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SURVEY ARTICLE

POWER EQUATIONS IN ENDURANCE SPORTS
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Abstract—This paper attempts to clarify the formulation of power equations applicable to a variety of
endurance activities. An accurate accounting of the relationship between the metabolic power input and the
mechanical power output is still elusive, due to such issues as storage and recovery of strain energy and the
differing energy costs of concentric and eccentric muscle actions. Nevertheless, an instantaneous approach is
presented which is based upon the application of conventional Newtonian mechanics to a rigid segment
model of the body, and does not contain assumptions regarding the exact nature of segmental interactions—
such as energy transfer, etc. The application of the equation to running. cycling, speed skating, swimming
and rowing is discussed and definitions of power, efficiency, and economy are presented.

NOMENCLATURE I mass moment of inertia
m mass
A mean work per cycle M, moment about the ankle joint
a acceleration M, reaction moment at joint a on proximal (2) or
a an angle distal scgment (1) of the joint
a, component of acceleration along x-axis M, moment applicd to a segment by the cnvir-
AS rate of increase of entropy onment
As displacement of point of force application M, moment at joint j o
do/dt acceleration of the athlete M, moment about the knee joint
E metabolic energy m, mass of scgment k .
E rate of expenditure of metabolic encrgy o, angular velocity of the ankle joint
E, potential and kinctic energy of total body center @ angular velocity of a segment subject to a mo-
of gravity ment M, .
E, mechanical energy of foot (and skate) segment @ angular velocity of the rof’l scgment
€ gross efficiency (P,/P)) w, angular vcloc!ly of joint j o
E, energy degraded to heat wy angular velocity of the knee joint
E, translational kinetic energy w, angular velocity of the shank segment
E, mechanical energy of Jower leg scgment w, angular velocity of the thigh segment
E, metabolic energy liberated P power ) ) )
e muscle efficiency P, power output of a system including subject and
E, potential energy equipment
€, propelling efficiency P, conservative power output component (used to
E, rotational kinetic energy do work. a;amsl conscrvam{c forces)
E, strain energy P, power dlssxp‘alcd lo.thc environment _
LE,, sum of segmental energies P, power Pssocmted with overcoming gravity
F a force or force component P power input (the usable fraction of H)
S/ cyclic frequency (1/Tp) P powcr‘dlssu_aaleq in giving kinetic energy to the
F.i reaction force at joint a on proximal (2) or distal water in swimming o
segment (1) of the joint P, power used fo; maintenance activities
Fy, net force due to air resistance P, non-conservative power output component (de-
Faet force of air friction at the center of mass of graded (o heat) )
segment i P, power output (mechanical muscle power)
Fp drag force P, mean gencrated power
Fy lift force T temperature (K)
F, external force t time ) )
Fy frictional force T time interval for integration
Fie force of ice friction 7 cycle time for cyclic movements )
F, propulsive force u(t) velocity of the athlete as a function of time
F, force component along z-axis Vair velocity of the air relative to the subject
g acceleration due to gravity v, velocity of center of mass of scgment ¢
H chemical power (rate of decrease of enthalpy of Ve velocity of the point ol application of an external
foodstuff) force F,
v velocity of point i
Yy velocity of the point of force application
v, velocity component along x-axis
Received in final form 24 November 1989. v, velocity component along z-axis
1 Reprint requests to: G. J. van Ingen Schenau, Faculty of W work done on a body
Human Movement Sciences, Dept. Functional Anatomy, vd. 2z, projection on z-axis of height of point ¢ above a
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1. INTRODUCTION

In studies of the mechanics and energetics of human
and animal locomotion, the metabolic energy liber-
ated (E) is often regarded as the main input variable of
the moving system. Speed v and its time derivative
(acceleration, dv/dt), on the other hand, are seen as the
final results of a process where equations of mechan-
ical power are used in attempts to deduce causal
relationships between E and v. The approaches which
are most frequently used in modelling mechanical
power can roughly be divided into two categories, a
kinematic approach and a kinetic approach.

In the first method, calculations of power from
changes of mechanical energy of body links or of the
center of mass of the moving system are made. This
approach is mainly used in studies on running and
walking.

The kinetic approach involves calculations of power
based on a summation of the components of power
used to overcome frictional losses in work against the
environment. This approach is mainly used in studies
of terrestrial or aquatic locomotion other than
running or walking.

Though a number of studies pay attention to both
types of power, most studies seem to be based on
ambiguous analysis of possible power dissipation. As
noted by Aleshinsky (1986a), studies do not seem to
exist where the power calculations for the entire
athlete are bascd on the definition of power, as can be
found in textbooks on mechanics. For separate body
segments, power equations have been deduced by
Quanbury et al. (1975) and applied by, e.g., Winter and
Robertson (1978).

The first purpose of this paper is to present a general
power equation for the assembly of body segments
applicable to all endurance sports.

The fact that most power calculations are based on
a more or less arbitrary summation of the components
of power, rather than on the application of mechanical
equations to an assembly of explicitly defined free
body diagrams, leads to an overwhelming number of
definitions of external and internal power, and of
quotients between power and E usually referred to as
‘efficiency’.

In running and walking, the problems associated
with obtaining accurate definitions of power output
render the concept of ‘efficiency’ almost meaningless.
In other activities—such as rowing or cycling—where
power output against an external resistance can be
determined with more precision, a useful—if generally
underestimated-—measure of efficiency can be deter-
mined. There is, however, a need for unambiguous
definitions and the second purpose of this survey is to
provide such definitions. An additional purpose is to
review the various methods presently used in the
calculation of power. These methods are discussed
first.

Though a number of examples will be deduced from
or applied to other activities and other animals, this
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survey will mainly be focused on human cycling,
rowing, running, speed-skating and swimming. Since
this survey might be of interest for a broad audience,
including exercise physiologists and zoologists, only
Newtonian mechanics are used and (planar) examples
are given in order to clearly illustrate mechanical
concepts which otherwise may be difficult to concep-
tualize.

2. SUMMARY OF THE LITERATURE AND STATEMENT OF
THE PROBLEM

2.1. Energy liberation and performance

Many studies show a correlation between the lib-
eration of metabolic power E and mean speed as the
main performance determining factor in endurance
sports (Zatsiorsky et al., 1982). Such correlations were
often reported for running (Farrell et al, 1979;
Holmer, 1978; Di Prampero, 1986; Daniels, 1985) but
also for swimming (Charbonnier et al., 1975; Holmer,
1974; Di Prampero, 1986), cycling (Pugh, 1974; Di
Prampero, 1986) and speed-skating (Holmer, 1978; Di
Prampero, 1986; de Groot et al.,, 1988). These rela-
tions are likely to have a solid exercise physiological
basis, since humans and animals appear to be able to
deliver a certain amount of mean metabolic power
which (unlike engines) is strongly dependent on the
duration of the exercise. E further depends upon, e.g.,
the amount of muscle mass involved (Tesch et al.,
1976; de Groot et al, 1988), technique, environ-
mental and body temperature, and psychological fac-
tors (sce Astrand and Rodahl, 1977; Cavanagh and
Kram, 1985b; Morgan, 1985). Inter-individual differ-
ences in E are associated with factors like natural
ability and training background (Astrand and Rodahl,
1977).

Synthesizing the approach of various previous in-
vestigators (e.g., Tucker, 1975; Ward-Smith, 1985a),
Fig. 1 shows a schematic representation of the flow of
energy during exercise. The chemical power H repre-
sents the rate of decrease of enthalpy of the original
foodstuff. According to the second law of thermo-
dynamics, only a part (the rate of change of the ‘free
energy’) of this power can be used for biological
functions (Astrand and Rodahl, 1977; Whipp and
Wasserman, 1969; Gibbs and Gibson, 1972; Woledge,
1971). This useful component of power will henceforth
be called ‘power input’ P, (Tucker, 1975; Daniel, 1983)
and is essentially equal to the metabolic rate E men-
tioned above. The other part is equal to the product of
the rate of increase of entropy AS and temperature T
(K). In gross body movements, only a part of the
power input is converted into mechanical muscle
power P, which in principle might be used to perform
movements and to do work against the environment.
The rest, the ‘maintenance power’ (Tucker, 1975),
concerns mainly the work-rate of muscles which oper-
ate the cardio-respiratory system, and power used in
tissues that do no (‘useful’) mechanical work (¢.g., the
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Fig. 1. The main flows of power in locomotion.

digestive tract, neurons, muscles which stabilise the
trunk). From the muscle power P,, henceforth called
‘power output’ (Tucker, 1975), a part P, is degraded
into heat by non-conservative [rictional forces inside
the body or whien muscles are doing work against each
other (Alexander, 1980). A second part P, is used to do
work against conservative forces (¢.g., gravity, stretch-
ing elastic elemients) and can in principle be re-used as
P,. or P, (see pointing arrows) in a later phase of the
movement. P, represents power dissipated to the
environment (excluding power expended against
gravity).

In running, most studies on mechanical power
concern the modelling of P, and P_, while in the other
types of locomotion, the majority of studies is aimed at
modelling P,. A few attempts have been made to
model a direct relation between E and speed u(t) in
running (Ward-Smith, 1985a; Morton, 1985) in order,
for example, to: predict the influence of wind on speed
(Ward-Smith, 1985b). As discussed by van Ingen
Schenau and Hollander (1987) and by Morton (1986),
these models at present do not adequately describe the
involved physiological processes. Other attempts to
predict such influences as environmental conditions,

technique, or body composition on speed are mainly
based on equations of P,. Examples of such predic-
tions are the calculation of the influence of shielding
(Kyle, 1979; van Ingen Schenau, 1982), technique
(Sanderson and Martindale, 1986; Boer et al., 1988)
and altitude (Di Prampero et al., 1979; Di Prampero,
1986; van Ingen Schenau, 1982) on speed. Though
good agreement with actual performances can be
obtained, these models of course have their limita-
tions, since variables such as P, P. and E may be
influenced by environmental conditions and tech-
nique as well. This dependency may also obscure the
significance of changes in efficiency calculated on the
basis of P, and P,.

2.2. Mechanical power calculations

2.2.1. Running. Since Fenn (1930a,b), many re-
searchers have tried to deduce equations which might
describe P, and P,., and their interaction for walking
and running. The calculation of this power (which is
mainly associated with the need for accelerating,
lifting and decelerating body segments) is largely
based on the following methods (Zatstorsky et al.,
1982):

(a) Calculations based on changes of segmental
energy of all body segments (c.g., Winter, 1978;
Norman et al., 1976; Pierrynowski er al, 1981;
Alexander, 1980; Cavagna and Kancko, 1977) or of
the center of mass (e.g., Cavagna et al., 1976).

(b) Calculations based on summation of joint
powers defined as the product of joint moments and
their angular velocitics (c.g., Winter, 1983).

(c) A combination of these methods (Aleshinsky,
1986a, b; Quanbury et al, 1975; Robertson and
Winter, 1980).

In studies of running and walking, P, is usually
considered to represent such a small fraction of P, that
it is frequently neglected. Physiological studies (Pugh,
1971) and, more recently, wind tunnel studies (Kyle,
1979) have shown that P,, even in distance running,
can be at least 10% of P,. Moreover, Webb et al.
(1988) showed that the power associated with the
deformation of the shoe can be even larger than 10%
of P,.

However if P, is neglected, it will be clear that the
three methods of power calculation lead to a zero
mean power output in level running, if the cycle
averaged value is calculated by a simple time integral
of the instantaneous power. Since the instantaneous
power P_+ P, is not zero, and since the delivered
positive and negative mechanical powers within a cycle
are clearly associated with a certain P;, many different
assumptions are proposed in order to get an estimate
for mean mechanical power in walking and running.
These assumptions concern gquestions about how
much energy might be transferred within and between
segments [not necessary in method (b)], how much
energy can be re-utilised from elastic structures where
it was stored in an earlier phase of the cycle, and
estimates for the mechanical efficiency of the conver-
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sion of P, into P_ and P,_, for both positive as well as
for negative power. It is likely that almost all present
methods overestimate the work done, and thus calcu-
late ‘efficiencies’ which are unrealistically high. Since
the methods and their problems are already extens-
ively discussed in other papers (Cavagna and Kaneko,
1977; Williams and Cavanagh, 1983; Williams, 1985;
Cavanagh and Kram, 1985a,b; Aleshinsky, 1986a-¢),
the reader is referred to these papers and their referen-
ces; to prevent too much repetition, it is assumed in the
remaining part of this paper that the reader is familiar
with the content of those papers. It should be men-
tioned here that Aleshinsky (1986a) was the first
author to present an analysis for the entire athlete
based on a systematic and unambiguous application
of basic mechanics. However, in his application of this
method to running, he met with similar problems to
those described above for other investigators.

2.2.2. Other endurance sports. As stated above,
power measures for endurance sports other than
running are mainly based on analysis of possible flows
of energy to the environment. Di Prampero can be
regarded as an important pioneer in this field. (Di
Prampero et al., 1971, 1974, 1976, 1979). He and most
other authors (e.g., van Ingen Schenau, 1982, 1988)
simply take the (scalar) product of opposing forces
(mainly frictional forces with the environment) and the
velocity of the athlete and his equipment (bicycle,
boat), which is taken as equal to the velocity of the
point of application of these forces. Though it may be
true that the majority of P, is used to overcome
friction, and though this power calculation is based
upon a reasonable application of the product of force
and velocity, this modelling of P, has nothing to do
with a general and unambiguous application of class-
ical mechanics on the entire system as advocated (and
applied to running) by Aleshinsky (1986a-¢). If the
entire system of athlete and equipment (e.g., bike and
rider or rower and boat) is taken as the free body for
the purposes of analysis (which implicitly is the case
in these referenced studies), all external forces (defined
by the choice of the free body) should be accounted
for, including the propulsive force(s). Moreover the
question may arise how to define P, as power caus-
atively related to the metabolic rate P,. If for example
a skater suddenly stops pushing off, he can still deliver
P, for a certain time interval, but it is clear that P, has
no relation with P, at the same time (so does the skater
deliver external power or not?). Of course we know
that in such a case the skater can overcome friction at
the expense of his kinetic energy, but how should this
power be defined? This example shows that here also is
a need for an unambiguous approach in order to
deduce proper definitions for power.

2.2.3. Other approaches. A number of authors have
used the product of the propulsive force and the
velocity of the center of mass of the system in order to
get a measure for mechanical power (Fukunaga et al.,
1981; Sanderson and Martindale, 1986; Tucker, 1975;
van Ingen Schenau et al., 1985). Tucker (1975) states
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that this product is equal to the power needed to
overcome drag. van Ingen Schenau et al. (1985) and
Fukunaga et al. (1981) associate this power with the
increase of mechanical energy of the athlete's center of
mass. None of these studies (nor the many studies on
jumping where the same method is used) provide
convincing evidence for the applicability and validity
of this product, which is not based on the definition of
power since the velocity of the point of application of
the propelling force is not equal to the velocity of the
center of mass. In running (Fukunaga et al., 1981) and
jumping, the velocity of the point of application of this
force is actually zero. The significance of this approach
will be discussed below.

From the above it is apparent that at present a
number of different methods are being used to calcu-
late different types of power. It is not clear however
how these various powers are related.

3. PROBLEMS IN APPLYING CLASSICAL MECHANICS

Since, apart from Aleshinsky, all referenced authors
construct power equations for the entire athlete by
adding up possible flows of energy, the question arises
to what extent classical mechanics provides adequate
tools for an approach based on mechanical laws and
definitions.

When applying Newton's second law LF =ma, the
result is unambiguous: after one has constructed a free
body diagram, the internal and external forces are
defined by the boundaries of the diagram, and the law
provides a unique relation between the external forces
on the one hand and the acceleration of the center of
mass of the system on the other hand. This is also true
for a system which is deformed under the influence of
these external forces, with or without energy dissipa-
tion by internal forces. Internal forces do not play any
role in this force equation. The same is true if the time
integral of this force equation is taken. The
(impulse-momentum) equation is also uniquely de-
fined. In both equations, gravity does not play a
specific role but is simply one of the external forces
which should be accounted for.

Since power can be defined as a flow of energy, one
might expect a comparable relationship between the
flow of energy associated with the external forces and
the rate of change of energy of the chosen free body.
Such a power equation or its time integral called
‘work-energy theorem’ (Robertson and Winter, 1980),
‘energy balance’ (Aleshinsky, 1986b), or ‘work—energy
equation’ (Meriam, 1975), however, cannot be con-
structed by the same unambiguous methodology as is
the case for a force or a force-time integral equation.
This has simply to do with the fact that the human
body can liberate metabolic energy, degrade mechan-
ical energy into heat, and store energy in elastic
structures.

If we wish to link information concerning the force
environment in a given biological problem with these
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factors, then the problem must be approached using a
work-energy principle which states that the work
done on a body is equal to the change in all these
energies:

W=AE,+AE, +AE, +AE, +AE, +AE, (1)

where E, is potential energy, E, is translational kinetic
energy, E, is. rotational kinetic energy, E, is strain
energy, E, is energy degraded to heat, E, is liberated
metabolic energy. If the time interval At is considered
as At—0, the expression for power becomes:

P=dE,/dt+dE,/dt +dE,/dt+dE,/dt
+dE,/dt+dE,/dt. 2)

If the athlete is choosen as the free body, it will be clear
that at present there are no reliable models available
to calculate E, and E,. This means that an approach
where equation (2) is applied to the entire athlete is not
(yet) possible.

For a rigid body, however, the right-hand side of
equation (2) can be fairly easily stated using the
conventional - expressions for potential and kinetic
energies, since the last three terms are zero. The
formulation of the left-hand side of the equation in
terms of the forces acting, however, needs care in a
gravitational environment, since the effect of gravity
must be included cither on the ‘work® side of the
cquation or the ‘encrgy’ side of the equation, but not
both (Mcriam, 1975).

To illustrate this, consider a passive rigid body
shown in Fig. 2 moving under the influence of the
external force F, in pure translation with a constant
velocity v, in the vertical direction. Its position above
an arbitrary datum at time ¢ is z. The only other
external force acting is the force of gravity, mg.

Using equaition (2) for this problem yields

d(E,)/dt =d(mgz)/dt =mgy, (3)

since E, is constant, E, is set to zero and E, is zero for
this rigid body.

-

z

L.

Fig. 2. If a body is moved under the influence of an external

force F,, one should include the effect of gravity either as a

(potential) energy term or as a work term in the formulation
of a work-¢nergy equation for the body (see text).
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The evaluation of P in terms of the forces acting
requires the evaluation of the work done by the force
during a displacement of its point of application as
follows:

W=F-As

where As is a displacement of the point of application.
When evaluated in the time interval At as At—0, the
expression for power becomes:

P=F-'v,.

In the present example there are two forces acting on
the body, the force F, and gravity.
The power associated with the external force F_ is

P! = FZ . VZ
and the power associated with the force of gravity
Pg=—mg-v,

with the minus sign indicating that the force and the
displacement are in opposite directions.

It would now be tempting to consider the total
power as P+ P, and substitute this in the left-hand
side of equation (2), leading to the anomalous result:

v, (F,—mg)=mg-v,.

This result is false since we know from Newton's
second law that F, =mg and that the rate of change of
potential encrgy, mg*v,, is not zero as the equation
would predict.

Change in potential energy is simply the work done
by or against gravity, and thus one or the other—but
not both—should be included in the work-energy
relationship.

Thus the correct formulation of equation (2) for this
illustrative example would be

F:'V:=mg.v=

which, since F,=mg, is true. In the remainder of this
paper, we shall choose to include the effects of gravity
as an energy term on the right-hand side of the
work-energy equation.

One final principle needs to be presented before
examining the application of power equations to
various problems in human movement. Clearly all
external forces, other than gravity, should be included
in the development of an adequate model. In endur-
ance sports where forces such as friction provide the
principal resistance to motion (including drag from air
or water, rolling friction, etc.) there are no serious
problems. Power associated with these forces can be
calculated from the product of the forces and the
velocities of their points of application. But the pro-
pelling force is somewhat more obscure.

In the simple passive system shown in Fig. 2, be-
cause the environment adds power to the system, the
flow of energy could be derived according to the
definition of power. The encrgy of a passive system
(such as a discus or shot) can clearly only be increased
at the expense of a source external to the system (such
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as the thrower). If we exclude paired activities (such as
tandem cycling or crew) and environmeatal factors
such as a strong back wind and compliant floors, such
a suuauon OOCS not CX!S( ll'l mosi iOCGmO(Ol’ acuvmcs
All mechanical power is delivered by the transforma-
tion of metabolic power into mechanical power
{(Zarrugh, 1981). The following definition of locomotor
activities from the perspective of power therefore
seems to hoid true:

In locomotor activity there is no external force
that adds positive power to the system.

Stated formally, the propulsive force F, will always
obey the relationship:

F,'v,<0 @)

where v, is the velocity of the point of application of
F,. As will be shown later, this relationship needs
further discussion when power equations are applied
to different types of locomotion.

The following conclusions may be drawn from the
above:

(1) For an endurance athlete as a system (including
equipment), a power equation based on the rate of
change of mechanical energy of the system and the
powers associated with the displacement of external
forces should include internal power as dissipated into
heat, stored in elastic structures and generated by the

contractile elements of the muscles.

(2) For rigid bodics, equation (2) can unambigu-
ously be applied provided that the special character of
gravity is taken into account (Meriam, 1975). Such

annatinne have nravianely haon dodiicsd feam and
CQUANCNS Aave Pprevitusly oitn GIGUCCG rdm and

applied to individual human limb segments by, e.g.,
Quanbury et al. (1975) and Winter and Robertson
(1978).

4. AN INSTANTANEOUS POWER EQUATION

A power equation which includes the rate of change
of all energies mentioned in equation (1) is difficult to
construct (Norman and Komi, 1987). At the present
state of knowiedge there are no modeis availabie
which predict reliable measures for positive and neg-
ative power from active elements of individual muscles
and their efficiencies. This is not only due to the
indeterminacy problem (Miller, 1979) since even the
application of direct dynamics (e.g., Hatze, 1977, 1978)
suffers from severe uncertainties. Apart from problems

in pvahm!;na the reliabilitv of nrnpnu-d cost fnnrnnnc

sl vYaInal LS A VSO0 COSL JRAGoT

this is, e.g., a result of the lack of information about the
compliance of the series elastic elements of the muscle
tendon complexes involved. As can be concluded from
the work of Cavagna et al. (1968, 1985), Alexander and

Rannat ((larka (10T Maroan (1077 Maoraan ot 2l

Bennet-Clarke (1977), Morgan (1977), Morgan et al.
(1978), Walmsley and Proske (1981), Jaric et al. (1985)
and van Ingen Schenau (1984), the capacity for
muscles and tendons to store elastic energy is often
overestimated, while the effects of pre-stretch are, in

mnet wmat dira A cbncnma ard sa_itiloatine Al alactia
Palt, HUL UUL LV Sviagt aild 1vculiidatllivn vl viadsuwv
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energy but to a phenomenon usually referred to as
muscle potentiation. Since Hill-type models (Hill,
1938) do not account for this potentiation, more
reliable results might be expected in the future from
Huxley-type models (Huxley, 1957; Zahalac, 1981,
1986). Other necessary information concerns the (in-
stantaneous) total muscle lengths and the contractile
properties of the individual muscles (Hof et al., 1983;
Bobbert et al., 1986; Whiting et al., 1984). For most
muscles this information is not yet available.

All these luqd other) uncertainties render the formu.-

L= LLRR I Y AST L SRAINAGS Jwaalall LV A S 14103

lation of a generalised instantaneous power equation
for locomotion based on equation (1) impossible for
this time.

4.1. A model consisting of rigid links

Apart from movements involving the shoulder joint
(which allows considerable translation), human move-
ments can to a large extent be described as the sum of
rotations performed at joints between the body seg-
ments. This means that the part of the work liberated
in muscular action which is used for limb movement
and to do work against the environmental forces is
predominantly being reflected by these joint rotations.
Many researchers have applied lhe method of analysis
the power associated with these j Jomt rotations. In this
method the body is modelled to consist of an intercon-
nected chain of rigid links. The mechanical influence of
segment i on the adjacent segment i+ 1 is calculated
using inverse dynamics. In planar motions all thesc

influences are summarised in a hypothetical reaction

force F The analvgis usually

and moment M
anaiysis usually

o 2nd moment M it
begins with a distal segment where the extern.ll forces
and moments are known (e.g., ground reaction forces)
and all intersegmental forces and moments are sub-
sequently calculated (Winter, 1983; Zatsiorsky et al.,
1982; Ericson et al., 1986). Note that rigid links do not
generate power and do not degrade power into heat.
This means that power is supplied to or absorbed from
a segment by the hypothetical intersegmental forces
and moments, and by environmental forces such as air
resistance (Winter and Robertson, 1978; Robertson
and Winter, 1980). As discussed above, equation (2) is
applicable to each rigid segment. For running, Robert-
son and Winter (1980) showed that the flows of energy
associated with the external forces and moments of a
segment are indeed in balance with the rate of change
of the mechanical energy of the segment. The only

exceptions were found for the foot during foot strike

CxLePs vezig 10U oo Sl L2010 STIRS

and push-off where significant deformauons of the
foot occur.

As advocated by Zarrugh (1981), a power analysis
for the entire athlete should include both the rate of

chanos nf caomantal anaraias and the inint naware In
Ellﬂlla\l wi aballl\-ll‘“l wihivwi bl\-a @i Mliiw Jvlllt PVWUID Ill

his original contributions to this journal, Aleshinsky
(1986a,b) was the first to succeed in deducing such a
power equation showing an unambiguous relation
between the rate of change of segmental energies on

ararv e e

tha hand and tha fon
the one nand and tne sum vl yvvvbl Iom onviron-
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mental sources and joint power on the other hand.
Aleshinsky's deduction was based on a summation of
the power equations constructed for each rigid link.
These power equations were derived by differentiation
of the segmental energy of the links (Aleshinsky,
1986a, b). To avoid the complicated mathematics ne-
cessary in that approach, we take here the left-hand
side of equation (2) as a starting point. Figure 3 shows
an example of three links with the external forces and
moments per link (except gravity). The example con-
cerns the leg of a skater but the deduction would
essentially be:the same if it concerned a skier, cyclist or
a runner.

According to equation (2), the power equation for
the foot is as follows:

Fv'vp+ Fic¢°vp+ Fnir‘ 1 . "z + Fu.l 'V3+ Mn‘lwf
=dE,/dt (5)

where F, is the reaction force from the ice, F..and F;,
the ice friction and air friction forces respectively, F, ,
and M, the joint force and moment. The forces are
multiplied by the velocities of the points of force

application and M, , by the angular velocity w; of the
foot. E, is the mechanical energy of foot and skate:

Ec=imol+mpg: + 1w} (6)

with m; the mass of foot and skate, v, the velocity of its
center of gravity, z. the vertical position of this
segmental center of gravity and [ the moment of
inertia of foot and skate relative to the center of
gravity. For the lower leg the power equation is:

M, 0, +F, 5 vy +F v +F v+ M0,
=dE,/dt )

where the symbols used are comparable to those of the
foot. These equations can be constructed for all other
rigid links although not all external forces and mo-
ments per link have to be known. This may be the case,
for example, in cycling where the trunk is supported
by the saddle and where a reaction force and moment
can act on the hands. When compared to the work
presented by Quanbury et al. (1975), Winter and
Robertson (1978), and Robertson and Winter (1980),
the new step made here is that we now add the

POWER SOURCES PER SEGMENT

thigh

foot + skate
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Fig. 3. If the body of a skater is modelied to consist of interconnected rigid links, the sources of power per
link are the external moments and forces (except gravity) per link.



g2 Survey Articl

equations for the separate links in order to obtain one
equation for the eatire athlete. If one realises that
F,.'v;+F,;'v;=0 but that M, ,0+M,,0,
= M, w,, it is clear that a summation of aii these power
equations yields the following power equation for the
svstem

F"VP+F“.'vp+F.i"V."+2M”w,=dzE.G'/dt (8)

where M; and w; are joint moment and angular
velocity per joint respectively. F,;, * v,,,, which repres-

ents the total power lost to air-friction
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imately equal to the main air-friction force averaged
over the segments times the mean velocity of the
segments with respect to the air (v,;,), and £ E,,, is the
sum of the segmental energies If, as already discussed
above, l.-lVle! isto ucjuugcu as the or| lsm of power in
locomotion, all the other expressions can be judged as
locations of power dissipation. To express the causal
relation for this and other locomotor activities, all
powers associated with external forces F, are sum-
marized and piaced on the right-hand side, ieading to
the general instantaneous power equation:
IM;w,=dXE,,/dt-ZF, v, 9)
For the most general case, this equation can be
extended with an expression Z M w, reflecting power
associated with environmental moments which might
act on a seement which has an ﬂnnu!q‘ velocity @,

aty O & SOt a8 Al AN MAZE M 1Y

(Aleshinsky, 1986a, b). Such contributions however
are scarce since a pure moment requires a combina-
tion of pushing and pulling forces. This might occur in,
e.g., the hands in cycling. However in that situation, w,
will be negligible. It should be emphasised that in ﬂ'ua
power equation the contributions of the hypothetical
joint forces are cancelled out. The meaning of this is
that these joint forces cannot generate power; they can
only redistribute power among the segments (see
Winter and Robertson (1978) and Robertson and
Winter (1980) for further discussion of this power
concept). Although a different deduction is used here,
equation (9) is essentially equal to the power equation
deduced by Aleshinsky (see equation(20) in
Aleshinsky, 1986b).

As stated before, each contribution F, v, from the
environment should be m-oanw- or zero. Thn means

vaz Oaints

that the expression —EF‘ v, can also be defined as
the sum of positive powers which flow to the environ-
ment. Expressed in words, equation (9) says that, at
each instant, the summed joint power is equal to the

rnte af chanoa af tha snaray cantant af the caomente
dadiw Vi \vllﬂlls\v Wi bW Ull\—lé] WAV WEEL W il J\-blllwlll.‘

plus the power which flows to the environment. As
such, it shows the causal relation between the three
main existing approaches mentioned above.

S. PROBLEMS IN APPLYING THE POWER EQUATION

5.1. General remarks
Though it appeared to be possible to unambigu-

Uubly ucuuu: darll l“bldllldllcuub puwtl Cqudllull Udbcu
on a linked segment model, this result should mainly

be judged as a firm mechanical basis for existing
approaches. Equation (9) does not solve most of the
problems that were previously described for running.
This is due to the (hypothetical} nature of the joint
moments and joint power. Since joint moments are net
moments (sum of all contributing structures), the
origin of positive power and the ultimate location of
destination of negative joint power cannot be assessed.

Positive power can originate from active as well as

elastic elements of active muscles. Negative joint
power can reflect power which is dporaded into heat

by friction in joints or other passive structures or by
eccentric actions of active muscles, but it can also be
stored in elastic structures and later be re-utilised as
positive joint power. Positive joint power does not
account for power which is simultaneously degraded
into heat by friction or when agonists do work against
their antagonists which cross the same joint. Bi-
articular muscles may distribute power over the adja-
cent joints which are crossed by these muscles. As
convincingly shown previously {van ingen Schenau et
al., 1987; Bobbert and van Ingen Schenau, 1988; van
Ingen Schenau, 1989) one cannot simply assign posit-
ive or negative joint power to the actions of muscles
which cross a joint. For example, the bi-articular
gastrocnemius can oppose the knee extensors in such a

way that no, or even negative, power is generated in
the

since the net moment is zero lnr

FAS Y

knee ioint

knee joint, since the net moment
negative). In reality, the knee extensors may lift thc
calcaneus via the gastrocnemius muscle (Gregoire et
al., 1984; van Ingen Schenau et al., 1987; Bobbert et al.,
1986). In other words, the joint power that appears
computationally to have its source at the ankle can, to
a large extent, be liberated in the knee extensor
muscles. Since the extremities contain many import-
ant poly-articular muscles, such a redistribution of
power over the joints will often occur. This does not
mean that bi-articuiar muscies cause erroneous resuits
when calculating the powers expressed by equa-
tion (9). Bi-articular muscles can cause an inter-
compensation of joint powers which, however, does
not affect the summed joint power. Errors in the
calculation of the joint powers will mainly be caused
by the necessary assumptions concerning the rigidity
of the links and the position of the (moving) axes of
rotation.

It should be emphasized here that the redistribution
of joint powers by action of poly-articular muscles
reflects a process which is previously defined as a
transport of energy (c.g., van Ingen Schenau, 1989).
This expression should not be confused with the
transport of energy between actual segments as de-
scribed by, e.g., Quanbury et al. (1975), Winter and
Robertson (1978), and Robertson and Winter (1980). If
one is interested in the flow of energy o actual
segments, one should use the separate equations [here,
equations (5) or (7)]. After summation of these sep-
arate equations, the information about flows of energy
between scgmcnts is lost.

Ul’l lﬂC umcr ﬂdl’lu ll 5n0um DC :lrc;SEd thdl the
action of bi-articular muscles obviously also influ-
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ences the net moments as used in the separate equa-
tions. This means that the warning concerning the
actual origin of power as made with respect to equa-
tions (8) and (9) is also valid if one uses the separate
equations as performed by Winter and Robertson
(1978) and Robertson and Winter (1980).

Equation (9) is only useful when instantaneous
flows of energy are to be studied. For many applica-
tions it is nedessary to calculate a measure for mean
power produdtion. This means that equation (9) has to
be integrated with respect to a time interval T; and
divided by T}

T: T
(I/T})J‘ M,wjdt=(l/7})f —~3F, v, dt
[ 1

T
+(l/T,-)f (dZE,,,/d1)de. (10)

o

Since, in cyclic movements, the cycles are repeated
each time interval T, with the cycle frequency f=1/T7,,
equation (10) can be replaced by:

To To
ff EM,w,dt:f-f ~ZF. v dt+f-AE,. (11)
0 0

Apart [rom the potential and kinctic energy of the
body center of gravity, the mean change of segmental
energies during a cycle is zero. This means that AE
reflects the change in potential and kinetic energy of
the center of gravity of the athlete. The left hand side of
equation (11) can be used as a measure of mean
generated power P:

To
P,,=f-A=fJ IMwdt (12)
¢
where A is the mean work per cycle. This P, is also
equal to the mean power reflected by the right-hand
side of equatibn (11). However, it is often convenient
to take not only the athlete but also his equipment
(bicycle, boat, ski) as a system. In that case one can use:
To
P:,:ff L—-F, v dt+AE, f (13)
]

where P,— P/, equals the power lost in the transmis-
sion system (in friction with the oar pin, chain, gearing,
etc.). F, now reflects environmental forces which are
external to the entire system (propelling force on the
rear wheel, water friction on the boat etc.). The
applicability of these equations is now discussed for a
number of lodomotor activitics.

S.2. Terrestrial locomotion

5.2.1. Running. In running, equations (12) and (13)
represent only a fraction of Py and are of little use
except in sprinting situations where a significant frac-
tion of P, is used to accelerate the body.

Equations (?) and (12), however, can be used to
achieve insight/into the order of magnitude of power lost
against environmental forces. As can be deduced from
Robertson and Winter (1980), a considerable amount
of power may be dissipated by deformations of foot
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and shoe. For deformations of the shoe, the same
conclusion was drawn by Webb et al. (1988) in a
calorimetric study where the power input P, was
compared with heat production. A considerabie
amount of power may also be associated with running
on loose sand or running on a treadmill the belt speed
of which is distinctly influenced by the runner. If the
speed fluctuations of the belt are small (e.g., < 5%), the
flow of energy to the treadmill can be neglected (Webb
et al, 1988) and no mechanical difference exists
between level and overground runaning (van Ingen
Schenau, 1980).

5.2.2. Cycling. In cycling, different applications of
equations (12) and (13) are possible. When applying
equation (12) to a segmental analysis of the lower
extremity, the measurement of direction and magni-
tude of the force applied on the feet by the pedal
(Soden and Adeyefa, 1979; Ericson et al., 1986) should
be included. A second (and relatively simple) approach
possible in cycling is to use such a force measurement
to calculate the power delivered to the pedal.

For the instantaneous power it should be noted that
in ergometer cycling (no air friction), the flow of energy
to the pedal should be equal to the summed joint
power minus the rate of change of segmental energy
[see equation (9)]. Recently this equality was valid-
ated by experimental data (van Ingen Schenau et al,, in
press). Applying cquation (13) to the entire system
(athlete and bicycle) will lead to a slightly lower result
since frictional losses in chain, gearing, etc. are not
accounted for. A few notes should be made concerning
this last application.

At first glance, the propelling force on the rear wheel
seems not to obey equation (4). Since its point of force
application is always at the same position relative to
the bicycle frame and thus seems to have the sume
velocity as the frame, it scems as if the propelling force
adds power to the system. This paradox however is
due to the unique property of a wheel, and can easily
be explained if it is realised that the velocity of the part
of the tire which is in contact with the road is always
zero (when slip does not occur). The particles of the
tire which are in contact with particles of the road
exert forces on each other with no relative velocity. A
wheel thus can be imagined as a centipede with an
infinite number of legs that consecutively push off
against a fixed point of the road (Fig. 4). The main
difference with running is that in contrast to running,
the process of lifting these legs from the ground and
bringing them to the next point of contact hardly
requires any power. Given the other environmental
forces, rolling and air resistance (Di Prampero et al.,
1979; Faria and Cavanagh, 1978; Raine, 1970;
Zatstorsky et al, 1982) a complete power equation
can be formulated for different situations (level,
uphill or downhill, with or without wind).

Though the frictional forces are described suffi-
ciently in the literature, a note should be made on the
influence of (side-) wind. In the case of a wind velocity
Av, which has a different direction from the velocity v
of the cyclist, one should first determine the magnitude
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Fig. 4. A wheei acts as a centipede with an infinite number of
legs that consecutively push off against a fixed point on the
road.

of the sum (v + Av) before the air friction force F,;, can
be determined [proportionai to (v+ Av)?]. The power
required to overcome air friction then equals F,, -v. A
calculation based on ‘components’ of air friction force
based on v and Av respectively will lead to wrong
results. If for example the wind Av is at right angles to v
(pure side-wind), the latter method will lead to a power
estimate which is equal to cycling with the same
VC!GCI(‘;’ in the absence of wind. The correct appludt-h
however will show that a side-wind always requires
more power.

5.2.3. Speed skating. In contrast to cycling where
one might speak of a ‘stepwise” displacement of the
point of appiication of the push-off force, the proper
gliding technique in speed skating requires a push-off
while the skate continues to glide forwards (Haase,
1953; Djatschkow, 1977; van Ingen Schenau et al,
1985; Boer et al., 1986). The solution of this paradox is
simple: it is essentially impossible for a forward gliding
system to exert any force on the underlying surface in
So

the direction opnosite to thic oliding directian
taC¢ GIreclion Oopposiic 1o inis gadaing Girecuion.

skaters can (and do) push off only in a plane which lies
at right angles to the gliding direction of the push off
skate (Fig. 5). This results in the typical ‘sine wave'-like
lmjcctory of the body center of gravity (see van Ingen
Schenau ei al., 1987 for furiher references). Though
essentially different from cycling, skating thus also
obeys equation (4), since the scalar product of force
and velocity of its point ol application is zero. The
nature of the frictional forces is described in the
referenced literature citations and is comparable to the
frictional forces in cycling.

5.3. Aquatic locomotion

Though the inclusion of power associated with the
propelling force might seem rather trivial in locomo-
tion where the push-off takes place against the entire

parth the cianificance of thic anneranch hacad
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equation (9) may become more convincing when ap-
plied to aquatic locomotion. The overwhelming
majority of power equations applied for analysis

/m@‘//
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- direction

he skate is gliding forwards durmo mmh off,
the propulsive force F, of a speed skater can only lie in a
plane which is at right angles to the gliding direction.

Fig 5. Since the skate

of human swimming show a summation of powers
associated with the opposing (frictional) forces (see
Toussaint et al, 1983; de Groot and van Ingen
Schenau, 1988, for references). We know, however,
from expericnce that during the strokes both in
qw:mmlno and rowing the mmh-nﬂ' force is d!cnhred

This means that thc power associated with this
push-off force should be accounted for according to
equation (9).

Since propulsion in water can only be achicved by
giving water momentum or ‘driving water backwards’
(Alexander, 1975) the water acquires kinetic energy as
a result of push-off. This phenomenon is well known
from studies of fish swimming (Webb, 1971, 1975;
Lighthill, 1975; Alexander and Goldspink, 1977). Even
in fish with relatively large surfaces which are invoived
in generating propulsion, this amount of ‘wasted
power’ (Alexander and Goldspink, 1977) is con-
siderable. Expressed as fraction of P, henceforth called
‘propelling efficiency e,’ (Alexander and Goldspink,
1977; Lighthill, 1975), values for (fast) fish swimming
are between 65 and 75% (Bone, 1975; Webb, 1975;

Vidalar and Hace 1084) The nower aceacintad with

Videler and Hess, 1984). The power associated with
generating propulsive forces in human swimming
would be relatively easy to determine if the limbs
would simply move in a backwards direction using the
drag on the limbs as the propulsive force. The pro-
peliing efficiency in such a iechnique, however, would
result in a waste of power of more than 50% of P, (de
Groot and van Ingen Schenau, 1988). Since the work
of Counsilman (1968), practitioners know that in
particular the hands should not follow such a short
trajectory, but they should make as many side and
upwards excursions as possible. Schleihauf (1979}, and
Schleihauf et al. (1983) showed that this technique is
associated not only with the need to push off against
water which was not previously accclerated
(Counsilman, 1968; Toussaint et al, 1983), but also
with the creation of lift forces such as those that occur
winac of hirde and hudenfaile (l =gkﬂnl| |0’7<

in of birds and in hydrofoils hehill, 1978

103 “llle-‘l
Alexander and Goldspink, 1977). The wasted power
associated with generating lift forces on the limbs is
considerably less than the power lost in generating
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drag forces (Lighthill, 1975; Alexander and Goldspink,
1977; de Groot and van Ingen Schenau, 1988). Liit,
however, cannot be generated without drag. Much
future research in human swimming must therefore be
focused on the relation between technique and e,. The
exact analysis of this propulsion mechanism is com-
plicated from a hydrodynamic point of view {sce
Cheng and Murillo, 1984, for a three-dimensional
analysis). But even an experimental arrangement ac-
cording to Schleihauf (1979) and Schleihauf et al.
(1983), who experimentally determined the lift and
drag forces on hand and arm, will not allow a simple
calculation of power. At first glance, one would tend to
take the scalar product of the resultant of both forces
and the velocity of the hand. This however would
ignore the so-called ‘induced power’, which is associ-
ated with the creation of lift forces (Alexander and
Goldspink, 1977, Tucker, 1975; Weis-Fogh, 1975).
One can envisage this effect by realising that the
hydrodynamics involved in creating lift are also re-
sponsible fora deviation of the relative velocity of the
water with reSpect to the hand in a direction opposite
to the direction of the lift force (Fig. 6). This means
that one cannot take the velocity of the hand relative
to the undisturbed water as the velocity of the point of
application of the resultant force on the water, Wardle
and Vidcler (1980) show four different approaches
which are used to model the hydrodynamic processes
involved in creating propulsion in fish swimming.
Apart from a few hypothetical examples (de Groot and
van Ingen Schenau, 1988) based on hydrofoil theories,
no studies have yet been performed which relate
technique to the wasted power or to e, in human
swimming, The first indirectly determined values for e,
in freestyle swimming are reported to be approxim-
ately 65% (Tbussaint et al., 1988).

There is considerable debate over the nature of
opposing forées in swimming. It has been suggested
that frictional forces (in swimming mostly referred to
as *drag’) expérienced by swimmers moving their arms
and legs may be different from the drag on a passively

For———_F
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Fig. 6. The prgpulsion force F, on the hand during swim-

ming is gcncr:ﬁed by moving the hand through the water

(relative velocity v, ). Depending on the shape of the hand and

the angle betwt‘n the hand and the direction of vy, this

relative flow does not only induce a drag force F but also a

lift force F. T;tsgcneralion of this lift force causes a change
of direction of the relative velocity of the water.

875

towed subject (¢.g., Di Prampero et al., 1974: Clarijs,
1978). Since movements may disturb a steady-state
motion of the water relative to the body, this sugges-
tion seems reasonable (Daniel, 1983, 1984). A number
of authors have used indirect methods to determine
this so called ‘active drag’ (Di Prampero et al., 1974
Pendergast et al., 1977; Rennie et al, 1975; Clarijs.
1978). In a more direct approach by measuring pro-
pulsive forces Schleihauf (1979), Schieihauf er al. (1983)
and Van der Vaart et al. (1987) found values which are
not significantly different from drag on passively
towed swimmers (see Van der Vaart et al. (1987) for
further discussion).

Sanderson and Martindale (1986) reported a value
of 75% for e, in rowing. Despite the absence of
significant lift forces in rowing, this value is still higher
than that calculated for swimming, probably because
of the larger surface area of the oar blades. As with
cycling, different parts of the overall system can be
modelled with a free body diagram using equation (9).
(12) or (13).

Taking the man-boat-oar system, only air friction
(small), drag, and propulsive forces determine P,. The
net power output P, of the rower can be measured
from the power input of the oar (Sanderson and
Martindale, 1986). One should take care, however,
with force measurements on the oarlock. Celentano et
al. (1974) used the force on the oarlock as the pro-
pulsive force of the boat. This force however is only an
external force if the boat (excluding man and oar) is
taken as a free body. In such an application, the force
from the seat and the forces on the foot stretcher
should be accounted for as well. Negiecting inertial
effects of the oar, the force on the oarlock may,
however, be used to calculate the power input to the
oar (Fukunaga et al,, 1986). It should be noted that,
particularly in rowing but essentially for all other
endurance sports 100, one¢ should not take the mean
drag force and the mean velocity of the boat (or
athlete) when calculating the power to water and air
friction. Instead, the time varying forces within the
cycle should be used to calculate cycle averaged
power, according to equation (13). The mean force and
velocity can lead to a significant underestimation of
the actual mean power (Nigg, 1983; Sanderson and
Martindale, 1986).

When comparing the examples presented of ter-
restrial and aquatic locomotion, it is clear that the
differences in friction may explain the differences in
speed which are achieved in exercises of comparable
duration (Di Prampero, 1986). Next to the (small)
differences in power input which are due mainly to a
difference in total muscle mass involved in producing
P,, the differences in speed in terrestrial locomotion
are mainly due to a difference in P, which is associ-
ated with the creation of propulsive forces.

In running, as well as in the classical diagonal stride
cross-country skiing, the push-off takes place against a
fixed point on the earth. This means that the athlete’s
speed cannot exceed the maximal horizontal compon-
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Fig. 7. External forces acting on a cyclist. Note that in the
reference frame used the system has potential energy which
depends on both coordinates.

ent of the velocity, which can be realised between the
body center of gravity and the sole of the foot
(Djatschkow, 1977). This velocity is, to a large extent,
dependent on the extension velocity of the joints of

tha lower axtramity. In cvelineg and eneed ckating the
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speed of the athlete is not constrained by the extension
velocity of the leg since the point of application of
the propelling force is displaced during a leg extension.
This phcnomcnon partly explains why competilive
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At the end of this discussion of the application of
power cquations, onc additional approach should be
considered. Imagine a system (such as a cyclist) which
moves uphill under the influence of a propulsive force
F, and is opposed by friction forces F, (Fig. 7). An
addmon.nl eguation for P can be deduced if the rate of
change of energy of the center of mass is calculated. In
the coordinate system indicated in Fig. 7, the poten-
tial energy can be expressed as E =mgsinx-x
+mgcosa-z, while the kinetic energy equals imp?

with m the mass of the system and v v its vﬂ|nr~|'v in the
x-direction, if the velocity in the z-direction is zero
(v,=0).

The time derivative of the total energy than equals:
dE/dt=mgsinzv, +mgcosav,+mv.a,

=mgsinav,+(F,—F—mgsina)v,

=F,v,—F,.
According to equation (9), the power is then:
P"=Fp'vp—F('VI+F‘UX-FrU‘.

In terrestrial locomotion, v,=0. The magnitude of
—Fe v, is Fyev,, since F, and v, have opposite
directions. Then

P,=F,v,.

This means that the instantaneous power which is
available to overcome friction and to increase the
energy of the center of mass can simply be calculated
from the propulsive force and the velocity of the mass
center of gravity, which may serve as an additional
tool in many annllc":nnne Note however that in
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aquatic locomotion this expression does not account
for ‘wasted’ power at push-off.

6. DEFINITIONS

Based on the foregoing deduction of an unambigu-
ous power equation, it is now possible to reconsider
the various definitions that are commonly used.

6.1. Power

As indicated in the Introduction, there are a number
of different definitions of power and efficiency in the
literature of human and animal locomotion. The same
power is expressed as internai by one author and
external by another. In particular in running and
walluno there is no concensus about these exnre«lnn:

(e.8. Cavagna and Kaneko, 1977, vs Wmler, 1978).
Most authors, however, use reasonable arguments for
their definitions. It does not seem possible to relate
external and internal power simply to the free body

dingrame which ara ncad in tha Aiffarant aanraachae
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Based on the free body diagrams for the rigid links
used by Aleshinsky (1986a) and by the present
authors, one might argue that all power comes from
sources external to these links. But a definition based
on such a number of different free body diagrams does
not hold as soon as the derived equations are added in
order to achieve the power equation for the entire
athlete. Following the arguments of Winter (1979),
only the sccond expression on the right-hand side of
equation (9) deserves the designation of external po-
wer. The first expression should be defined as internal
definition would be (‘Incp!v

power. Though such a
conm.cted to the environmental (external) forces, it
would change as soon as one replaces the rate of
change of potential energy by the work done by

gravity. The same is true for kinetic energy, which can
|-u\ rnn| acad ku lllﬂ"l da

cpaacea fX 4ond 0y
So it can be concluded that there are no decisive
arguments against a definition of external power
according to equation (9) if one intends to couple the
expressions ‘internal’ and ‘external’ to a well-defined
free body. It should further be noted that Winier's
definition can lead to situations where the system does
positive external work on the environment without
simultaneous muscle actions. A cyclist who, for exam-
ple, passively descends a hill, would deliver external
work (against friction), and negative internai work.
Though both work expressions would cancel out in
Winter's proposed expression for total mechanical
work (Winter, 1979), the same zero work output can
be achieved by a more straightforward approach using
equation (9), (12) or (13). As aiready discussed above,
the summed joint power is the power which is most
closely related to muscle power, So it is proposed here
to define this power as external power. All power P,
— P, is then internal power. This, at least, is an
unambiguous definition which fits the majority of
previous definitions for activities other than walking
and running. Note, however, that this power depends

one by (externall incrtial forces
LEXISINGL; INCTrUd: 1orCes.
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upon the chosen free body which at least includes the
athlete but which may also be extended to the athlete
and his equipment (bicycle, boat, skate, ski, etc.) using
equation (13).

The majority of the mechanical power as calculated
using different methods for level running and walking
is thus part of the internal power. The best expression
to use here is probably ‘mechanical power’. Other
expressions which are unambiguously defined in the
literature and. which are already used in this paper
concern (Fig. 1):

(1) power input or metabolic power P;;

(2) power output P, or muscle power;

(3) maintenance power P

(4) conservative power P;

(5) non-conservative power P, (e.g., Tucker, 1975).

Note that P, can be part of both external and
internal power, while P, is always part of the internal
power. Other definitions which are recommended
concern basically swimming:

(6) wasted power (e.g., Alexander and Goldspink,
1977) P, (k: kinetic energy given to the water). This is
all power associated with F,;

(7) induced power (e.g., Lighthill, 1975), the power
associated with lift forces in the generation of F, (part
of the wasted power),

(8) profile power (Tucker, 1975; Wcis-Fogh, 1975),
the power associated with drag forces in the genera-
tion of F, (also part of the wasted power);

(9) parasitic power (Tucker, 1975; Weis-Fogh,
1975), the power associated with Fy, the opposing
frictional forces. This definition is also recommended
for terrestrial locomotion.

6.2. Efficiency

The many different definitions of efficiency that can
be found in the literature are, on the one hand,
associated with the different types of mechanical
power and, on the other hand, with different estimates
of metabolic power input. Again, there has been much
discussion concerning the various definitions (e.g.,
Whipp and Wasserman, 1969; Donovan and Brooks,
1977; Stainsby et al., 1980; Fish, 1984; Cavanagh and
Kram, 1985a,b) and reasonable concensus has emer-
ged concerning some of them. This is especially true
for muscle efficiency e,, which is defined as the
product of the phosphorylative coupling efficiency
and the contraction coupling efficiency. This muscle
efficiency e, =P,/(P,—P,) (see Fig. 1) reflects the
efficiency of the.contractile machinery and is estimated
not to exceed the e, =30% (Astrand and Rodahl,
1977). This estimation is based on thermodynamical
considerations (Stainsby et al., 1980; Astrand and
Rodahl, 1977). In contrast to measurements of effici-
ency on the level of total body movements, efficiency
data on isolated muscles or muscle fibers are relatively
scarce. Such data, however, are important, since
clearly the efficiency of total body movements has to
be lower than the efficiency measured on the level of
the contractile machinery.
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For various animal muscles, experiments on iso-
lated muscles show cfficiencies from 14 to 40% (Gibbs
and Gibson, 1972; Wendt and Gibbs, 1973; Heglund
and Cavagna, 1987; de Haan er al., 1989).

However, the highest values are obtained by oaly
accounting for the positive work done in the concen-
tric phase of muscle action (e.g., Heglund and Cav-
agna, 1987). It should be noted that one might
even find efficiencies up to 100% or higher if only
positive work is taken into account. Imagine for
example that the contractile element acts as a force
generator (without detachment of cross-bridges) in a
‘stretch—shortening cycle’ of a muscle tendon complex
with short muscle fibers and a long compliant tendon.
In such actions the positive work (from re-utilisation
of elastic energy) can be considerable with little meta-
bolic cost. If, however, the efficiency is measuced on
the level of the contractile elements, the (actual) muscle
efficiency seems not to exceed the 25% in actions
starting from an isometric state as well as in
stretch-shortening cycles (de Haan et al., 1989).

For negative work one can also speak about effi-
ciency, but it should be noted that here this expression
has a totally different meaning. At the level of con-
tractile machinery, an eccentric muscle action simply
acts as a brake (Stainsby et al, 1980) converting
mechanical work into heat. This means that the
expression cfficicncy now provides a measure for the
cost to control the brake. It has even been suggested
that during eccentric muscle actions, the cross-bridges
can attach and develop tension without metabolic
costs (Curtin and Davies, 1974), the costs of an
eccentric action being mainly due to the process of
muscle activation. The magnitude of this efficiency of
negative work will (at equal metabolic costs for the
activation process) be strongly dependent on the force
level and range of lengthening of the coatractile
element, and can of course in principle be considerably
larger than 100%.

It should be emphasized that one cannot relate
phases of negative summed joint work to this negative
muscle work and to the efficiency of negative work.
Particularly during locomotion, much of this negative
joint work will be stored as elastic energy in the serics
elastic elements of the muscles, and re-utilised as
positive work.

At the level of separate joints one can also expect
that negative work at one joint appears as positive
work in another joint through actions of bi-articular
muscles (van Ingen Schenau, 1989).

6.3. Gross efficiency

Expressed in terms of power components as pro-
posed in this paper, this widely used expression may
unambiguously be defined as

eg=P./ P,

The quotients between other possible measures for
power discussed above and power input P; might be
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defined by a more trivial expression

ency’, indicating that this efficiency is not assomated
with an explicitely defined free body (as can be done
with contractile ¢lement(s) or the entire athlete).
Clearly, the gross efficiency will always be lower
than the muscle efficiency discussed above. In this
tespect it should be realized that, particulary in not-

hiohlv.trainad subiects ane can expect a contribution
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of anaerobic power already at relatively low levels of
exercise, which is not accounted for in the denom-
inator if P, is estimated on the basis of oxygen
consumption. This leads to an underestimation of P,
and an overestimation of the gross efficiency.

6.4. Baseline subtractions

It is obvious that the gross efficiency will always be
{much) smaller than e,,. Values reported in the liter-
ature are about 22-23% for cycling (Pugh, 1974;
Steinacker et al., 1984), 17-19% for rowing(Steinackcr
et ul, 1704 ruxunaga €l ul', 1786) 21% for Tross-
country skiing (Niinimaa et al., 1978) and 19-21% for
speed skating (de Groot et al., 1988). For human
swimming, much lower values are reported (e.g., Craig
et al, 1985; 6-8%). These values however do not
include the wasted power P,. If the total power P, is
accounted for, one may expect a gross efficiency in

tmming cln tn ar avan hiochar than tha vnliiee af
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about 15% as reported for armcranking (Powers et al.,
1984).

Given the differences in the involvement of muscle
mass in generating P,, in maintenance power P, and
given the iarge diffcrences in P,, which may exist
between the different movements, these variations in
reported gross efficiency can be understood. Part of
thc variations will also be due to differences in e, as a
result of differences in, e.g., the force and velocity
patterns of the contractile elements, Though the num-
ber of unknown variables is far in excess over the
number of equanoﬁs which can be deduced uy
measuring P, at rest, in unloaded movements (P, =0)
and in different loaded movements (P.>0), many
physiologists still perform questionable attempts to
identify e, from measurements of P, and P, in gross
body movements. These attempts are known in the
literature as base-line subtractions (e.g., Gaesser and

Brooks, 1975; Donovan and Brooks, 1977). The idea is

that, e.g., the power input in unloaded cycling equals
all power except the power input necessary to produce
P, in loaded cycling. So by subtracting P; in unloaded
cycling from the power input in cycling at an external
power P,, one attempts to deduce a measure for
muscle efficiency.

Many arguments can be and are formulated against
these approachcs (¢.g., Stainsby et al., 1980; Cavanagh
and Kram, 1985a). The main argument is that it is
unlikely to be true that the maintenance power would
be independent of the workload. Moreover the so-

called work or apparent efficiencies [=P,/{ P, 1oaded

— P, uolengea)] and deita efficiencies (=AP,/AP;)
(Gaesser and Brooks, 1975) lead to values which are
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maximal muscle efficiency (see Asmussen and Bonde
Petersen, 1974; Pugh, 1971; Zacks, 1973). Since the
examples concern efficiencies of external power, these
discrepancies cannot be explained by internal storage
and re-utilisation of the elastic energy of muscies and

tendons.
There appears to he enouch evidence to comnletely
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reject the validity of any base-line subtraction. There is
only one unambiguous definition possible for gross
body movements at the present state of knowledge:
the gross efficiency. This is the only quotient which is
based on valid, well defined powers.

6.5. Economy

As argued by Cavanagh and Kram (1985a);
Morgan (1985); Williams (1985) and Daniels (1985),
the concept of gross efficiency or a mechanical effici-
ency is of little use in the study of the mechanics and
cner gcu\.a of wau\ii‘lg and l‘iii‘u‘lii‘lg {the gross CI“I‘I\-ICIID]
is close to zero in level walking and running). There-
fore these authors advocate the application of ‘eco-
nomy’ defined for a particular activity (e.g.. 2 certain
speed) as the rate of submaximal oxygen uptake cither
in absolute units or relative to body weight
{ml kg™ ! min~'). While this allows both different ac-

tivities {ennh as ||r\h|" rnnnnnn\ and different indi-

viduals performmg the same actlvuy to be compared,
it can not make any statement with respect to eftici-
ency. One individual may be less economical than
another, but may actually be more efficient because he
is actuaiiy performing considerabiy more work. Fow-
ever, economy is a fairly unambiguous concept which
might be applied for other types of locomoation as well.

Note however that this expression is also used in
muscle mechanics to represent the force-time integral
divided by energy input over the integration time,
mostly applied in isometric conditions (Goldspink,

The literature reviewed here exhibits a considerable
diversity in the approach to the formulation of a
power equation for endurance activities. The method
that we have suggested can be seen as somewhat of a
bridge between the energy approach of Winter and his
associates (Winter, 1979, 1983; Robertson and Winter,
1980) and the theoretical approach ol Aleshinsky
(1986a-¢). The former method involves assumptions
concerning energy exchange while the latter approach,
although computationally rigorous, is fairly complex
in form and lacks annlngat_!gn to sngclﬁg activities. The
application of the present approach to a number of
terrestrial and aquatic activities indicates the utility of
the method. It should be realized that there is unlikely,
in the near future, to be an entirely satisfactory

calutinn ta tha menhlam afl aawar At nnt cnloulatian in
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locomotor activities, since a number of intrinsic fac-
tors remain difficult to quantify. It is, however, hoped



Survey Article

that the clarification of certain concepts related to
force, power, efficiency and economy during move-
ment presented in this review will assist in the further
development of this sometimes ambiguous field of
study.

Acknowledgements—The comments and suggestions of the
members of the research group ‘Cyclic movements’ of
the faculty of Human Movement Sciences are gratefully
acknowledged.

REFERENCES

Aleshinsky. S. Y. (1986a) An energy ‘sources’ and ‘fraction’
approach to ithe mechanical energy expenditure prob-
lem-—1. Basic concepts, descriptions of the model, analysis
of a one-link system movement. J. Biomechanics 19,
287-293.

Aleshinsky, S. Y. (1986b) An energy ‘sources’ and ‘fractions’
approach to the mechanical energy expenditure prob-

lem—-ll Movement of the multi-link chain model. J.
4NE 1NN

DlU"lE(,’lu"“.S ‘l‘,“ LTIV,

Aleshinsky, S. Y. (1986¢) An energy ‘sources’ and ‘fractions’
approach to the mechanical energy expenditure prob-
tem—II1. Mcqhnmcal energy expenditure reduction dur-
ing one link motion. J. Biomechanics 19, 301-306.

Aleshinsky, S. Y. (1986d) An energy ‘sources’ and ‘fractions’
approach to the mechanical encrgy expenditure prob-
lem—IV. Cndlcnm of the concept of ‘energy transfers
within and between links”. J. Biomechanics 19, 307-309.

Alcshinsky, S. Y, (1986¢) An energy ‘sources’ and ‘fractions’
approach to the mecchanical energy expenditurc prob-
lem —V. The mechanical energy expenditure deduction
during motion of the multi-link system. J. Biomechanics
19, 311-315.

Alexander, R. McN. (1975) Biomechanics. Chapman and
Hall, London.

Alexander, R. McN. (1980) The mechanics of walking. In
Aspects of Animal Movement (Edited by Elder, H. Y. and
Trueman, E. R.), pp. 221-234. Cambridge University Press,
Cambridge.

Alexander, R. McN. and Bennet-Clark, H. C. (1977) Storage
of elastic strain encrgy in muscle and other tissues. Nature
265, 114-117.

Alexander, R. M¢N. and Goldspink, G. (1977) Mechanics and
Energetics of Animal Locomotion. Chapman and Hall,
London.

Asmussen, E. and Bonde Petersen, F. (1974) Apparent effi-
ciency and stgrage of clastic energy in human muscles
during exercise. Acta physiol. scand. 29, 537-545.

Astrand, P. O. and Rodahl, K. (1977) Textbook of Work
Physiology. McGraw-Hill, New York.

Bobbert, M. F. pnd Ingen Schenau, G. J. van (1988) Co-
ordination in' vertical jumping. J. Biomechanics 21,
249-262.

Bobbert, M. F., Huijing, P. A. and Ingen Schenay, G. J. van
{1986) An estiiation of power output and work donc by
human triceps surae muscle-tendon complex in jumping.
J. Biomechanics 11, 899-906.

Boer, R. W. de, Ettema, G. J., Gorkum, H. van, Groot, G. de
and Ingen Schenau, G. J. van (1988) A geometrical model
of speed skating the curves. J. Biomechanics 21, 445-450.

Boer, R. W. de, Schermerhorn, P., Gademan, J., Groot, G. de
and Ingen Schenau, G. J. van (1986) Characteristics in
stroke mechanics of clite and trained skaters. Int. J. Sport
Biomech. 2, 175-186.

Bone, Q. (1975); Muscular and energetic aspects of fish
swimming. In Swimming and Flying in Nature (Edited by
Wu, T. Y. T., Brokaw, C. J. and Brennen, C.), Vol. 2,
pp. 493-528. Plenum Press, New York.

879

Cavagna, G. A. and Kaneko, M. (1977) Mechanical work and
efficiency in level walking and running. J. Physiol. 268,
467-481.

Cavagna, G. A,, Dusman, B. and Margaria, R. (1968) Positive
work done by a previously stretched muscle. J. appl.
Physiol. 24, 21-32.

Cavagna, G. A., Mazzanti, M., Heglund, N. C. and Citterio,
C. (1985) Storage and release of mechanical energy by
active muscle: a non-elastic mechanism? J. exp. Biol. 118,
79-87.

Cavagna, G. A, Thijs, H. and Zamboni, A. (1976) The sources
of external work in level walking and running. J. Physiol.
262, 639-657.

Cavanagh, P. R. and Kram, R. (1985a) The efficiency of
human movement—a statement of a problem. Med. Sci.
Sports Exercise 17, 304-308.

Cavanagh, P. R. and Kram, R. (1985b) Mechanical and
muscular factors affecting the efficiency of human move-
ment. Med. Sci. Sports Exercise 17, 326-331.

Celentano, F., Cortili, G., Di Prampero, P. E. and Cerretelli,
P. (1974) Mechanical aspects of rowing. J. appl. Physiol. 36,
642-647.

Charbonnier, J. P., Lacour, J. R., Riffat, J. and Flandrois, R.
(1975) Expcnmcntal study of the performance of com-

petition swimmers. Eur. J. appl. Physiol. 34, 157-167.

Cheng. H. K. and Murillo, L. E. (1984) Lunate-tail swimming
propulsion as a problem of curved lifting linc in unsteady
flow. Part |. A symptotic theory. J. Fluid Mech. 143,
327-350.

Clarijs, J. P. (1978) Relationship of human body form to
passive and active hydrodynamic drag. Biomechanics
VI-B. In International series on Biomechanics (Edited by
Asmussen, E. and Jorgensen, K.), Yol. 2B, pp. 120-125.
University Park Press, Baltimore.

Counsilman, J. E. (1968) The Science of Swimming.Ptentice-
Hall, Englewood Cliffs, New Jerscy.

Craig, A. B, Skchan, P. L., Pawelczyk, J. A. and Boomer, W.
L. (1985). Velocity stroke rate and distance per stroke
during clite swimming compctition. Med. Sci. Sports Ex-
ercise 17, 625-634.

Curtin, N. A. and Davies, R. E. (1974) Very high tension with
very little ATP breakdown by active skeletal muscle. J.
Mechanochem. Cell Mobility 3, 147-154.

Daniel, T. L. (1983) Mechanics and energetics of medusan jet
propulsion. Can. J. Zool. 61, 1406-1420.

Daniel, T. L. (1984) Unsteady aspects of aquatic Jocomotion.
Am. Zool. 24, 121134,

Daniels, J. T. (1985) A physiologist's view of running eco-
nomy. Med. Sci. Sports Exercise 17, 332-338,

Di Prampero, P. E. (1986) The cnergy cost of human
locomotion on land and in water. Int. J. Sports Med. 7,
55-72.

Di Prampero, P. E., Cortilli, G., Celentano, F. and Saibene, F.
(1971) Physiological aspects of rowing. J. appl. Physiol. 31,
853-857.

Di Prampero, P. E., Cortilli, G., Mognoni, P. and Saibenc, F.
(1976) Energy cost of speed skating and efficiency of work
against air resistance. J. appl. Physiol. 40, 584-591.

Di Prampero, P. E., Cortilli, G., Mognoni, P. and Saibene, F.
(1979) Equation of motion of a cyclist. J. appl. Physiol. 47,
201-206.

Di Prampero, P. E., Mognoni, D. and Saibenc, F. (1979)
Internal power in cycling. Experientia 35, 925.

Di Prampero, P. E., Pendergast, D. R., Wilson, D. W, and
Rennie, D. W. (1974) Energetics of swimming man. J. appl.
Physiol. 37, 1-5.

Djatschkow, W. M. (1977) Die Steuerung und Optiemierung
des Trainungsprozesses, pp. 271-59. Sportverlag, Bertlin.
Donovan, C. M. and Brooks. C. A. (1977) Muscular efficicncy
during steady-rate exercise {1. Effects of walking speed and

work rate. J. appl. Physiol. 43, 431-439.

Elftman, H. (1939a) Forces and energy changes in the leg

during walking. Am. J. Physiol. 125, 339-356.



880

Elftman, H. (1939b) The function of muscles in locomotion.
Am. J. Physiol. 125, 357-366.

Ericson, M. G., Bratt, A., Nisell, R., Arborelius, N. P. and
Ekblom,-J. (1986) Power output and work in different
muscle groups during ergometer cycling. Eur. J. appl.
Physiol. 88, 229-235.

Faria, 1. E. and Cavanagh, P. R. (1978) The Physiology and
Biomechanics of Cycling. Wiley, New York.

Farrell, P. A., Wilmore, J. H., Coyle, E. F,, Billing, J. E. and
Costill, D. L. (1979) Plasma lactate accumulation and
distance running performance. Med. Sci. Sports 11,
338-344.

Fenn, W. Q. (1930a) Frictional and kinetic factors in the
work of sprint running. Am. J. Physiol. 92, 583-611.

Fenn, W. O. (1930b) Work against gravity and work
due to velocity changes in running. Am. J. Physiol. 93,
433-462.

Fish, F. E. (1984) Mechanics, power output and efficiency of
the swimming muskrat (Ondatra zibethicus). J. exp. Biol.
110, 183-201.

Fukunaga. T., Matsuo, A. and ichikawa, M. {1981) Mechan-
ical energy output and joint movements in sprint running.
Ergonomics 24, 765-772.

Fukunaga, T.. Matsuo, A., Yamamoto, K. and Asami, T.
(1986) Mcchanical efficiency in rowing. Eur. J. appl. Phys-
iol. 85, 471-475.

Gacesser, G. A. and Brooks, G. A. (1975) Muscular efficiency
during steady rate exercise: effects of speed and work rate.
J. appl. Physiol. 38, 1132-1139,

Gibbs, C. L. and Gibson, W. R. (1972) Energy production of
rat solcus muscle. Am. J. Physiol. 223, 864-871.

Goldspink, G. (1978) Encrgy turnover during contraction of
different types of muscle. Biomechanics VI-A. In Inter-
national series on Biomechanics (Edited by Asmussen, E.
and Jorgensen, K.), Vol. 2A, pp. 27-39. University Park
Press, Baltimore.

Gregoire, L., Veeger, H. E., Huijing, P. A, and Ingen Schenau,
G. J. van (1984) The role of mono- and bi-articular muscles
in cxplosive movements. Int. J. Sports Med. 5, 301-305.

Groot, G. de and Ingen Schenauy, G. J. van (1988) Funda-
mental mechanics applied to swimming. In Swimming
science V (Edited by Ungerechts, B. E.,, Wilke, K. and
Reischle, K.}, pp. 17-29, Human Kinetics, Champaign, 111,

Groot, G. de, Hollander, A. P, Sargeant, A. J, Ingen
Schenau, G. J. van and Boer, R. W. de (1988) Applied
physiology of speed skating. J. Sport Sci. 5, 249-259.

Haan, A. de, Ingen Schenau, G. J. van, Ettema, G. J., Huying,
P. A., and Lodder, M. A. N. (1989) Efficiency of rat medial
gastrocnemius muscle in contractions with and without an
active prestretch. J. exp. Biol. 141, 327-341,

Haase, H. (1953) Zur Entwicklung des Eisschnellaufes, Un-
sere Laufer lernen von sowjetischen Freunden, [—Teil.
Theorie Prax. Korperkultur 12, 6-19.

Hatze, H. (1977) A complete set of control equations for the
human musculo-skeletal system, J. Biomechariics 10,
799-805.

Hatze, H. (1978) A general myocybernetic control model of
skeletal muscle. Biol. Cybernetics 28, 143-157.

Heglund, N. C. and Cavagna, G. A. (1987) Mechanical work,
oxygen consumption and efficiency in isolated frog and rat
muscle. Am. J. Physiol. 283, C22-C29.

Hill, A. V., (1938) The heat shortening and the dynamic
constants of muscle. Proc. R. Soc. 126, 136-195.

Holf, A. L., Geelen, B. A. and Berg, Jw. van den (1983) Calf
muscle moment. work and efficiency in level walking; role
of serics clasticity. Biomechanics 18, 523-537.

Holmer, 1. (1974) Propulsive efficicncy of breast stroke and
freestyle swimming. Eur. J. appl. Physiol. 33, 95-103.

Holmer, 1. (1978) Time rclations: running, swimming and
skating performance. In Swimming Medicine 1V. Inter-
national Series on Sport Science (Edited by Eriksson, B. and
Furberg, B.), Vol. 6, pp. 361-366. University Park Press,
Baltimore.

Survey Article

Huxley, A. F. (1957) Muscle structure and theories of con-
traction. Prog. Biophys. Chem. 7, 255-318.

Ingen Schenau, G. J. van (1980) Some fundamental charac-
teristics of the biomechanics of overground versus tread-
mill walking. Med. Sci. Sports Exercise 12, 257-261.

Ingen Schenau, G. J. van (1982) The influence of air [riction in
speed skating. J. Biomechanics 15, 449-458.

Ingen Schenau, G. J. van (1984) An alternative view to the
concept of utilisation of elastic energy. Hum. Mvmt. Sci. 3,
301-336.

Ingen Schenau, G. J. van (1988) Cycle power: a predictive
model. Endeavour 12, 44-47.

Ingen Schenau, G. J. van (1989) From rotation to translation:
constraints on multi-joint movements and the unique
action of bi-articular muscles. Hum. Mvmt Sci. 8, 301-337.

Ingen Schenau, G. J. van and Hollander, A. P. (1987)
Comment on ‘A mathematical theory of running’ and the
application of this theory. J. Biomechanics 20, 91-95.

Ingen Schenau, G. J. van, Bobbert, M. F. and Rozendal, R. H.
{1987} The unique action of bi-articular muscles in com-
plex 1..ovements. J. Anat. 158, 1-5.

Ingen Schenau, G. J. van, Boer, R. W. de and Groot, G. de
(1987) On the technique of speed skating. Int. J. Sport
Biomech. 3, 419-431.

Ingen Schenau, G. J. van, Groot, G. de and Boer, R. W. de
(1985) The control of speed in elite female speed skaters.
J. Biomechanics 18, 91-96.

Jaric, S., Gavrilovic, P. and Ivancevic, V. (1985) Effects of
previous muscle contractions on cyclic movement dynam-
ics. Eur. J. appl. Physiol. 54, 216-221,

Kyle, C. R. (1979) Reduction of wind resistance and power
output of racing cyclists and runners travelling in groups.
Ergonomics 22, 387-397.

Lighthill, J. (1975) Mathematical Body Fluid Dynamics. So-
cicty for Industrial and Applicd mathematics, Philadcl-
phia.

Meriam, J. L. (1975) Statics. Wiley, New York.

Miller, D. 1. (1979) Modelling in biomechanics: an overview.
Med. Sci. Sports 18, 115-122,

Morgan, D. L. {1977) Scparation of active and passive
components of short range stiffness of muscle. Am. J.
Physiol. 232, 45-49,

Morgan, W. P. (1985) Psychogenic factors and exercise
metabolism: a review. Med. Sci. Sports Exercise 17,
309-316.

Morgan, D. L., Proske, U. and Warren, D. (1978) Measure-
ments of muscle stiffness and the mechanism of elastic
storage of energy in hopping kanguroos. J. Physiol. 282,
253-261.

Morton, R. H. (1985) Comment on ‘A model for the calcu-
lation of mechanical power during distance running’. J.
Biomechanics 18, 161-162.

Morton, R. H. (1986} A three component model of human
bio-cnergetics. J. math. Biol. 24, 451-466,

Nigg. B. M. (1983) Selected methodology in biomechanics
with respect to swimming. In Biomechanics and Medicine in
Swimming (Edited by Hollander, A. P., Huijing, P. A. and
Groot, G. de). Human Kinetics, Champaign, 1il.

Niinimaa, V., Dyon, M. and Shephard, R. J. {1978) Perform-
ance and efficiency of intercollegiate cross-country skiers.
Med. Sci. Sports 10, 91-93.

Norman, R. W. and Komi, P. V. (1987) Mechanical energetics
of world class cross-country skiing. Int. J. Sport Biomech.
3, 353-369.

Norman, R. W., Sharratt, M., Pezzack. J. and Noble, E.
(1976) A re-examination of the mechanical efficiency of
horizontal treadmill running. In Biomechanics V-B (Edited
by Komi, P. V., pp. 87-93. University Park Press,
Baltimore.

Pendcrgast, D. R., Di Prampero, P. E., Craig, A. B. Jr,
Wilson, D. R, and Rennie, D. W. (1977) Quantitative
analysis of the front crawl in men and women,. J. appl.
Physiol. 43, 475-479,



Survey Article 881

Pierrynowski, M. R., Norman, R. W.and Winter, D. A. (1981)
Mechanical energy analysis of the human during load
carriage on a treadmill. Ergonomics 24, 1-14.

Powers, S. K., Beadle, R. E. and Magnum, M. (1984) Exercise
efficiency during arm ergometry: effects of speed and work
rate. J. appl. Physiol. 56, 495-499.

Pugh, L. G. C. E. (1971) The influence of wind resistance in
running and walking and the mechanical efficiency of work
against horizontal or vertical forces. J. Physiol. 213,
255-276.

Pugh, L. G. C. E. (1974) The relation of oxygen intake and
speed in competition cycling and comparative observa-
tions on the bicycle ergometer. J. Physiol. 241, 795-808.

Quanbury, A. O., Winter, D. A. and Reimer, G. D. (1975)
Instantaneous power and powerflow in body segments
during walking. J. Hum. Mvmt. Stud. 1, 59-67.

Raine, A. E. (1970). Aerodynamics of skiing. Sci. J. 6, 26-30.

Rennie, D. W., Pendergast, D. R. and Di Prampero, P. E.
(1975) Energetics of swimming in man. In Swimming 111,
International Series on Sport Sciences (Edited by Clarijs, P.
and Lewillie, L.), Vol. 2, pp. 97~104. University Park Press,
Baltimore.

Robertson, G. D. and Winter, D. A. (1980) Mechanical
energy generation, absorbtion and transfer amongst seg-
ments during walking. J. Biomechanics 13, 845-854.

Sanderson, B. and Martindale, W. (1986) Towards optimi-
zing rowing technique. Med. Sci. Sports Exercise 18,
454-468.

Schileihauf; R. E. (1979) A hydrodynamic analysis of swim-
ming propulsion. In Swimming 111. International Series on
Sport Sciences (Edited by Terands, J. and Bedingficld, E.
W), Vol. 8, pp. 70-109. University Park Press, Baltimore.

Schicihauf, R. E., Gray, L. and De Rose, J. (1983) Three-
dimensional analysis of hand propulsion in the sprint front
crawl stroke. In Biomechanics and Medicine in swimming
(Edited by Hollander, A, P., Huijing, P. A. and Groot, G.
de), pp. 173-183. Human Kinctics, Champaign, Ill.

Sodcen, P. D. and Adeyefa, B. A. (1979) Forces applied to a
bicycle during normal cycling. J. Biomechanics 12,
527-541.

Stainsby, W. N., Gladden, L. B., Barclay, J. K. and Wilson, B.
A. (1980) Exercise efficiency: validity of basc-line sub-
tractions. J. appl. Physiol. 48, 518-522.

Steinacker, J. M., Marx, T. R. and Marx, U. (1984) The
oxygen consumption and work efficiency for rowing. [nt. J.
Sports Med. 5, 287-288.

Tesch, P, Pichl, K., Wilson, G. and Karlsson, J. (1976)
Physiological investigations of Swedish elite canoe com-
petitors. Med. Sci. Sports 8, 214-218.

Toussaint, H. M;, Beelen, A., Rodenburg, A., Sargeant, A.,
Grool, G. de, Hollander, A. P. and Ingen Schenau, G. J.
van (1988) Efficiency of swimming man. J. appl. Physiol.
65, 2506-2512.

Toussaint, H. W, Helm, F. C. T. van der, Elzerman, J. R,,
Hollander, A. P., Groot, G. de and Ingen Schenau, G. J.
van (1983) A power balance applied to swimming.
In Biomechanics and Medicine in swimming (Edited
by Hollander, A. P, Huijing, P. A. and Groot, G. de),
pp. 165-172. Human Kinetics Champaign, lil.

Tucker, V. A. (1975) Aerodynamics and energetics of vertcbr-
ate fliers. In Swimming and Flying in Nature (Edited by Wu,
T. Y. T, Brokaw, C. J. and Brennen, C.), pp. 845-867.
Plenum Press, New York.

Vander Vaart, A.J. M., Savelberg, H. H.C. M., Groot, G. de,
Hollandcr, A. P. and Ingen Schenau, G. J. van (1987) A
quantification of active drag in front crawl swimming.
J. Biomechanics 20, 543-546.

Videler, J. J. and Hess, F. (1984) Fast continuous swimming
of two pelagic: predators, saithe (Pollachius virens) and
mackarel (Scomiber scombrus): a kinematic analysis. J. exp.
Biol. 109, 209-228.

-0

Walmsley, B. and Proske, U. (1981) Comparison of stiffness
of soleus and medial gastrocnemius muscles in cats. J.
Neurophysiol. 46, 250-259.

Ward-Smith, A. J. (1985a) A mathematical theory of running
based on the first law of thermodynamics and its applica-
tion to the performance of world-class athletes. J. Bio-
mechanics 18, 337-350.

Ward-Smith, A. J. (1985b) A mathematical analysis of the
influence of adverse and favourable winds on sprinting.
J. Biomechanics 18, 351-358.

Wardle, C. S. and Videler, J. J. (1980) Fish Swimming. In
Aspects of Animal Movement (Edited by Elder, H. Y. and
Trueman, E. R.), pp. 125-150. Cambridge University Press,
Cambridge.

Webb, P. W. (1971) The swimming energetics of trout II.
Oxygen consumption and swimming efficiency. J. exp.
Biol. 58, 521-540.

Webb, P. W. (1975) Efficiency of pectoral-fin propulsion of
cymatogaster aggregata. In Swimming and Flying in Nature
(Edited by Wu, T. Y. T., Brokaw, C. J. and Brennen, C.),
pp. 573-584. Plenum Press, New York.

Webb, P. Saris, W. H. M., Schoffelen, P. F. M., Ingen
Schenau, G. J. van and Hoor, F. ten (1988) The work in
walking: a calorimetric study. Med. Sci Sports Exercise 20,
331-337.

Weis-Fogh, T. (1975) Flapping flight and power in birds and
insects, conventional and novel mechanisms. In Swimming
and Flying in Nature (Edited by Wu, T. Y. T., Brokaw, C. J.
and Brennen, C.). Plenum Press, New York.

Wendt, I. R. and Gibbs, C. L. (1973) Energy production of rat
cxtensor digitorum longus muscle. Am. J. Physiol. 224,
1081-1086.

Whipp, B. J. and Wasserman, K. {1969) Efficicncy of muscu-
lar work. J. appl. Physiol. 26, 644-648.

Whiting, W. C.. Gregor, R. J., Roy, R. R. and Edgerton, V. R.
(1984) A technique for estimating mechanical work of
individual muscles in the cat during treadmill locomotion.
J. Biomechanics 17, 685-694.

Williams, K. R. (1985) The relationship between mechanical
and physiological energy estimates. Med. Sci. Sports Ex-
ercise 17, 317-325.

Williams, K. R. and Cavanagh, P. R. (1983} A model for the
calculation of mechanical power during distance running.
J. Biomechanics 26, 115-128.

Winter, D. A. (1978) Calculation and interpretation of mech-
anical energy of movement. Exercise Sport Sci. Rev. 6,
183-201.

Winter, D. A. (1979) A new definition of mechanical work
done in human movement. J. appl. Physiol. 46, 79-83.
Winter, D. A. (1983) Moments of force and mechanical power

in jogging. J. Biomechanics 16, 91-97.

Winter, D. A. and Robertson, D. G. E. (1978) Joint torque
and energy patterns in normal gait. Biol. Cybernetics 29,
137-142.

Woledge. R. C. (1971) Heat production and chemical change
in muscle. Progr. Biophys. molec. Biol. 22, 37-74.

Zacks, R. M. (1973) The mechanical cfficiencies of running
and bicycling against a horizontal impeding force. Int. Z.
angew. Physiol. 31, 249-258.

Zahalak, G. 1. (1981) A distribution moment approximation
for kinetic theories of muscular contraction. Mathl Biosci.
55, 89-114.

Zahalak, G. 1. (1986) A comparison of the mechanical
behavior of the cat solcus muscle with a distribution
moment model. J. biomech. Engng 108, 131-140.

Zarrugh, M. Y. (1981) Power requirements and mechanical
efficiency of treadmill walking. J. Biomechanics 14,
157-165.

Zatsiorsky, V. M., Aleshinsky. S. Y. and Yakuniu, N. A.
(1982) Biomechanical basis of endurance. In Physical
Culture and Sport. Moscow (in Russian).



