pivot (D ).





One characteristic of our musculoskeletal systems that has important
ramifications is that the distance from our muscle insertions to our joints is
normally much smaller than the distance from the joint to the place where we
intend to apply force. You can visualise this by again looking at Figure 21 –
the distance from the cat’s joint to its paw is several times larger than from
joint to muscle insertion. This means that the internal forces created by our
muscles and the actual external forces that we are able to exert on our
environment are typically governed by a relationship like that depicted in
Figure 23. That is, the magnitude of the forces in our muscles is generally
much greater than the external force that we are able to express.

Modest external forces equate to large internal forces
The peak ground reaction force seen during the take-off of a vertical jump is
typically in the range of 2-3 times body weight. However, the internal forces
are several times greater than this – for instance, the internal knee forces can
be 7-9 times body weight in each knee. There are two principal reasons for
this. Firstly, as we have seen, the muscles generally have a mechanical
disadvantage due to the nature of most musculoskeletal levers. Secondly, the
muscles tend to pull the articular surfaces of the joints together, increasing
the internal forces (Figure 24).

If we appreciate the magnitude of the internal forces that athletes experience
during movement it can really help in understanding injury. Thankfully, our
musculoskeletal system is built to tolerate these large loadings. For instance,
the anterior cruciate ligament (ACL) which is a frequently injured structure
of the knee is able to bear a force of approximately 2000N before it fails.
That is, if you attached one end of the ACL to the roof, you could hang a
weight of up to around 200 kg from it and be fairly confident it wouldn’t
break!

Figure 24. The cat6 is isometrically [††††] pressing its paw against the ground
creating a ground reaction force F GRF . Because the limb is not moving, this
force must be balanced by an equal and opposite force acting at the cat’s
joint (-F GRF ). The ground reaction force is a result of the muscle force F M



which also must be balanced by an equal and opposite force acting at the
joint (-F M  ). The internal joint contact force is thus –(F M  +F GRF ) which is
much greater than the external ground reaction force F GRF .



16 CREATING TORQUE?

Moment versus torque
In the previous chapter, we learnt how to calculate a moment. A moment is
sometimes called a torque. In some places these words are used inter-
changeably and in others they have subtly different meanings. For our
purpose, I will take them as describing the same thing – the turning force.

Supple leopards
Kelly Starrett, the author of Becoming a Supple Leopard , has popularised
the idea of twisting a joint in order to ‘create torque’. For instance, during
squatting he contends that we should screw our feet into the floor to create
hip torque. My purpose in this short chapter is not to discuss whether this is
good advice, but rather simply to talk about the use of terminology here.

As we have just seen, a torque is created whenever a linear force creates a
turning effect. Our bodies are machines that do just this – whenever a muscle
expresses a force that acts to rotate a joint we have created a torque. Thus,
when we squat, we create 3 dimensional torque at all of the involved joints.
This occurs whether we screw our feet into the floor or not.

Of course, if we screw our feet into the floor, we might stimulate more
activity in the muscles of the leg and hip. This in turn might increase the
torque that is created at the hip. It is not therefore inherently wrong to say that
screwing our feet into the floor creates torque. However, I believe that the
appropriation of the term torque to describe a particular motor control
strategy can lead to misunderstanding, and this has been reinforced by
conversations that I have had with coaches and students. I worry that the use



of a scientific-sounding term like torque can convince coaches and athletes
that the movement strategy being advocated is correct. This then conceals the
actual issues that are under debate and the claims that are being made. What
is the effect of twisting a joint during performance of a movement? Does it
result in a greater moment that facilitates the movement execution? Does it
increase the moment in the direction of the twisting movement, and if it does,
what structures are applying this force? Does this increase joint stability in a
desirable way?



17 POSTURE

The moment arm
In Chapter 15, I defined the moment to be equal to the product of force and
the perpendicular distance from the line of action of the muscle to the joint.
However, I didn’t really elaborate on the meaning of perpendicular distance.
Essentially, we need to find a line that intersects the line of action of the
muscle at a right angle, and that passes through the joint centre (Figure 25).
This perpendicular distance is often described as the moment arm of a
muscle.

The importance of the moment arm
The moment arms of our muscles can be highly dependent upon our body
posture. This is because, even though the attachment points of our muscles
are fixed relative to the joint centres, the lines of action of the muscles vary
as we flex and extend our joints. This means that the moment arms of the
muscles can vary considerably, and in particular, are dependent on joint
angles (Figure 26).

Figure 25. The turning force or moment acting to rotate a lever about a pivot
is the product of force (F ) and the perpendicular distance between the line
of action of the force and the pivot (d ).



Figure 26. Flexion or extension of a joint can cause profound differences in
the magnitude of the moment arm.



Our ability to exert force is therefore highly dependent upon our body
posture. That is, the force we can exert, and even the muscles we use to
achieve a given task are dependent upon our joint angles during the task. This
then provides a strong rationale for considering the correspondence of joint
angles when evaluating the specificity of a training exercise and a sporting
skill. In particular, we want to improve our ability to express force in body
postures, and with joint angles, that are seen in the competitive environment.

Strength gains are specific to joint angle



One question that we have not addressed is whether the results of strength
training are affected by joint angles. If we train at a particular joint angle,
will our strength gains be realised across the full range of joint excursion or
be local to the joint angle at which train? Unfortunately, there is some pretty
good evidence that at least some types of strength training are joint angle
specific. For this reason, a consideration of body posture and joint angles is
important when choosing training activities.



18 HOW DOES MUSCLE
WORK?

The functional anatomy of muscle
In order to understand how muscle works we need to take a look at its
structure. We can then use biomechanical reasoning to gain insight into the
function of muscle, and then in turn, extrapolate the meaning of this for
training.

Whole muscle is composed of bunches of muscle fibres. Each muscle fibre
itself, is comprised of a bunch of myofibrils (Figure 27A). A myofibril
consists of a series of sarcomeres joined together end to end. The sarcomere
is the functional contractile element of muscle – that is, actions within the
sacromere are responsible for the active production of force by muscle.

The key functional components of the sacromere are the proteins actin and
myosin. These are arranged in filaments that lie parallel to one another
(Figure 27B). When a muscle contracts (shortens) the actin filaments slide
over the myosin filaments, which allows the sarcomere to shorten (Figure
28). Even though the length change of a sarcomere is objectively small,
because there are many sarcomeres in series within a myofibril, the myofibril
itself can undergo substantial length changes.

Figure 27. Anatomy of a muscle fibre (A) and a sarcomere (B)7 .





Figure 28. Sliding filament theory 8 .

Sliding filament theory
Sliding filament theory is the name given to the mechanism of muscle length
change (for obvious reasons). However, what causes this movement? If you
study Figure 27B, you will see that the myosin filament has lots of branches
shooting off it. These are called ‘myosin heads’ although a better name might
be myosin hands or grabbers. These myosin heads create the movement of the
filaments in a process called cross-bridge cycling.

Figure 29. Cross-bridge cycling and the power stroke9 .



Figure 29 depicts the process of cross-bridge cycling. Firstly, the myosin
head attaches to an ‘active site’ on the actin filament. The head then bends
backwards in the power stroke, pulling the actin filament with it. The myosin
head is then released from the actin filament, before reconnecting to the next
active site along the actin molecule.

What is important to notice in Figure 29 are the molecules of ADP
(adenosine diphosphate) and ATP (adenosine triphosphate). The energy that
we get from the food we eat is chemically stored within the ATP, and as the
ATP is converted to ADP it provides the energy that powers the process of
cross-bridge cycling. This is thus the mechanism by which chemical energy
is converted into mechanical work.

An appreciation of the mechanics of muscle contraction (that is sliding
filament theory) is important to understand the behaviour of whole muscle. In
particular, the amount of force that can be expressed by the muscle is affected
by three things:

The number of cross-bridges that are formed – more cross-
bridges means a greater force;



The time available for cross-bridges to form and exert force –
more time means more force;

The type of contraction – that is, is the muscle staying the same
length, shortening or lengthening?

We will take a look at these factors in the next chapter.



19 THE BEHAVIOUR OF
MUSCLE

Muscle contraction properties
The force that can be expressed by a muscle is dependent upon a number of
factors including the length of the muscle, the velocity of contraction, the time
available to produce force, and the contraction regime. Many of these
properties can be understood by reference to sliding filament theory.

The force-length relationship of muscle
The force that a muscle can express is dependent upon its length. The
explanation for this lies in remembering that force is created within active
tissue by the process of cross-bridge cycling. In particular, if more cross-
bridges are able to be formed then more force can be expressed. The length
of the muscle is an important determinant of how many cross-bridges can be
formed.

It is easiest to understand the argument if we just consider what is going on in
one sarcomere. As can be seen in Figure 30, when the sarcomere is at
optimal length, the actin fibres overlap all of the myosin heads, which means
that they are all available to form cross-bridges and generate force. As the
sarcomere lengthens, the actin fibres are displaced relative to the myosin,
meaning that some of the myosin heads are not overlapped by actin. This
means that not all of myosin heads are available to form cross-bridges.
Ultimately, at long sarcomere lengths there may be no overlap of actin and
myosin fibres meaning that no cross-bridges can be formed. Conversely,
when the sarcomere is shortened below its optimal length, the actin fibres on



either side of the M-line begin to overlap each other. This also inhibits some
myosin heads from forming cross-bridges. In addition, when the myosin
filament reaches the Z-disc at the end of the sarcomere, no further shortening
is possible (Figure 30).

Figure 30. Sarcomere length-tension relationship10 .

The mechanics of cross-bridge cycling mean that muscle exhibits a force-
length relationship, and that each muscle has an optimal force-generating
length. Clearly, the length of a muscle is determined by an athlete’s posture as
flexing a joint will change the length of a muscle that spans it. This provides
another reason why we are stronger in some positions than others, in addition
to the variation in moment arms seen in Chapter 17.

The force-velocity relationship of muscle



The mechanics of cross-bridge cycling also mean that muscles exhibit a kind
of force-velocity relationship. In particular, it takes time for cross-bridges to
form and to express force [ ‡ ‡ ‡ ‡ ] . What this means is that, if more time is
available, then more cross-bridges will form, and that the potential for force
production is higher. The most important factor that determines the time
available for cross-bridge formation is the contraction (or extension) speed
of the muscle fibre. If the muscle is shortening quickly, then the actin and
myosin filaments are sliding past one another more quickly – and thus cross-
bridge formation is hampered. Figure 31 describes the force-velocity
relationship of muscle. The right hand side of the graph represents the
shortening of muscle. What we can see is that there is a characteristic
hyperbolic relationship between force and velocity.

Figure 31. Force-velocity relationship of muscle11 .



Contraction regime
We can also learn some other important characteristics of muscle behaviour
from Figure 31. In particular, we can see that maximal force production is
also dependent on the type of contraction. Force production capacity is
highest during eccentric contractions (i.e. when the muscle is lengthening),
next highest during isometric muscle action (i.e. when the muscle is not
changing length), and is lowest during concentric muscle actions (i.e. when
the muscle is shortening). There have been attempts to explain this behaviour



in terms of the mechanics of the cross-bridges too, but these explanations are
more controversial, and the mechanisms are less well understood.

What we have seen is that the contraction regime has a big influence on both
the way that force is produced and the overall potential for force expression.
The one big take away from the material presented in this and the previous
chapter is therefore that contraction regime is important when considering the
specificity of training.

A force-velocity relationship?
So have we found a force-velocity relationship? Well, probably not. How
can we resolve this apparent contradiction? What is important to realise is
that when we describe muscular contraction dynamics we are describing
how force is constrained relative to contraction velocity in muscle (and vice
versa). For instance, the contraction velocity sets a limit on the maximum
force capability of the muscle. If we were to state this more precisely, we
have found a relationship between the maximum force and the maximum
contraction velocity. This is different to arguing that force is the cause of
velocity, which is the mistaken Aristotelian view of mechanics that was
described in the first chapter. Finally, it is also important to note that the
relationship we have found here is a property of muscle, not a universal law.
In the real world, generally, there is not a relationship between force and
velocity.



20 THE FORCE-VELOCITY
RELATIONSHIP!

What about human movement?
So we have established that in isolated muscle there is a relationship
between maximum force and contraction velocity. It is common for coaches
to assume that the existence of this relationship at the muscle level
automatically means that the same relationship will apply to human
movement itself. However, human movement is complex, and the contraction
dynamics of muscle are just one set of factors. As we have already seen, the
linear forces that are expressed by muscles are converted into rotational
torques. As we will see in a couple of chapters time, muscle is not the only
producer of force during movement, and the other components of the ‘muscle-
tendon unit’ play a role in the expression of force. In addition, human
movement is the product of the synchronised activation of many muscles, and
there is no guarantee that the behaviour of one muscle fibre in isolation is the
same as the coordinated behaviour of many.

The force-velocity continuum
Despite the fact a force-velocity relationship in human movement is not a
necessary consequence of the pseudo force-velocity relationship seen in
muscle, it is common for training texts to present a force-velocity continuum
of exercises that can be used to inform training decisions (Figure 32).
Unfortunately, such a classification of exercises does not really bear even the
most cursory critical examination.

Figure 32. A typical force-velocity continuum of exercises.



Let’s take a critical look at the force-velocity curve by considering a typical
maximum strength exercise like squatting, and comparing it to a strength-
speed exercise like Olympic weightlifting. The force-velocity curve suggests
that during squatting, an athlete will exhibit higher forces but move at a lower
velocity, than during an Olympic lift. But is this true? Certainly, the speed of
movement during Olympic weightlifting will be higher than squatting.
However, the forces expressed during weightlifting are also likely to be
higher as well! It is thus probably incorrect to classify squatting as being a
higher force exercise than Olympic weightlifting.

Another example of this is given in Figure 33. In this case, the data presented
here is taken from a cohort of athletes who performed both a squat (maximum
strength exercise) and a jump squat (strength-speed exercise). Again, we can
see here that the performance of the strength-speed exercise resulted in



higher velocities of execution and peak forces than the strength exercise at
each of the loads utilised (and in this case the two activities are markedly
similar).

Figure 33. Peak force and velocity during squatting and jump squatting12 .

Similar arguments can be advanced when considering other parts of the
force-velocity curve. For instance, is sprinting really a low force activity? –
it involves the expression of pretty high forces through just one leg, and if
you double those forces to compare to squatting...

The load-velocity continuum
I think that what coaches are trying to express when they talk about a force-
velocity continuum is actually a load-velocity relationship. That is, if we are
performing a movement with more load, that we will move more slowly. If



the y-axis in Figure 32 was relabelled as load, then the relationship
described in Figure 32 would probably be correct. Similarly, such a
classification of exercises would then be potentially useful for exercise
classification and programming.

But if this is the case, does it matter? Doesn’t this amount to the same thing? I
would argue, emphatically, no. When we refer to a force-velocity continuum
like this we are conflating force with load. This quickly leads to
misunderstanding. We don’t necessarily require a large load to express high
forces, and in sport we are often most interested in increasing the force that
an athlete can apply against a fixed load – their own body weight.

But is there a force-velocity relationship for
movement?
So I have argued that the presence of a force-velocity relationship in muscle
doesn’t necessarily mean there is a force-velocity relationship in human
movement. However, at the same time, it does not preclude it. So is there
one? [§§§§]

We have already seen that this question is pretty difficult to answer if we are
comparing different movements. However, can we at least answer the
question by studying one particular exercise, and comparing the force and
velocity characteristics when using different loads?

Such an analysis is presented in Figure 33 for two different movements, the
squat and squat jump. Certainly at first glance, each of the movements seems
to exhibit a linear relationship between force and velocity. However, we
need to be careful that we are not falling into our old trap of conflating an
instantaneous relationship between force and velocity with the impulse-
momentum relationship.

The important thing to notice in Figure 33 is that it presents peak force and
velocity during the movements. Peak force and peak velocity may not occur
at the same time. For instance, Figure 34 shows that during vertical jumping,
peak force and velocity occur at very different times. Figure 33 is thus



probably not reflective of an instantaneous relationship – it does not present
the force that is seen at a particular velocity. Instead, we have a comparison
of how the peak forces and velocities during the whole movement vary based
on different loads.

Figure 34. Relationship between peak force and peak velocity during vertical
jumping.

We can go further in this analysis. For a movement like squatting or jumping
where we start from rest our peak velocity is the same as our change in



velocity up to that point. In addition, our change in velocity is determined by
the amount of net impulse we impress up until that point (as a consequence of
the impulse-momentum relationship). So what we are actually plotting in
Figure 33 is the relationship between peak force and net impulse over the
propulsive period. What we are showing here is the approximately linear
relationship between the peak force and total net impulse in these
movements.

We could express this in a different way. If we were to assume that the peak
force is linearly related to the total impulse [*****] , then the y-axis in Figure
33 can be considered to be a proxy for net impulse. Similarly, the x-axis is a
proxy for change in velocity (i.e. change in momentum). In this instance, we
have thus shown that there is an approximately linear relationship between
net impulse and change in momentum. That is, given these assumptions (and it
should be noted that they are huge assumptions), we have experimentally
proven the impulse-momentum relationship.

The jury is out
The point of this analysis is to show, at length, that the presentation of data
showing a linear relationship between the peak force and peak velocities
seen in a complete movement, where each data point is a repetition of the
movement performed with a different load, is, categorically, not evidence of
an instantaneous force-velocity relationship. Instead, it simply represents
how the relationship between peak force and net impulse varies across
different loads. This is not to say that this information is not interesting (it is).
However, if we want to establish if there is a force-velocity relationship
during movement we need to compare instantaneous forces and velocities
during movement.

This point is particularly important as there has been a trend in the literature
to present results like those seen in Figure 33, and to claim that these are
evidence of a force-velocity relationship. They are not, and this is simply
another example of the type of confusion between force-velocity, force-
acceleration and impulse-momentum relationships that was described earlier
in this book.



This is not to say that there might not be a force-velocity relationship for
certain exercises within human movement. However, I think it is most fair to
say that the jury is out on this issue at present.



21 CONSTANT FORCE
AND ACCELERATION

Or, your biomechanics textbook is not quite right...
So far in this book I haven’t actually given the formulae to calculate impulse
or work. In many biomechanics textbooks the formulae that are given are:

     and    

However, in mathematics textbooks you will see the following:

    and        

So which is right? In actual fact, they both are – but with one caveat. The
formulae that are given first here only apply when force is constant – i.e. the
level of force applied is unchanging. The formulae that include the squiggly
‘integration’ sign are more general – they apply whether the force is constant
or variable. This distinction will be important to understand the material in
the next chapter.

The reason for the simplified presentation of these formulae is clear – most
sports science students have not studied calculus and will not have seen the
integration sign before. What is more important is to consider whether the
omission of this detail from biomechanics textbooks matters? I would say
yes, and no! On the one hand, I think the simplified representation makes it
easier for coaches and students to acquire some intuitive understanding of
what impulse or work are. However, at the same time, it is really important



to appreciate that when we apply forces in the sporting environment, the
application of force is rarely constant. Have a look at the force-time graphs
in Figure 1 – the application of ground reaction forces over time is highly
non-linear. In these cases it is almost impossible to apply the simplified
equations – what force value would we use?

Equations of constant acceleration
One topic that is typically covered very early on in biomechanics textbooks
is the equations of constant acceleration. These are relationships between
kinematic variables (displacement, velocity and acceleration) that only apply
when acceleration, and therefore force [†††††] , is constant. For completeness, I
present these equations below, where d is displacement, u is initial velocity, v
is final velocity, a is acceleration and t is time.

The classic example that is normally presented along with these equations is
the calculation of the flight of a projectile, for instance a javelin, a basketball
or a bullet. Once a projectile has been ‘projected’ by the application of some
external forces and it is flying through the air, the only force acting upon it is
a result of gravity (we ignore air resistance). As gravity is a constant, the
projectile experiences a constant acceleration of 9.81ms-2 towards the centre
of the Earth.

When we jump, after we leave the floor we can also be considered to be a
projectile. This then provides the context in which coaches will likely be



most familiar with the equations of constant acceleration. A common method
for calculating vertical jump height is through the use of a timing mat, which
provides us with the time of flight of an athlete during their jump. What we
want to find is the peak displacement (height) during the jump. If we divide
the time of flight in half, it gives us the time it takes an athlete to reach the
peak height of their jump. Similarly, at the peak of their jump, the athlete’s
velocity will be zero – they are momentarily at rest until their velocity begins
increasing as they fall to the floor. We also know that the athlete is
experiencing a constant acceleration of -9.81ms-2 (gravity). We thus know a ,
v and t , and we are trying to find d . We can thus plug our known variables
into the last of the equations above and calculate jump height.



22 FORCE-VELOCITY
PROFILING

We don’t jump as high if we are carrying a load…
‘Force-velocity profiling’ is a method that has been popularised by the sports
scientists JB Morin and Pierre Samozino. It is based upon the fact that we
don’t jump as high if we are carrying a load, and that the greater the load, the
more our jump is affected. The method is based upon quantifying the details
of the load to jump height relationship for individual athletes by measuring
their jump heights under a range of different loads. This information can then
be used to inform training decisions.

It does seem likely that some athletes are more badly affected by the addition
of load than others. Similarly, I am sure that this information could be
relevant in determining the nature of training that they need to do (and in
tracking the outcome of a training protocol). Where force-velocity profiling
is questionable is in suggesting that we can infer something about the force-
velocity relationship from the load to jump height relationship. Unfortunately,
this claim is based upon the same conflation of the force-velocity and
impulse-momentum relationships as was described in the previous chapters.

An overview of the method
The basis of force-velocity profiling is to measure the jump height achieved
by an athlete using a variety of loads. For each jump, the peak velocity and
average force can then be calculated, which allows us to plot peak velocity
and average force in a similar way to Figure 33. Hopefully, the discussion in



Chapter 20 makes it clear that this is, unequivocally, not an instantaneous
force-velocity relationship.

There is a further wrinkle, however. Whereas the force data presented in
Figure 33 was directly measured, the average force in Morin and Samozino’s
method is estimated from the jump height and the displacement of the centre
of mass of the athlete during the push-off phase. This brings further caveats,
as I will describe shortly.

The nuts and bolts of the method
If we know a person’s velocity at take-off, then we can calculate the height
that the person jumps. This is because after a person leaves the ground, they
can’t apply any further force to themselves, and that we know that they
experience a constant acceleration due to gravity. Conversely, if we know the
height of a person’s jump, we can calculate their velocity at take-off [‡‡‡‡‡] .
Thus, for any particular jump, with any particular load, if we know the
athlete’s jump height we can calculate their take-off velocity and this will be
their peak velocity.

As for the average force, this can also be calculated from jump height
provided we know the vertical distance moved by the athlete during the
push-off. In order to calculate this we need to use the principle of
conservation of mechanical energy and the work-energy relationship which
we will cover in Chapter 25. In any case, the details of this calculation are
not important to the argument I am making here. However, what is important
to note is that to employ these equations in the way that Morin and Samozino
do, we need to make the assumption that force expression is constant during
the movement. In some of their writing, Morin and Samozino claim that their
method does not make this assumption. This is incorrect – it is implicit in the
equations that they use.

Can we predict two variables from one?
If we want to investigate the force-velocity relationship we need to treat
force and velocity as two distinct variables, measure them and then look to



see if they influence one another. However, in the method of Morin and
Samozino we have calculated both average force and peak velocity from the
height jumped by the athlete. To put this another way, our force value will
determine our velocity value and vice versa. The assumptions we have made
to find our force and velocity mean that they are not treated as distinct
variables – rather they are entirely dependent on one another for a particular
load and athlete. It is therefore unsurprising if we find a relationship between
force and velocity.

To put this another way, we can’t measure one variable and then expect to
generate two distinct variables from it – they will always have a relationship
with each other based on the influence of the original variable.

Is this really a force-velocity relationship?
If we assume that the force is constant during the push-off phase of a jump we
can also calculate said force, provided we know either the time taken for the
push-off, or the distance travelled by the centre of mass during the push-off.
For instance, if we know the time taken for the push-off and force is constant,
then the impulse accrued during the push-off will simply be the average
(constant) force multiplied by time. This impulse is equal to the change in
velocity as a result of the impulse-momentum relationship. Now change in
velocity is equal to the take-off velocity because the velocity at the start of
the push-off phase is zero. Thus we can calculate average force during the
movement, as a function of take-off velocity and push-off time. In fact, Morin
and Samozino derive the relationship between average force and take-off
velocity using push-off distance and the work-energy relationship (which we
will introduce in Chapter 25) but the argument is essentially analogous.

The method of Morin and Samozino is based upon comparing the take-off
velocity with the average force, and contending that this is a force-velocity
relationship. However, this is a comparison of apples and oranges. Take a
look at Figure 35, which compares the actual velocity and force during a
vertical jump to the model of Morin and Samozino. The question is, why
choose take-off as the point for the instantaneous comparison of force and
velocity – this is a purely arbitrary choice which has been justified by the
fact that this is the point of peak velocity. However, one could equally



choose to compare the force and velocity values at the instant of peak force,
which in this example occurs at the bottom of the countermovement. Equally,
one could choose to compare force and velocity values halfway through the
push-off phase – you would then be comparing average velocity to average
force.

Fundamentally, the problem here is that (again) the impulse-momentum
relationship is being conflated with a proposed force-velocity relationship.

Figure 35. Comparison of actual height, force and velocity during the push-
off phase of a vertical jump to the model of Morin and Samozino.





Is there value here?
To reiterate my comments at the start of this chapter, none of the arguments
presented here are meant to suggest that there is not value in looking at the
load to jump height relationship. I can well believe there is value in this.
However, I don’t believe it is correct to claim that this provides evidence for
the existence of a force-velocity relationship or to suggest that the load to
jump height relationship can be used as a proxy for the force-velocity
relationship.



23 THE MUSCLE-TENDON
UNIT

Active and passive tissue
Our muscles are active tissues. What this means is that they are able to create
forces without the intervention of external actors. They are able to do this
because they have a mechanism for converting chemical energy into
mechanical work (and hence express force). This mechanism is the cross-
bridge cycling we saw in Chapter 18. However, our muscles are not the only
structures that influence the forces that are applied to our bones during
movement. There are also passive tissues – tissues whose ability to exert
forces is dependent on factors external to them.

How do passive tissues express forces? Essentially, when we talk about a
passive tissue we are talking about a tissue that exhibits elastic behaviour.
That is, if the tissue is stretched, it exerts a force that tends to return the tissue
to its original state. It is easiest to visualise this by thinking of the tissue as a
spring being stretched. This is handy, as the mechanics of spring behaviour
are easily quantified.

Hooke’s Law
The behaviour of springs is described by the eponymously named Hooke’s
Law [§§§§§] . Hooke’s Law states that the tension (force) within a spring is
directly proportional to the distance that the spring is stretched. Another way
to say this is that the length change of a spring (x ) is proportional to the force
(F ) that is applied to it:



To describe this relationship more formally, we introduce the variable k , the
spring constant. Hooke’s Law can then be written as:

The spring constant expresses the ‘stiffness’ of the spring. A stiffer spring
(larger k) requires more force to be stretched a given amount. As we shall
see, the concept of stiffness is critically important to an understanding of
athletic movement.

Hooke’s Law is a very simple relationship – the degree of stretch of a spring
is linearly related to the force applied. Similarly, if we are to plot the
relationship on a force to length change graph, the line passes through the
origin – no force means no extension.

The force-length relationship of passive tissue
Unfortunately, the behaviour of the passive tissue within muscle is not
entirely ‘Hookeian’. Although there is a part of the length-tension curve that
is somewhat linear, the curve as a whole is decidedly non-linear (Figure 36).
However, in common physiological ranges if we envisage the passive
behaviour of muscle as being somewhat like an elastic band we are probably
OK. The only other thing to be aware of is that muscle will only start
expressing force passively if it is stretched above its resting length.

Figure 36. Length-tension relationship of passive tissue.



The muscle-tendon unit
We are now in a position where we can start to think in more detail about the
way in which forces are applied to bones. In order to do so, we need to
introduce the concept of a ‘muscle-tendon’ unit. This is because muscle
fibres don’t exist in isolation but are rather part of system that also includes
passive tissues. Firstly, muscles are attached to bones by tendons. Secondly,
connective tissues that exhibit elastic behaviour are found between muscle
fibres. A typical model of a muscle-tendon unit is given in Figure 37.

Figure 37. The muscle-tendon unit11 . The contractile (CE) and passive
elements (PE) of the muscle tissue are at an angle α to the tendon. L T , L MT

and L M are the lengths of the tendon, muscle and muscle-tendon unit
respectively. F T and F M are the forces in the tendon and muscle.



Figure 38. Length-tension relationship of the muscle-tendon unit.



The length-tension relationship of the complete muscle-tendon unit is thus a
combination of the properties of the active and passive tissues. Figure 38 is a
combination of Figures 30 and 36 and illustrates this relationship.

Why?
The length-tension relationship shown in Figure 38 is complex and highly
non-linear. Equally, we can create similar forces using different
combinations of the active and passive tissue. This then begs the question:
why?

One of the main reasons for this is that, as we have seen, the active
generation of force by the contractile tissue takes time. In contrast, when a
passive tissue is stretched force expression will be immediate. For this
reason, one mechanism which our bodies often use to express force is the so
called stretch-shortening cycle. This is where a muscle-tendon unit goes
through a cycle of eccentric, isometric and concentric contractions – that is,
the muscle-tendon unit is first stretched and then shortens. This both
increases the maximum level of force that can be reached and increases the
rate of force development. There are a few different neural mechanisms and
reflexes which assist in this process.

The other advantage of this arrangement is that it lends flexibility to the
musculoskeletal system. As there are a range of ways that we can express
force it gives us more options for the way that we move.

Again, an understanding of what is going on at the muscle-tendon unit level is
important when we programme training. For instance, we can target our
training interventions to different parts of the muscle-tendon unit. Equally,
training that improves our ability to employ the stretch-shortening cycle can
have a profound effect on performance.



24 STIFFNESS AND
FLEXIBILITY

What are we talking about?
Stiffness is one of the most ambiguous concepts in strength and conditioning.
Depending on the context, sometimes stiffness seems desirable, and at other
times it is a BAD thing. Sometimes increasing our stiffness is a training goal
(e.g. plyometrics), whereas at other times we are trying to decrease it (e.g.
stretching). How can this be?

Well again, the source of the confusion is terminology. What is stiff and
when?

Stiffness versus flexibility
The best place to start is to be very clear what we are talking about when we
refer to stiffness. For the purposes of this discussion when I refer to stiffness
I am talking about the behaviour of the musculoskeletal system when muscles
and tendons are being lengthened by the application of external force. We are
thus thinking about the spring-like behaviour of tissues, joints and limbs. In
particular, we can define stiffness as the change in length when a given force
is applied. This relationship can be modelled by Hooke’s Law in which case
the spring constant describes the stiffness of the system.

One critical factor that it is important to understand is that the stiffness of our
muscle-tendon units and joints is very manipulable. In particular, we have a
fantastic capability to stiffen or relax our bodies to meet the demands of the
task facing us. It would thus be an error to treat the stiffness of our bodies as



some type of immutable characteristic. This ability is provided by the active
nature of muscle contraction as the material properties of some tissues (e.g.
tendons and bones) are largely constant acutely (although can be altered
through training).

As a general term, flexibility describes the ease with which a material can be
bent and then return to its original shape. However, in human performance
terms, flexibility is generally used to describe how easy it is to passively
move a person’s joints – particularly near the end of their range of motion.
One factor in this is clearly the stiffness of a person’s muscles. When we are
fatigued the day after intense activity we will often describe ourselves as
being stiff, and in this case we are describing the fact that we have a
decrease in our flexibility. However, it is important to recognise that the
stiffness of our muscles is only one factor that determines the full range of
motion of our joints. An athlete can have a very large range of motion, but
still have the ability to make themselves very stiff when the occasion
demands.

What body part?
Probably the most critical thing to specify when we are talking about
stiffness is the part of the body in question. In particular, as the body is made
up of individual tissues, joints, limbs etc, to what structural level are we
referring. When we talk about stiffness we could be referring to the
properties of a particular tissue (i.e. how stiff is the Achilles tendon), a
specific muscle tendon unit, the behaviour of a joint or the behaviour of a
whole limb. Similarly, we need to think about whether the stiffness we are
referring to is a description of purely the mechanical properties of a
structure, or whether we are also including the way in which its behaviour is
controlled and mediated by the action of the nervous system.

Tendon
In terms of the tendon, let’s consider two different force production
scenarios. Firstly, if the muscle-tendon unit is producing force primarily by
active shortening of the muscle (a concentric action), then the role of the



tendon is to transmit that force to the bones. In this case, we probably want
the tendon to act like an inextensible string, so that the full force (and length
change) is transmitted to the bone. This means that we would want the tendon
to be very stiff. Secondly, if the muscle is acting isometrically and not
changing length, but the joint is being flexed or extended, then the tendon will
be being stretched (think high speed running or bouncing). In this case, elastic
energy is being stored in the tendon to be used to facilitate joint extension.
Stiffer springs are better at storing and returning elastic energy so again, we
would want a stiffer tendon. There is a point of diminishing returns, however,
as we still need to be able to stretch the tendon and thus the optimal stiffness
will be dependent on our strength capabilities and the forces that we tend to
experience during movement.

Muscle
Whereas the stiffness of the tendon is purely a function of its mechanical
properties, the same is not true of muscle. Instead we have both the passive
and contractile elements to consider. In particular, the stiffness of the
contractile element will depend on its activation. We’ll exemplify the range
of considerations by considering the case where we are simply trying to
lengthen the muscle as much as possible, both acutely and through training.

Acutely, the degree to which we can stretch the contractile element depends
on a range of factors. This is because the muscle is under our nervous system
control as well as being influenced by a range of mechanoreceptors [******] .
Our ability to allow our muscles to be stretched is thus dependent on a range
of factors which include our psychological ability to be able to relax and the
speed of the stretch. If we want to improve our ability to allow our muscles
to be stretched then an important aspect is training our nervous system to stay
calm when our muscles are stretched.

Of course, there are also material factors that affect the ability of a person to
stretch their muscles. In particular, if a given muscle has more sarcomeres in
series then its resting length will be greater. Similarly, all things being equal,
a muscle with more sarcomeres in series will stretch more when subjected to
a given force [††††††] . However, this does not mean that an athlete with longer
muscles will necessarily be less stiff, as the stiffness is both a function of the



behaviour of the sarcomeres and the number of sarcomeres in parallel (the
muscle cross-sectional area). It is worth emphasising the meaning of this – an
athlete can be both flexible and stiff. They are not mutually exclusive.

Muscle-tendon units, joints and limbs
As we saw in the previous chapter, the muscle-tendon unit is comprised of
passive and active elements. Clearly, the behaviour of the muscle-tendon unit
will depend on the properties of its components but at the same time, its
behaviour is influenced by the relative involvement of different tissues
within a given task, which is in itself determined by the nervous system.
Using the broadest possible generalisation, the more strongly we activate the
muscle during an eccentric muscle action, the more we will stretch the tendon
during the action. In doing so, we will shift the behaviour of the muscle-
tendon unit towards the elastic regime, and its stiffness will increasingly be a
consequence of the material properties of the tendon. As the
flexion/extension of the joints is governed by the behaviour of the muscle-
tendon units, and the behaviour of a limb is determined by the behaviour of
the joints, we can broadly think of the limb being able to regulate stiffness in
a similar fashion to the muscle-tendon unit.

We are thus able to regulate the stiffness of our limbs based on the task in
hand. For instance, we can stiffen our lower limb and use it like a stiff spring
in an activity like high speed running. Alternatively, we can make it much
less stiff in order to cushion the forces that we experience when landing after
a vertical jump. What this means is that one of our training considerations is
to think about the desired stiffness behaviour of the limb during the sport skill
in question.

Equally, it should be emphasised that being flexible does not preclude us
from being stiff. Of course, a training modality like static stretching might
compromise our ability to stiffen the lower limb by changing the material
properties of our elastic tissues. However, this is not inevitable and we can
improve our range of motion while still maintaining or even improving the
stiffness capacities of our bodies.



25 ENERGY

Total force: A recap
All the way back in Chapter 3, we saw that when we want to analyse
movement it is helpful to have some measure of total force. In this book we
have seen two ways of measuring total force, impulse and work done. So far,
we have mainly focused on impulse, because the impulse-momentum
relationship tells us that the net impulse applied will be related to the change
in velocity and that often in sport change in velocity during a movement skill
is a key parameter. However, there are situations where work done is a more
useful variable. This is because there is a relationship between work and
energy that is somewhat analogous to the impulse-momentum relationship.

First of all, let’s revise the meaning of impulse and work. Impulse is the sum
of the force expressed with respect to time. It is the area underneath the
force-time curve. In contrast, work done is the sum of the force expressed
with respect to distance (or strictly displacement). It is the area under the
force-distance curve (Figure 39).

Figure 39. Force-time and force-distance curves for jumping.



Mathematically, we define impulse and work as follows:

                   

It is clear to see how work is analogous to impulse. Now, in this book we
have relied heavily on the impulse-momentum relationship. Is there an
analogous relationship for work?

Work-energy relationship
In short, yes! The work-energy relationship can be derived from Newton’s
2nd Law in exactly the same way as the impulse-momentum relationship just
focussing on displacement rather than time [‡‡‡‡‡‡] :

At first glance, this seems like quite a complicated expression, but it breaks
down quite simply. The first part of the right hand side of the equation
represents the energy that an object has due to the fact that it is moving - its
kinetic energy (E k ).



We can gain an intuitive understanding of the meaning of kinetic energy by
considering an object colliding with a wall. If the object has more energy, it
will do more damage to the wall. Considering the formula, clearly a heavier
object will do more damage, however this is a linear relationship. In
contrast, as kinetic energy is proportional to velocity squared, increases in
velocity have an immense effect on the amount of damage inflicted. This can
help us understand why guns are so destructive – although bullets have very
little mass they travel at very high velocities.

Similarly, the second part of the right hand side represents the potential
energy (E p ) – that is, the energy that an object has based on its elevation
above the surface of the Earth.

Again, an intuitive understanding can be gained by considering an object that
is dropped onto the ground. If the object is heavier it will do more damage,
as there is a linear relationship between energy and mass. Equally, if the
object is dropped from a greater height it will also do more damage, and the
relationship between height and energy is also linear.

The work-energy relationship therefore allows us to give a mechanical
definition of what ‘energy’ actually is. When we do work on an object, we
increase its energy. Therefore, the energy of an object represents the net
amount of work done on that object.             

Conservation of energy

Continuing the analogy with impulse, just as momentum is conserved [§§§§§§] ,
so is energy. What this means is that the total energy of a system stays the
same unless work is done on the system. Let’s illustrate this by considering
what happens during an Olympic-style snatch. When the barbell is resting on
the floor it has no kinetic energy as it is not moving, and it has no potential
energy as it is on the ground. The lifter then does work on the barbell
(applying force to it as they displace it overhead). At the end of the lift, the
lifter will be holding the barbell stationary overhead. The barbell now has a



potential energy that is equal to the amount of work that has been done on it
and that is determined by the mass of the barbell and its height above the
ground.

When the athlete drops the barbell, it starts to lose potential energy
commensurate with its drop in height. However, the principle of conservation
of energy says that energy can’t be lost, so where does this energy go? Well,
as the barbell falls it gains velocity, and thus gains kinetic energy. The
potential energy is therefore converted to kinetic energy, and at the point that
the barbell reaches the floor, all of the potential energy has now been
converted into kinetic energy.

Finally, when the barbell collides with the floor its velocity is rapidly
brought to zero, and thus the barbell now has zero energy again. How can this
be? Well, during the collision, substantial forces are impressed upon the
barbell by the floor – that is, negative work is done on the barbell,
decreasing its energy.

A role for power!
In sports like cycling and rowing it is common for performances to be
quantified in terms of the power output. I think this makes a lot of sense if
considered in light of the work-energy relationship. Performance in
endurance sports is predicated on the athlete’s ability to access energy. The
ability to access energy is generally measured using physiological means.
For instance, we often measure an athlete’s aerobic capacity by measuring
their ability to use oxygen. If an athlete uses more oxygen it means that they
are able to generate more chemical energy to power their movement. When
an athlete moves they convert chemical energy into mechanical work. The
more chemical energy they can access in a given time frame, the more work
they are able to perform in that time frame. The amount of work they are able
to do per unit time is represented by their power output. Thus there is a clear
link between energy expended and power output and thus for endurance
sports power is a very useful measure.



26 FORCE ABSORPTION?

Force cannot be absorbed!
It is very common to hear coaches talk about force absorption strategies or
training for the ability to absorb force. However, force is not a quality that
can be absorbed. This is a direct consequence of Newton’s 3rd Law. If an
object exerts a force upon us, we in turn exert the same force back on it. We
do this by producing, not absorbing, forces (within our muscle-tendon units).

Understanding the eccentric regime
When people talk about absorbing forces they are typically talking about
what happens during eccentric muscle actions, when muscles are lengthening
under high external forces. It is most common to see force absorption talked
about in the context of landing, deceleration or change of direction. These
activities do require athletes to cope with large external forces and some
athletes are clearly better able to handle high forces than others. This ability
is important as it can have both injury and performance implications.
However, effective training strategies require a better understanding of the
mechanism by which we handle high external forces – as force is not
absorbed it is not possible to train this ability.

Landing
For the purposes of the discussion in this chapter, let’s consider an athlete
landing after a vertical jump. When the athlete makes contact with the floor
they will have a vertical velocity downwards that is determined by the height
they jumped (the higher they jumped, the higher their velocity when they hit



the ground). The landing task is to bring that velocity to zero by applying
force to the ground.

In order to analyse this situation we need to use the impulse-momentum
relationship:

The athlete’s change in momentum as they land will be equal to the impulse
that they apply. Now remember that impulse is the area underneath the force-
time curve, and so is a function of force and time. We can then use this to
understand the options available to our athlete.

Force reduction strategy
In the context of landing, one ‘force absorption’ strategy is to change our
landing mechanics. This generally equates to having a greater amount of
ankle, knee and hip flexion during landing. Now, the effect of having a
greater joint excursion during landing is typically to prolong the length of the
landing phase – i.e. force is exerted for longer. What this means is that the
athlete will have to produce a lower mean force in order to impress the
impulse that is required for the landing. Therefore, this is not a force
absorption strategy, it is force reduction.

Force reduction strategies will clearly help an athlete who is struggling to
cope with high forces during eccentric actions, as they can moderate the
force requirements of the task to bring them within their own force
production capabilities. Similarly, a reduction of the force demands imposed
on the musculoskeletal system will reduce injury risk.

Force capacity strategy
Of course, the increase in the time taken for the landing manoeuvre may be
undesirable in some sporting contexts. The other possible avenue we have to
improve our ability to handle high external forces is simply to improve our
capacity for exerting force and condition our tissues to tolerate higher forces.
Not only will an improved ability to tolerate higher forces allow the time of



a manoeuvre to be minimised, but it might also allow the storage and reuse of
more elastic energy as we will see shortly.

Work-energy relationship
We can also gain insight into the eccentric regime if we consider the work-
energy relationship. When the athlete is at the peak of their vertical jump they
have a potential energy that is determined by the height of their centre of
mass above the ground [*******] . When they come to rest after completing the
landing their potential energy will have decreased due to the loss of height of
their centre of mass. The landing thus represents a decrease in energy. The
principle of conservation of energy tells us that the energy in the system can
only change if we do work on the system. The landing can therefore be
characterised as us performing negative work on our centre of mass. Again,
this should make sense – the force is being applied in the opposite direction
to the movement of the centre of mass.

Where does this energy go? Is it absorbed? Well not really – it is more
accurate to describe it as being dissipated into the environment in the form of
noise, heat, etc.

Is anything absorbed?
As usual, in order to answer this question I guess it is first important to
understand what we mean by absorbed. I will use an analogy – when a
sponge absorbs water it means it is taken into the material of the sponge, but
can then be recovered by squeezing the sponge. Does anything resemble this
during landing or other eccentric activities?

The answer to this is probably yes. At least in some scenarios we have the
potential to store and reuse elastic energy. Let’s say that after landing an
athlete tries to bounce off the floor as quickly as they can (as seen in a drop
jump off a box). In this case, some of the potential energy that the athlete
loses as they fall can be used to stretch the tendons eccentrically. When a
spring is stretched, energy is stored, which can then be recovered when the



spring is allowed to recoil. Thus, some of the potential energy that the athlete
had at the peak of their jump can be ‘absorbed’ as strain energy [†††††††] .

There are some important limitations to the storage and reuse of elastic
energy. The first is that energy stored in this way dissipates very quickly, and
so this type of ‘absorption’ is only seen in activities that have short ground
contact times like sprinting or drop jumping. This is why ‘true’ plyometrics
are defined to be activities with short contact times. The second is that stiffer
tendons are more efficient at storing elastic energy as less energy is lost to
hysteresis. However, in order to stretch a stiffer tendon the athlete will need
to be stronger.



CONCLUSION

From understanding force we can achieve
enlightenment…
The heading of this sub-section is the quote that prefaced this book. It is a
bold claim…

What I hope is that I have convinced you that one of the most critical goals of
training is to improve our ability to express force within the sporting
environment. This can be a forbidding task as the production of force by our
bodies is far from simple and we have a range of different strategies that we
can use. If we want to train in a ‘specific’ way, we need to try and
understand the particular force production strategies that are used in our
athlete’s sport and then choose training activities that are targeted at those
strategies.

In Chapter 9, I presented a modified version of the dynamic correspondence
criteria first popularised in the West by Siff and Verkhoshansky. I suggested
that first and foremost we need to make sure that the training activities we
choose satisfy the fundamental training principle of providing the possibility
for overload or variation (in terms of force and/or impulse production). If
this first criterion is met, I then suggested it was important to consider the
way in which force is produced. This can then allow us to choose training
activities that enhance force expression in the sporting activity at hand. This
involves a consideration of the gross movement strategy used by the athlete
(push, pull, bounce or block), their body position, and the way in which force
is generated at the level of the muscle-tendon unit.



Along the way we have taken a look at a number of theories that are popular
in the training literature. Most of these contain some elements of truth but are
compromised by a desire to present a system that is intuitively appealing.
This tends to obscure the mechanics and makes the link between training and
force production less obvious. They conceal rather than enlighten.
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[*] Dictionary definitions paraphrased from the Oxford English Dictionary.

[†] Dr Kat Daniels (@KAJDaniels) described a force to me as being the consequence of an interaction.
I also like this as an alternative definition, which as we will see, emerges from Newton’s 3 rd Law.
[‡] Speed is how quickly we cover a particular distance. For instance, if it is d metres from point A to
point B, and it takes us t seconds to get from A to B, then our speed (s) is given by:

Speed is the rate of change of distance, i.e. it tells us how many metres we cover each second (ms-1 ).
Speed is a scalar quality – it tells us how fast we are moving but not the direction of travel.

Velocity is how quickly we change our location. If we talk about a change in location we need to specify
both the distance moved and the direction. Thus velocity is vector quality – it has magnitude and

direction. In the previous example, if point B lay directly east of A then our velocity would be s ms-1 in
an easterly direction.

[§] Acceleration is how quickly our velocity is changing, i.e. by how much our velocity changes each
second. It is calculated by dividing the change in velocity by the time taken for that change.

The calculation of velocity is analogous to that of acceleration. If x is our location:

[**] This relationship can be derived directly from Newton’s 2nd Law. Let’s say I wanted to calculate
the area under this curve:



I could do so by dividing the area into rectangles of equal width (Δt) as shown, calculating the area of
each rectangle and then adding all the areas together. Now the area of the lighter shaded rectangle (call
it rectangle i) is:

But from Newton’s 2nd Law we know that:

And the acceleration during this period is the change in velocity divided by the change in time:

Combining these two equations gives us:

Now multiply both sides of this equation by the change in time:

The Δt’s on the right hand side of the equation cancel each other out so we have:



The left hand side of this equation is the formula for the area of the rectangle or the impulse, so we
have:

That is, the impulse of the lighter shaded rectangle i is equal to the change in momentum over that time
period. Now in order to calculate the total impulse, we add up all of the rectangles (let’s say there are n
of them):

So the total impulse is equal to the total change in momentum:

[† † ] Rate of force development is the rate of change of force with respect to time. It indicates how
quickly the amount of force being applied is increasing. If we consider the force-time graph (on the next
page), the rate of force development is the average gradient of the curve for the period under
consideration.



The gradient is as follows:

In this book I will use F’ (F-dash) as the symbol for rate of force development. The dash just indicates
that it is the rate of change of F .

Often in training we talk about rate of force development over a particular time period – it is important
that the time period is defined. Alternatively we can calculate the instantaneous rate of force
development. This can be visualized by imagining the time period indicated on the diagram as vanishingly
small – the rate of force development is the gradient of this tiny triangle (and is the tangent to the curve
at the point of interest).

[‡‡] Proximal means closer to the centre of the body (the torso). Distal means further from the centre of
the body.

[§§] This is a touch counterintuitive and is worth elaborating on. Peak velocity is an instantaneous
measure – it just describes the motion of the body in one instant. However, because we know that we
started from rest, we are able to infer the ‘total’ force applied over the phase too.

[***] In order to understand this consider Figure 4. Work done is the area under the curve. We can
calculate this by dividing the curve into a series of rectangles, and then working out the area of the
rectangles, in a similar way as we did in Chapter 3 for impulse. Now for a given rectangle, i:

Now the rate of change of work, is the change in work, divided by the time taken. So if we divide both
sides of this equation by the change in time we get:

But:

And so we have:

[†††] Kinematics is the term that is given to the study of movement without reference to the underlying
forces. It is primarily the study of position, velocity and acceleration. Kinetics is the study of the forces
themselves.

[‡‡‡] The criterion of dynamics of the effort also permits overload in terms of other qualities such as
velocity or power. Certainly this may be something that is relevant to consider, however in many cases
the overload will ultimately be due to increased force or impulse production.



[§§§] We have seen many examples of rate of change already in this book. For instance, acceleration is
the rate of change of velocity.

When we calculate acceleration using the equation above, we calculate the change in velocity over a
given period of time Δt. The instantaneous rate of change of velocity is the change if the time period Δt
is infinitesimally small – i.e. it is as close to zero as it could be without actually being zero. We say that
Δt tends to zero, and write this like this:

If we calculate the rate of change for these tiny, instantaneous time periods, then we indicate this by
changing the ‘Δ’ to a ‘d’.

The quantity    is called the derivative of velocity with respect to time. It expresses the instantaneous
acceleration at the precise time instant t.

[****] Interestingly, some accounts credit Bernstein with inventing the term biomechanics.

[††††] We call a muscle action isometric if the muscle exerts force without changing length.

[ ‡ ‡ ‡ ‡ ] This can also be explained in terms of physiological mechanisms, but is a level of detail that I
don’t want to explore in this book.

[§§§§] I am so sorry if it feels like we are going round and round in circles.

[*****] In other words, that the shape of the force-time graphs for each load is approximately the same.

[†††††] Assuming the mass of the moving object is also constant. This is normally the case, but there are
some situations where it is not. For instance, when a rocket takes off it burns fuel at such a rate that the
mass of the rocket changes appreciably as it accelerates during take-off.

[‡‡‡‡‡] We can calculate the height of the jump by using the equations of constant acceleration as we
saw in the previous chapter. For the case that we are considering here, where the take-off velocity is

the unknown that we are trying to find, the terminal velocity is 0ms-1 (the peak of the jump), the
acceleration is -g (gravity) and the distance travelled is the jump height, h . Using the third equation
from the previous chapter we thus have:

Or:



[§§§§§] Robert Hooke was a contemporary of Isaac Newton. The two had a famously acrimonious
relationship. In fact, some commentators have interpreted Newton’s famous quote about standing on the
shoulders of giants (“if I have seen further it is by standing on the shoulders of giants”) as a gibe at
Hooke’s height.

[******] There are two mechanoreceptors of particular importance. The Golgi tendon organ will tend to
inhibit the force production capability of the contractile element if the tension in the muscle-tendon unit
exceeds a certain amount. In contrast, muscle spindles will tend to increase muscle force if the speed of
stretch of a muscle is too great.
[††††††] This can be understood by thinking of a chain of springs in series. As the same force will act on
each spring, each spring will extend by the same amount. More springs equals more extension.

[‡‡‡‡‡‡] I provide the derivation of this relationship below. It requires some understanding of calculus so
please don’t worry if you can’t follow it exactly – the point here is mainly to just show that the

relationship is derived directly from Newton’s 2nd Law.

Firstly, let’s consider a mass that is being accelerated by a force. Newton’s 2nd Law gives us the
relationship between this force and the acceleration. However, if the mass is on Earth it will also have
the force of gravity acting on it (mg ) thus we have:

If I take the integral with respect to x on each side:

We can recognise that the left hand side of the equation is simply the work done, and that acceleration is
the derivative of velocity. We can also take the mass and gravity terms outside of the integral sign as
they are constants:

We can now solve the second integral on the right hand side, and make a handy substitution in the first
integral:

Cancelling the dx terms with each other and rearranging within the first integral:

Now the derivative of x is velocity:



Finally, we can solve the first integral, and we have derived the work-energy relationship:

[§§§§§§] That is, the momentum of a system stays the same unless an external force is applied to it.
[*******] Their kinetic energy is zero as they have zero velocity at the peak of their jump.
[†††††††] More correctly, as the athlete falls their potential energy is converted to kinetic energy (as their
velocity increases). Once the athlete makes contact with the floor, some of this kinetic energy is
converted to strain energy and the rest is dissipated by the negative work performed by the athlete.
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