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Abstract

A phenomenological model for muscle energy consumption was developed and used in conjunction with a simple Hill-type model

for muscle contraction. The model was used to address two questions. First, can an empirical model of muscle energetics accurately

represent the total energetic behavior of frog muscle in isometric, isotonic, and isokinetic contractions? And second, how does such a

model perform in a large-scale, multiple-muscle model of human walking? Four simulations were conducted with frog sartorius

muscle under full excitation: an isometric contraction, a set of isotonic contractions with the muscle shortening a constant distance

under various applied loads, a set of isotonic contractions with the muscle shortening over various distances under a constant load,

and an isokinetic contraction in lengthening. The model calculations were evaluated against results of similar thermal in vitro

experiments performed on frog sartorius muscle. The energetics model was then incorporated into a large-scale, multiple-muscle

model of the human body for the purpose of predicting energy consumption during normal walking. The total energy estimated by

the model accurately reflected the observed experimental behavior of frog muscle for an isometric contraction. The model also

accurately reproduced the experimental behavior of frog muscle heat production under isotonic shortening and isokinetic

lengthening conditions. The estimated rate of metabolic energy consumption for walking was 29% higher than the value typically

obtained from gait measurements.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

An accurate model of muscle energetics is an
important component of multi-variable models of
movement, since energy minimization is often used as
a criterion to predict how muscles are coordinated to
accomplish a given task (Hatze and Buys, 1977; Davy
and Audu, 1987; Pandy et al., 1995; Anderson and
Pandy, 2001; Pandy, 2001). One approach to including
energetics in a model for muscle contraction is to use a
mechanistic crossbridge-based model. A natural con-
nection between mechanics and energetics exists in this
type of framework, because ATP hydrolysis is directly
coupled to crossbridge cycling (Huxley, 1957). The

original crossbridge model by Huxley (1957) and multi-
ple variations on it have been shown to produce
quantitatively accurate predictions of energy output
compared with the energetic relationships found experi-
mentally by Hill (1938) (Barclay, 1998; Rouhaud and
Zahalak, 1992; Ma and Zahalak, 1987). These models
are rigorous, physiologically based, and have provided
much insight into muscle function. However, these
models also require the use of many parameters whose
values are uncertain, especially for human muscles
(Zahalak, 1990).

A simpler approach to modeling muscle energetics is
to construct an empirical model. A Hill-type muscle
model is often used in elaborate movement models due
to its simplicity, the availability of data on the few
necessary parameters, and its relatively accurate predic-
tions of muscle force (Zajac, 1989; Zahalak, 1990;
van den Bogert et al., 1998). Unfortunately, the Hill
model lacks a connection between the force-producing
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properties of muscle (mechanics) and the mechanisms
underlying heat production (energetics). Several authors
have taken the empirical approach to modeling muscle
energetics (Hatze and Buys, 1977; Davy and Audu,
1987; Schutte et al., 1993; Anderson and Pandy, 2001).
However, in these studies the energy equations were not
validated against experimental data.

The purpose of this study was twofold: first, to
develop an empirical model for muscle energy con-
sumption, defined here as the transformation of
chemical energy into the performance of mechanical
work and the liberation of heat, that could be used in
conjunction with a simple Hill-type model for muscle
contraction; and second, to validate the behavior of the
model against available experimental data. The objec-
tive was not to explain the processes of muscular
energetics, but to reproduce the observed behavior.
The model was designed to provide an easy and reliable
way for researchers using complex multiple-muscle
systems to estimate total energy consumption in
simulations of human movement. The following ques-
tions are addressed. Can a phenomenological model of
muscle energetics, based on a Hill-type model of muscle
mechanics, accurately represent the total energetic
behavior of frog muscle in isometric, isotonic, and
isokinetic contractions? And, how does a phenomen-
ological energetics model, which has been validated
against experimental data from frog muscle, perform in
a large-scale multiple-muscle model of human walking?

2. Methods

According to the first law of thermodynamics, the
total rate of energy consumption, ’E; is equal to the rate
at which heat is liberated, ’H; plus the rate at which work
is done, ’W :

’E ¼ ’H þ ’W: ð1Þ

During muscular contraction, the amount of heat
liberated is measured by the temperature change within
a muscle (Hill, 1938), and, if there is also a change in
length, mechanical work is done.

In this study, the total rate of muscular energy
consumption was described as the sum of five terms with
the rate of heat liberation being further subdivided, thus

’E ¼ ’A þ ’M þ ’S þ ’B þ ’W; ð2Þ

where ’A is the activation heat rate, ’M is the maintenance
heat rate, ’S is the shortening heat rate, ’B is the basal
metabolic rate, and ’W is the work rate (Mommaerts,
1969; Hatze and Buys, 1977; Davy and Audu, 1987;
Anderson and Pandy, 2001). In particular, the phenom-
enological equations constructed by Anderson (1999)
for these rate terms were refined to explain experimental
results for the energetics of isolated frog sartorius. The

necessary parameters for these equations are readily
obtained from the parameters typically used to specify
the mechanical properties of 3-element, Hill-type muscle
models (Zajac, 1989) (see Fig. 1).

The activation heat represents the tension-indepen-
dent heat liberated upon the stimulation of a muscle and
is thought to be due to the movement of Ca++ ions
(Kushmerick, 1983). The activation heat rate was
represented by the sum of two terms, one term for the
portion of a muscle comprised of fast twitch fibers and
one for the portion comprised of slow twitch fibers:

’A ¼ fmffast ’AfastufastðtÞ þ fmfslow ’AslowuslowðtÞ; ð3Þ

where f is a decay function, m is the total mass of the
muscle, ffast and fslow are the mass fractions of fast and
slow twitch fibers in the muscle, respectively, ’Afast

and ’Aslow are the activation heat rate constants for
fast and slow twitch fibers, and ufastðtÞ and uslowðtÞ are
the excitation levels of the fast and slow twitch fibers.
For muscle models in which only a single excitation
level u(t) is used to represent the recruitment of both
fast and slow twitch fibers, cosine and sine functions
were used to convert u(t) into separate levels for ufast(t)
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Fig. 1. Diagram of the Hill model on which the present energetics

model is based. Lengths of the muscle, tendon, and musculotendon

actuator are shown by lM, lT, and lMT, respectively. CE, contractile

element, models the force-producing components of the muscle

characterized by the force–length and force–velocity properties. SEE,

series elastic element, is a nonlinear spring representing the internal

elastic components of the muscle in series with the force producing

components. PEE, parallel elastic element, is a non-linear spring

representing the passive elastic nature of the muscle. Tendon is

represented by a linear spring with stiffness kT. Angle of pennation, y,
is the angle formed between the lines of action of the muscle and

tendon. To simulate isometric and isotonic contractions of frog

sartorius muscle in vitro, tendon rest length and muscle pennation

angle were both set to zero in the model. Muscle parameters used in the

simulations are given in Tables 1–3.
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and uslow(t):

ufastðtÞ ¼ 1� cosðp=2 uðtÞÞ; ð4Þ

uslowðtÞ ¼ sinðp=2 uðtÞÞ: ð5Þ

Eqs. (4) and (5) together approximate the size principle
of motor unit recruitment in which slow twitch fibers are
recruited in preference to fast twitch fibers at low levels
of excitation, and both slow and fast twitch fibers are
recruited at the higher levels of excitation. The decay
function f models the observed time course of heat
production in which most of the heat is produced early
and decays with a time constant of 45ms down to 6% of
its initial level (Homsher et al., 1972):

f ¼ 0:06þ expð � tstimuðtÞ=tfÞ; ð6Þ

where tf is the decay time constant (i.e., 45ms), u(t)
is the net excitation level of the muscle, and tstim is
the amount of time the muscle has been excited above
10%.

The maintenance heat rate is the stable heat
rate produced during isometric tetanus due to the cycl-
ing of actin–myosin crossbridges (Mommaerts, 1969;
Kushmerick, 1983). The maintenance heat rate was also
modeled as the sum of two terms, one for the portion of
a muscle comprised of fast twitch fibers and one for the
portion comprised of slow twitch fibers:

’M ¼Lð*lMÞmffast ’MfastufastðtÞ

þ Lð*lMÞmfslow ’MslowuslowðtÞ; ð7Þ

where Lð*lMÞ is a function that models the dependence on
muscle length and ’Mfast and ’Mslow are the maintenance
heat rate constants for fast and slow twitch fibers,
respectively. As a muscle shortens below its optimal
fiber length ðlMo Þ; the maintenance heat rate decreases to
approximately 50% of its peak value. As a muscle is
lengthened beyond lMo ; the maintenance heat rate
decreases until at a length of 1:5lMo ; where there is no
overlap of actin and myosin filaments, the maintenance
heat rate falls to zero (Mommaerts, 1969). This length
dependence was represented as a piecewise linear
function of normalized muscle fiber length (Fig. 2).

The shortening heat rate is the rate at which heat is
produced during a concentric or eccentric contraction
beyond that which occurs during isometric contraction
at the same force (Hill, 1938; Kushmerick, 1983). The
shortening heat rate was found by Hill (1964) to be
proportional to the velocity of shortening:

’S ¼ �avCE; ð8Þ

where a is a proportionality constant and vCE is
the velocity of the contractile element (positive velocity
for lengthening or eccentric contraction). For concentric
contractions, the proportionality constant was modeled
as a function of both the isometric force of the
muscle ðFM

isoÞ and the current force developed by the

muscle ðFMÞ :

a ¼ 0:16FM
isoðaðtÞ; l

MÞ þ 0:18FM; vCEp0; ð9Þ

where FM
iso is the force that would be developed at

activation aðtÞ and muscle length lM under isometric
conditions (i.e., vCE ¼ 0Þ: For eccentric contractions, the
shortening heat rate is negative and has a different
constant of proportionality (Abbott and Aubert, 1951):

a ¼ 0:157FM; vCE > 0: ð10Þ

The basal metabolic rate for resting frog skeletal
muscle at 0�C was reported as 0.0225W/kg (Rall, 1985).
Therefore, the basal heat rate was given by

’B ¼ 0:0225m; ð11Þ

where m is the mass of the muscle.
The work rate was computed as the product of the

force of the contractile element ðFCEÞ and its shortening
velocity ðvCEÞ :

’W ¼ FCEðlCE; vCE; aðtÞÞvCE; ð12Þ

where FCE depends on the length, shortening velocity,
and activation level of the muscle.

For details concerning the model of muscle energetics,
the reader is referred to the supplementary material
available at the Journal of Biomechanics web site
(See Webpage of the Journal of Biomechanics).

The phenomenological model of muscle energetics
(i.e., Eqs. (2)–(12)) was used to predict energy consump-
tion in simulations of isometric, isotonic shortening, and
isokinetic lengthening contractions of frog sartorius
muscle. Each simulation protocol was developed to
duplicate an in vitro experiment as closely as possible.
Tables 1–3 provide the assumed parameter values. In the
isometric simulation, the muscle was held at its optimal
fiber length (Curtin and Woledge, 1979). In the isotonic
simulations with shortening, the muscle was initially
held at optimal length and then released to shorten

ARTICLE IN PRESS

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2

L
 (

lM
/ l

oM
)

L (l
M

/lo
M

) =l
M

/lo
M

L (l
M

/lo
M

) = -2(l
M

/lo
M

) + 3
L (l

M
/lo

M
) = 0.5

L (l
M

/lo
M

) = 0.0

l
M

/lo
M

Fig. 2. Length dependence of the maintenance heat rate. The function

LðlM=lMo Þ is used for approximating the maintenance heat rate ’M

(Eq. (7)).
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against a specified load. Two types of isotonic simula-
tions were conducted: one under a constant load with
various shortening distances (Hill, 1938), and the other
under various loads with a constant shortening distance
(Hill, 1964). In the lengthening simulation, the muscle
was initially held for isometric contraction at a length
below its optimal fiber length, and then was stretched at
a pre-determined constant velocity. This simulation
protocol was based on the procedures reported by Cole
et al. (1996). In all isolated muscle simulations, the
muscle was stimulated maximally.

Finally, to evaluate the generalized applicability of the
phenomenological model of muscle energetics, we
implemented it in a complex multiple-muscle simulation
of human walking (Anderson and Pandy, 2001), and
compared the results to experimental data for energy
consumption during level walking. The results differ
from the results previously reported by Anderson and
Pandy (2001) primarily due to the addition of the decay
function f in the activation heat rate (Eq. (3)) and due to
the distinction in the shortening heat rate made between
concentric and eccentric contractions (Eqs. (9) and (10)).

3. Results

The total energy estimated by the model accurately
reflected the observed experimental behavior of frog
muscle for an isometric contraction (Fig. 3). The model
produced a total of 150.2mJ/g during a 10-s tetanus.
The steady rate of heat production in the model (after
1.2 s) was approximately 13.3mW/g.

The model also accurately reproduced the experi-
mental behavior of frog muscle heat production under
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Table 1

Constants for activation heat rates ð ’Afast and ’AslowÞ and maintenance

heat rates ð ’Mfast and ’MslowÞ for slow and fast twitch muscle. Activation

heat rate constants were obtained by dividing activation heats by

twitch times (Mommaerts, 1969; Kushmerick, 1983; Rall, 1979;

Smith, 1972; Abbott et al., 1951; Lieber, 1992). Differences in

maintenance heat rate constants between the frog sartorius and

human muscle are due to the temperature dependence of maintenance

heat; a Q10 factor of 2.5 was assumed (i.e., for every increase in

temperature of 10�C, the maintenance heat rate was increased by 2.5)

(Mommaerts, 1969; Kushmerick, 1983). See supplementary

information for details

Frog sartorius (W/kg) Human muscle (W/kg)

’Afast 20 133
’Aslow

a 40
’Mfast 12 111
’Mslow

a 74

aThe frog sartorius was assumed to be comprised of all fast-twitch

fibers (Smith and Ovalle, 1973; Lutz et al., 1998).

Table 2

Muscle-specific parameters for frog sartorius assumed in the

model. Parameters were taken from the experiments that were

simulated. Symbols appearing in the table are optimal fiber length

(lo
M) and the corresponding maximum isometric force developed

by the muscle (Fo
M). The average mass of the frog sartorii used by

Hill (1964) was substantially larger than those used in the other

experiments. Hill (1964) discussed the exceptionally high dry weight of

these muscles and attributed it to the frogs being well fed and treated

before delivery

Isometric and

isokinetic

lengthening

(Curtin, 2001)a

Isotonic

shortening—

constant load,

variable distance

(Hill, 1938)

Isotonic

shortening—

constant dist.,

variable load

(Hill, 1964)

Mass 50.5mg 89mg 250mg
lMo 26.9mm 29.5mm 34.5mm
FM
o 35 g 43 g 180 g

aPersonal communication from Dr. Nancy Curtin, Imperial College,

London.

Table 3

Non-specific muscle parameters for frog sartorius assumed in the

model simulations. Tendon was not used in the experimental muscle

preparations, so tendon slack length, ls
T, was set to a very small value in

the model. Frog sartorius muscles were assumed to be parallel fibered

(McMahon, 1984) and comprised of fast twitch fibers only (amphibian

types 1 and 2) (Smith and Ovalle, 1973; Lutz et al., 1998). The

maximum shortening velocity for frog sartorius at 0�C, vmax; was

obtained from Hill (1938)

Parameter Value

ls
T 0.01mm

Pennation angle, y 0�

% Fiber type 100% fast

vmax 2.0muscle lengths/s
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Fig. 3. Total energy consumption of frog sartorius for a 10-s isometric

contraction. Model total energy results (top curve) are compared to

experimental data (circles) from Curtin and Woledge (1979). Bars

represent 71 SD. The experiment measured the total energy output

(heat + work) for an isometric contraction at optimal muscle length

for frog (R. temporaria) sartorius at 0�C. Also shown are the model

results for total energy breakdown into the various components of heat

and work. MH, maintenance heat; AH, activation heat (solid line;

W, work done (thin solid line with squares); SH, shortening heat

(dotted line); B, basal heat at rest (dashed line).
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isotonic shortening conditions (Figs. 4–6). The relation-
ship predicted by the model showed a dependence on
heat with shortening distance, where the increase in the
total heat between trials was in proportion to the
difference in the distance shortened (Fig. 4). For
example, the smallest increase in heat (0.52mJ/g)
occurred between the two trials with the smallest
difference in shortening (5.2–3.6mm=1.6mm) (Fig. 4,
compare traces C and D). The rate of heat production
increased abruptly at the onset of shortening, then
slowly returned to the original steady rate within about
0.3 s after shortening ended. The model also predicted
an increase in total shortening heat with load for
isotonic contractions with the same shortening distance
(Fig. 5). The initial rates of heat development at the start
of shortening decreased with increasing load, but the
total amount of shortening heat increased (Fig. 6).

The model predicted a decrease in heat production
due to isokinetic lengthening (Fig. 7). The total heat
produced during an isometric contraction at the starting

length of simulation (i.e., 6mm below the optimal fiber
length) was greater than that produced during contrac-
tion with lengthening. After a stretch of 4mm (t=3.4 s),
the total heat decreased by approximately 5% of the
isometric value.

Finally, the phenomenological model performed
reasonably well in a three-dimensional model of normal
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human walking. The predicted rate of energy consump-
tion was 5.8W/kg at a walking speed of approximately
1.36m/s.

4. Discussion

To address the need for a simple model that
incorporates both the mechanical and energetic beha-
viors of muscle contraction, we developed a model of
muscle energetics that is compatible with Hill-type
muscle models. Although mechanistic crossbridge mod-
els have proven their accuracy in calculating muscle
energetics, the use of these models in human movement
studies is rare because of their complexity and the
limited availability of the many required parameters.
Our energetics model can be easily incorporated into the
Hill-type muscle models of large-scale multiple-muscle
systems to enhance the scope of information that can be
obtained from simulations of movement.

A fundamental limitation of the model is that the
energy rate equations are empirical, lacking a direct
connection to the molecular basis of muscle contraction.
The separation of metabolic heat production into
components is merely a phenomenological assumption.
Indeed, it is still not known exactly what processes are
responsible for each element of heat production, or even
if these processes can really be represented by indepen-
dent terms.

This limitation is evident in the predicted breakdown
of the total energy produced in an isometric contraction
(Fig. 3). In the model, total activation heat comprised
only 9% of the total heat produced after 10 s, whereas it
has been reported to contribute between 27% and 40%
of the total heat (energy-work) production of frog
muscle in a tetanic isometric contraction at 0�C

(Homsher et al., 1972; Homsher and Kean, 1978). It is
reasonable that the maintenance heat rate was the
largest component, because the muscle was maintaining
a high-tension value during the isometric contraction.
However, the total stable rate of heat production of
13.3mW/g predicted by the model is within the range
reported in the literature for frog sartorius at 0�C
(11.5mW/g, Curtin and Woledge (1979); 13.5mW/g,
Table 4.IV in Woledge et al. (1985); and 15.7mW/g,
Mommaerts (1969)). This suggests that the maintenance
heat rate may be overestimated, since the activation heat
rate is underestimated as described above (Fig. 3, MH
and AH). Unfortunately, there is no clear way to
reconcile this apparent anomaly in the model. To our
knowledge, no experimental data are available to show
the separate contributions of activation heat and
maintenance heat in a force-producing tetanus, so the
model calculations cannot be evaluated more precisely
in this respect.

The remaining components of the predicted total
energy production were more consistent with reported
data. The model estimated that 9.1mJ/g of internal
work was done during the isometric contraction.
Internal work refers to the early work done by the
contractile elements within the muscle to stretch the
elastic elements without changing the length of the entire
musculotendon complex. Approximately 2mJ/g of
internal work was measured for frog sartorius at 0�C
during a 10-s tetanus (Homsher and Kean, 1978). This is
a relatively large difference, however, the performance
of work represents only 6% of the total energy produced
in the model. Therefore, this difference should have very
little effect on the total energy estimate (Fig. 3, compare
W and model). The work done and the shortening heat
were both small in the model, because during an
isometric contraction only a small amount of internal
shortening occurs early in the contraction. Conforming
to this behavior, the work and shortening heat rates
were fairly large during the first second of contraction,
but decreased to a rate near zero for the remainder of
the time. Also predictably, the constant basal metabolic
energy rate added a relatively insignificant amount of
heat to the total energy produced.

Overall, the total energy predicted by the model was
analogous to the observed energetic behavior of frog
muscle in isometric contraction. Our model under-
estimated the energy produced after a 10-s tetanus by
2.9mJ/g, which is approximately 2% of the experi-
mental value (Curtin and Woledge, 1979). A correlation
coefficient of R2=0.984 reflects a good agreement
between the two curves (Fig. 3).

The isotonic simulations showed that the relationship
between heat and shortening distance predicted by the
model was comparable to that found by Hill (1938)
experimentally (Figs. 4–6). Under a constant load, for
example, as the total shortening distance increased, the
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total heat produced also increased (Fig. 4). A constant
load resulted in a fairly constant shortening velocity,
which resulted in a constant shortening heat rate across
trials. Thus, as the shortening distance increased, the
muscle simply shortened for a longer period of time, and
a proportionally larger amount of shortening heat was
produced.

The model’s predicted increase in total shortening
heat with load was comparable to experimental ob-
servations by Hill (1964). The comparison between the
magnitudes of total shortening heat for the different
loads from Hill (1964) and those produced by the model
(Fig. 6) shows that the trend is the same, although the
model overestimated heat production for small loads
and underestimated it for large loads. The difference
was fairly small, however, ranging from 0.32mJ/g (4%)
at 0:187FM

o to 0.94mJ/g (10%) at 0:298FM
o : With a

constant shortening distance, an increase in load caused
a decrease in shortening velocity, leading to a longer
period of shortening time. Slower velocities caused the
heat rate to decrease with load (see Eqs. (8) and (9)), but
the extended shortening time resulted in a larger total
heat after shortening ended.

For the isokinetic lengthening simulation (Fig. 7), the
decrease in heat shown by the model (5%) was similar to
the decrease reported by Abbott and Aubert (1951)
(5.7%) for frog muscle undergoing very slow stretches
ð0:5%vmaxÞ: This must be considered as a qualitative
comparison, however, because the simulation we per-
formed was not identical with the experiment reported
by Abbott and Aubert (1951). We simulated stretch at
lengths below the optimal fiber length ðlMo Þ and at a
speed of 4%vmax; whereas data reported by Abbott and
Aubert (1951) are for stretches with the muscle held at
lengths above lMo and stretched at 0:5%vmax: We did not
simulate lengthening beyond lMo because the behavior of
the Hill model is known to be unreliable for lengthening
in this range (Cole et al., 1996).

The estimated rate of metabolic energy consumption
for walking was 5.8W/kg, 29% higher than the
experimental value. Experimental results show that
humans use on average 4.5W/kg when walking at a
freely selected cadence and speed (1.36m/s) (Burdett
et al., 1983). There are two possible explanations for this
difference. First, measurements of metabolic energy
expenditure reported in the literature are for walking
with arm swing (Burdett et al., 1983). Since the walking
model used here represented the head, arms, and torso
as a single rigid body (Anderson and Pandy, 2001), it
could not benefit from any improvement in metabolic
energy consumption that may arise from relative motion
of the torso and arms. Ralston (1965) found that
immobilization of the torso and arms increases energy
expenditure by roughly 10%, so neglecting the relative
movements of the torso and arms accounts at least in
part for the elevated estimate of metabolic energy

obtained from the model. Higher estimates of energy
consumption in the model may also be due to the values
assumed for the energetic parameters that appear in the
rate equations, specifically the amount of activation heat
produced during a twitch and the maintenance heat rate
during tetanus. Values of these parameters used in the
simulation of walking were based on data reported for
frog muscle, not human muscle (see Table 1). Thus,
future attempts to improve the model’s predictive
capability in terms of human activity should focus on
using accurate values of activation and maintenance
heat derived for human skeletal muscle.

Creating a simple, yet precise model of muscle
energetics to aid the study of complex three-dimensional
human movement is challenging. There is difficulty in
obtaining model parameters appropriate for healthy
human skeletal muscle. Also, experiments performed on
isolated muscle typically do not mimic the conditions
present during activity. A key to refining the equation
for activation heat is to understand how it is liberated
during sustained, submaximal contractions, not just
during twitches. Indeed, the individual behaviors of the
activation and maintenance heat components are facets
of metabolic energy consumption that must be eluci-
dated by experiment before refinements can be made
and more conclusive validations undertaken on this type
of phenomenological model.

Although our model of muscle energetics is simple, it
does make predictions that are in good qualitative
agreement with experiment and can, therefore, serve as a
starting point for characterizing the metabolic activity of
muscles during movement. The apparent discrepancy
between model and experiment in the proportions of
activation and maintenance heat liberated during a
contraction does not denigrate the value of the model,
because its purpose was not to explain the individual
processes of muscle heat production. The value of the
model rests with the fact that it is relatively simple and
computationally inexpensive, the values of its para-
meters are readily obtained from experiment, and it
produces a reasonable estimate of the total energy
consumed during a contraction.
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