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Abstract. In models describing the excitation of muscle
by the central nervous system, it is often assumed that
excitation during a tetanic contraction can be obtained
by the linear summation of responses to individual
stimuli, from which the active state of the muscle is
calculated. We investigate here the extent to which such
a model describes the excitation of human muscle in
vivo. For this purpose, experiments were performed on
the calf muscles of four healthy subjects. Values of
parameters in the model describing the behaviour of the
contractile element (CE) and the series elastic element
(SEE) of this muscle group were derived on the basis of a
set of isokinetic release contractions performed on a
special-purpose dynamometer as well as on the basis of
morphological data. Parameter values describing the
excitation of the calf muscles were optimized such that
the model correctly predicted plantar ¯exion moment
histories in an isometric twitch, elicited by stimulation of
the tibial nerve. For all subjects, the model using these
muscle parameters was able to make reasonable predic-
tions of isometric moment histories at higher stimulation
frequencies. These results suggest that the linear sum-
mation of responses to individual stimuli can indeed give
an adequate description of the process of human muscle
excitation in vivo.

1 Introduction

Forward dynamical modelling and simulation of the
human musculo skeletal system is an e�ective approach
to study questions in the ®eld of multi-segment move-
ment control. In simulation studies, muscle models,
which are mathematical representations of muscle
behaviour, are used to drive models of the skeleton.
Usually, each muscle is represented by two separate sets

of equations, one describing its contractile behaviour,
the other describing its excitation by the central nervous
system. The former is often called the contraction
dynamics of the muscle model, the latter its excitation
dynamics. In order to be able to answer questions
concerning the control of movement, it is obviously
important that the properties of the model of the human
musculo skeletal system resemble those of the real
system su�ciently well. For models used to simulate the
push-o� in vertical jumping (e.g. Pandy et al. 1990;
Pandy and Zajac 1991; Van Soest and Bobbert 1993;
Bobbert and Van Zandwijk 1994), it was found that the
rate of force development was higher in the model than
observed experimentally. As noted earlier (Van Zand-
wijk et al. 1996) this excessively rapid rise of force may
be due to three factors: (i) the excitation dynamics used
in the model are too fast; (ii) the contraction dynamics
used are too fast; (iii) control signals rise too rapidly. In
our studies, ®rst-order dynamics as proposed by Hatze
(1977, 1981) are used to describe muscle excitation. As
explained in Hatze (1977, 1981), these dynamics are a
simpli®cation of a more complex model of the excitation
of human muscle and describe the average behaviour of
this model at high frequencies of stimulation. In the
more complex model, it is assumed that excitation
during a tetanic contraction can be obtained by the
linear summation of responses to individual stimuli.
Unfortunately, no experimental data are provided in
Hatze (1977, 1981) to support the assumption that such
an extrapolation from twitches to tetani adequately
describes the process of human muscle excitation.
However, it was recently shown (Van Zandwijk et al.
1996) that such an extrapolation does indeed give a good
description of the processes involved in the excitation of
rat isolated skeletal muscle.

The purpose of this research is, ®rst, to investigate to
what extent such a model of the excitation of muscle is
able to describe the excitation of human muscle in vivo.
Thus, we shall check that for each subject individually,
the part of the muscle model which describes contractile
behaviour closely re¯ects the contractile behaviour of
human calf muscles. Subsequently, the parameters in the
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excitation dynamics will be optimized such that the
model predicts the mechanical response during an iso-
metric twitch. Finally, we shall examine to what extent
the muscle model is able to predict responses at other
stimulation frequencies by comparing moment histories
generated by the model to those obtained experimen-
tally. In the second place, a comparison will be made
between parameter values describing excitation and
contraction dynamics obtained in this way and para-
meter values used previously in a model to simulate the
push-o� phase in vertical jumping (Van Soest and
Bobbert 1993) as far as the rate of force development
during an isometric contraction is concerned.

2 Methods

2.1 Muscle model

2.1.1 Contraction dynamics

Simulations of muscle contractions were performed using
amodel of amuscle-tendon complex (MTC), based on the
classical model of Hill (1938). The model has been
described extensively elsewhere (Van Soest and Bobbert
1993; Van Zandwijk et al. 1996). Brie¯y, it consists of a
contractile element (CE), a series elastic element (SEE)
and a parallel elastic element (PEE). When referring to
human muscle in vivo, it is more convenient to express
quantities in angular instead of linear coordinates.
Therefore, in the following, forces will be expressed as
moments, lengths as angles, velocities as angular veloc-
ities and so on. Figure 1 shows the arrangement of the
elements with respect to each other.

CE. The behaviour of CE is governed by its moment-
angle relationship, its moment-angular velocity rela-
tionship and its active state. The moment-angle
relationship is described as a parabola and is determined
by optimum CE angle uce;opt[rad], maximum CE mo-
ment at optimum angle Mmax[Nm], and the dimension-
less shape parameter w, which determines the width of
the CE moment-angle relationship. The CE moment-

angular velocity relationship for shortening is described
by the classical Hill equation:

xce � �Mmax�uce� ÿM�b
M � arelMmax

�1�

Here, xce is the angular velocity of CE, M the CE
moment, and Mmax�uce� the maximal moment CE can
exert at this angle due to the moment-angle relationship.
The shape of the moment-angular velocity relationship
is determined by the dimensionless parameter arel and
the parameter b[rad/s], which may also be expressed as
brel � b=uce;opt [Hz]. The active state q of CE is
determined by the excitation dynamics, which will be
described in Sec. 2.1.2.

SEE. This behaviour is characterized by its moment-
extension relationship, which is modeled as a parabola:

Msee � ksee�usee ÿ usee;0�2 �2�
Here, Msee is the moment exerted by SEE, ksee[Nm/rad

2]
the angular sti�ness constant of SEE and usee;0[rad] the
slack angle of SEE (i.e. the largest angle of SEE for
which moment equals zero).

PEE. This moment also depends quadratically on
PEE extension. Parameters are the PEE angular sti�ness
constant kpee[Nm/rad

2] and PEE slack angle upee;0�rad�.

2.1.2 Excitation dynamics

Excitation dynamics is modeled as described by Hatze
(1977, 1981). It consists of two parts. The ®rst describes
the calcium dynamics within the muscle and consists of
two steps: (i) the neural excitation a�t� of the muscle
®bres spreads inward along the T-tubuli, leading to
a depolarization b�t� of these tubuli; (ii) due to this
depolarization, Ca2+ is released from the sarcoplasmic;
reticulum, leading to an increase of the intracellular
Ca2+ concentration c�t�.

The second part of the excitation dynamics relates the
intracellular Ca2+ concentration c�t� to the active state q
of the muscle, which is de®ned as the relative amount of
Ca2+ bound to troponin (Ebashi and Endo 1968). This
part will be referred to as the active state-calcium rela-
tionship. Appendix A gives a detailed description of the
model of muscle excitation used.

The MTC model is described by a set of ®ve coupled
di�erential equations which are solved by numerical in-
tegration using a variable order-variable step size inte-
grator (Shampine andGordon 1972). Inputs to the model
are MTC angle and stimulation rate. Output includes,
among other variables, the moment exerted by the mus-
cle, which may be calculated from state variables.

2.2 Human experiments

2.2.1 Subjects and experimental protocol

Four healthy subjects participated in this study. In-
formed consent was obtained from all subjects according
to the policy statement of the American College of Sports

Fig. 1. Arrangement of the contractile element (CE), the series elastic
element (SEE) and the parallel elastic element (PEE) with respect to
each other. The angles used in this study are indicated. Note that in all
cases, PEE angle equals CE angle
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Medicine. The characteristics of the group were
(mean � standard deviation): age 25 � 2 years, height
1.81 � 0.06 m, body mass 71 � 11 kg. All subjects
participated in two separate experiments on the triceps
surae (TS) muscle of their right leg. The ®rst experiment
was designed to determine the contractile properties of
this muscle group, while data obtained in the second
experiment were used to evaluate the performance of the
excitation dynamics in describing the excitation of the
TS muscle.

2.2.2 First experiment

In order to estimate the contractile properties of TS,
each subject performed voluntary contractions on a
special-purpose isokinetic dynamometer (Hof 1997a).
With this dynamometer high angular velocities can be
obtained, up to 20 rad/s, which are constant over a
large range of motion. During experiments, the subject
stood erect, with his right foot ®xed to the dynamo-
meter by means of a rigid polyurethane foam cast
(Weiss et al. 1984). A series of isokinetic release
contractions was performed on the TS muscle. In these
contractions, the subject performed a maximal volun-
tary contraction (MVC) of TS, while the dynamometer
was kept isometric. Once a constant isometric level of
moment had been reached, the dynamometer was
released and moved at a constant angular velocity,
after a short acceleration phase. Isokinetic releases were
performed at angular velocities ranging between ap-
proximately 2 rad/s and 15 rad/s. During all releases,
the plantar ¯exion moment exerted by TS and the ankle
joint angle were simultaneously sampled at 2000 Hz.
The recorded moment was corrected for inertia by
means of a special calculation method (Hof 1997b) and
for passive antagonist moment. Since the muscle was
activated voluntarily during this experiment, other
plantar ¯exors besides TS could also have contributed
to the recorded plantar ¯exion moment. However,
cadaver data from Klein et al. (1996) indicate that these
muscles (i.e. m. peroneus longus, m. peroneus brevis, m.
tibialis posterior and m. ¯exor hallucis longus) have an
average moment arm with respect to the ankle joint of
about 1.43 cm, which is 3.5 times smaller than that of
TS. Besides this, they have a total cross-sectional area
which is about half that of TS, as can be derived from
the literature review by Yamaguchi et al. (1990).
Therefore, the contribution of these muscle to the
plantar ¯exion moment can be estimated to be at best
1/7 of that of TS.

2.2.3 Second experiment

In order to evaluate the performance of the excitation
dynamics, electrically evoked isometric contractions
were performed on TS at di�erent frequencies of
stimulation. TS was arti®cially stimulated using a
computer controlled stimulator identical to the one
described by Prochazka et al. (1997). Using this device,
TS was stimulated through the n. tibialis in the popliteal
fossa, and the plantar ¯exion moment was recorded on a

Kincom isokinetic device (Chattecx Corp., Chattanoo-
ga, TN), operating in isometric mode. Responses were
elicited in TS by means of cathodal stimulation using a
pen electrode with a surface area of 0.5 cm2. The anode
of 20 cm2 was located 20 cm proximal of the
stimulation site. The tibial nerve was stimulated using
current pulses of 0.1 ms duration. During pilot exper-
iments it was found that the mechanical response of the
calf muscles to nerve stimulation depended strongly on
the orientation of the electrode with respect to the nerve
and to the pressure applied to the electrode. Therefore, it
was found necessary to standardize the electrode
position and pressure during each experiment. This
was achieved by using an electrode holder, similar to the
one described by Simon (1962), ®xed to the leg by means
of elastic bandages.

During experiments, the subject lay prone with his
knee fully extended. The axis of his ankle joint was
carefully aligned with the axis of rotation of the dyna-
mometer. The ankle was positioned in a slightly plan-
tar¯exed position (100 deg, angle between the tibia and
the sole of the foot). Next, using a low level of current of
about 20 mA, the electrode position with respect to n.
tibialis was determined at which the largest twitch re-
sponse in TS was elicited. Subsequently, the stimulation
current was raised until the twitch amplitude was at least
12 Nm. This usually required currents between 30 and
60 mA. Finally, a series of isometric contractions was
elicited in which the stimulation frequency was increased
up to the highest frequency which could be tolerated by
the subject. In these contractions, TS was stimulated for
1 s. The moment exerted by TS, joint angle and stimu-
lation synchronization pulses were simultaneously sam-
pled at 1000 Hz and stored for subsequent analysis.

The impulse response of the footrest of the Kincom
dynamometer was determined in a separate experiment.
In this experiment, brisk ticks were applied to the
footrest and the resulting moment transients recorded.
An accelerometer was used to determine the exact in-
stant of impact.

2.3 Determination of parameter values

2.3.1 Contraction dynamics

CE. The CE moment-angular velocity and SEE mo-
ment-extension relationships can be simultaneously
derived from a set of isokinetic release contractions,
provided that the set contains a release at such a high
velocity that the moment eventually drops to zero. An
e�cient way to do this is by means of a self-consistent
calculation (SCC), as proposed by Van Zandwijk et al.
(1997a, b). In this method, the CE moment-angular
velocity relationship is calculated from isokinetic release
contractions at di�erent angular velocities. The SEE
moment-extension relationship is derived from the
release at the highest angular velocity (i.e. the one in
which the moment eventually drops to zero), a technique
often referred to as the controlled release technique (i.e.
Hill 1950; Hof 1997a).
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In the isokinetic release contractions, the moment
continuously decreases during the release. This implies
that besides CE, SEE is shortening also. Therefore, the
velocity of shortening of the MTC, i.e. the velocity by
which the insertion approaches the origin, is divided
among CE and SEE. In order to derive the CE mo-
ment-angular velocity relationship from such contrac-
tions, one needs to calculate the angular velocity of
CE from the MTC angular velocity, i.e. estimate the
SEE angular shortening velocity. This can be done by
means of

xce � xmtc � �dM=dt�
2
�����������
Mksee
p �3�

where xce is the angular velocity of shortening of CE,
xmtc the angular velocity of shortening of the MTC, M
the moment exerted by TS, and ksee the angular sti�ness
constant of SEE.

In a controlled release experiment, a displacement is
imposed on the MTC, and the moment is recorded.
During the release, the moment drops below the iso-
metric level. Therefore, CE will be able to shorten and
take up some of the imposed displacement. The re-
mainder is taken up by SEE. Hence, in order to obtain
the SEE moment-extension relationship, one must allow
for the amount of displacement taken up by CE by
means of

Dusee � Dumtc ÿ
Z tf

0

xcedt � Dumtc ÿ
Z tf

0

�Minit ÿM�b
M � arelMinit

dt

�4�
Here, Dusee � usee ÿ usee;0 is the stretch of SEE, Dumtc

the angular displacement imposed on the MTC, and tf
the time at which Dumtc is attained, counted from the
start of the release. Minit is the isometric moment before
the start of the release. Note that the SEE angular
sti�ness constant ksee appears in (3) and that the CE
moment-angular velocity parameters arel and b appear in
(4). Therefore, the CE moment-angular velocity and
SEE moment-extension relationship are mutually de-
pendent when derived from isokinetic release contrac-
tions.

SCC determines those CE moment-angular velocity
and SEE moment extension relationships which give a
self-consistent description of the set of isokinetic re-
leases. This means that they have the properties of (i)
when the isokinetic releases are corrected for non-zero
SEE velocity using the SEE moment-extension rela-
tionship, the CE moment-angular velocity relationship is
obtained; and (ii) when the controlled release is cor-
rected for CE shortening using the CE moment-angular
velocity relationship, the SEE moment-extension rela-
tionship is obtained. It was demonstrated in Van
Zandwijk et al. (1997a,b) that for isolated skeletal
muscle, SCC yields a CE force-velocity and SEE force-
extension relationship which are virtually identical to the
ones obtained from a set of isotonic release experiments
performed on the same muscle.

The moment-angle relationship of CE was estimated
on the basis of the averaged number of sarcomeres
found in ®bres of the gastrocnemius muscle of four ca-
daver legs (Huijing, personal communication). Under
the assumption that all ®bres in parallel to each other
contain the same number of sarcomeres, the optimum
CE angle uce;opt can simply be calculated from the av-
erage number of sarcomeres found in the ®bres multi-
plied by the optimum sarcomere length. The average
number of sarcomeres found in m. gastrocnemius
amounted to 17 825, which yields, after scaling for ratios
of lower leg lengths, in combination with a value of
human sarcomere optimum length of 2.94 lm (Walker
and Schrodt 1974), a value of 1.2 rad for TS uce;opt and a
value of 0.56 for w, which was used for all subjects. For
each subject, the maximal isometric moment Mmax was
set to the moment reached during the plateau phase at
the highest stimulation frequency tolerated by that
subject.

SEE. As explained above, the SEE moment-extension
relationship, and therewith the SEE angular sti�ness
constant ksee, was derived from an isokinetic release
contraction at a high angular velocity, together with the
CEmoment-angular velocity relationship. The SEE slack
angle usee;0 was adjusted so that CE is at uce;opt when
exerting Mmax, when the MTC is held at the test angle.

PEE. In the isometric contractions studied, the pas-
sive moment was negligible. Therefore, the PEE contri-
bution was neglected by setting its angular sti�ness
constant kpee to zero.

2.3.2 Excitation dynamics

Parameters in the excitation dynamics of the muscle
model were estimated by minimization of a least squares
objective function

U�h� �
X

i

��Mexp�ti� ÿMcal�h; ti��2 �5�

with respect to the vector of parameters h, describing the
excitation dynamics. Mexp�ti� and Mcal�h; ti� are experi-
mentally recorded and simulated muscle moment at time
ti, respectively. The numerical techniques used to
minimize the objective function U�h� have been de-
scribed extensively in Van Zandwijk et al. (1996). In
short, the objective function U�h� is minimized by a
Levenberg-Marquardt algorithm. This technique re-
quires both the value of the objective function U�h�
and its derivative with respect to the parameters h to ®nd
iteratively those parameters minimizing U�h�. This
derivative was computed from so-called sensitivity
equations which were integrated in parallel to the
original model equations (Bard 1974).

Secondly, parameter values for the simpli®ed version
of the excitation dynamics were derived by ®tting the
Ca2+ response of the simpli®ed model to the Ca2+

histories c�t� generated by the optimized excitation dy-
namics at a stimulation frequency of 100 Hz (cf Ap-
pendix A and Hatze 1977, 1981).
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3 Results

3.1 Human experiments

3.1.1 First experiment

Figure 2 gives a typical example of an isokinetic release
contraction performed on a human TS MTC at an
angular velocity of 12 rad/s. Shown are raw data as well
as data obtained by making corrections for inertia (cf
Hof 1997b) and passive antagonist moment. Note that
inertial transients at the start and stop of the release are
much reduced by the correction method. Figure 3 shows
the moment histories for a set of isokinetic release
contractions performed at angular velocities of 3, 5, 10
and 15 rad/s after these have been corrected for inertia
and passive antagonist moment. The latter velocity of
release is su�ciently high to make the moment eventu-
ally drop to zero. For each release velocity, a similar
behaviour of the muscle moment is observed. After an
initial isometric phase, it drops rapidly at the onset of
the release, the small ripple at the onset being a
remainder of the inertial artefact. Finally, it drops
steadily during the isokinetic phase of the release. The
hump at the end of the release is again a remainder of
the inertial artefact (cf Fig. 2). The lower panel shows
electromyographic (EMG) time histories recorded from
m. soleus for the releases shown in the upper panel. Note
that the EMG amplitude is more or less constant during
the release, the most important changes occurring at the
end of the release. Figure 4 shows for the same subject
the SEE moment-extension and CE moment-angular
velocity relationship as calculated from the isokinetic
release contractions by means of SCC. Note that for the
CE moment-angular velocity relationship the correction
for non-zero SEE velocity increases with velocity of
shortening because of the increase in dM=dt (cf Fig. 3).
For all subjects, the maximal angular velocity of
shortening of the TS CE is approximately 10 rad/s,
which is in agreement with earlier estimates of Hof and

Van den Berg (1981). Table 1 summarizes for all
subjects the parameters describing the contraction
dynamics of the MTC model of TS.

3.1.2 Second experiment

Figure 5 gives a typical example of moment histories
recorded during the electrically elicited isometric con-
tractions. Shown are superimposed moment histories at
di�erent frequencies of stimulation. Typically, fused
tetanic contractions were achieved at a stimulation
frequency of 20 Hz. Note the decline of moment during
the contraction, which is larger at low frequencies of
stimulation. This e�ect will be addressed further in the
Discussion. The maximal moment obtained in these
electrically elicited contractions was in most cases lower
than that achieved during a MVC at the same ankle
angle. This indicates that not all motor units were
recruited during electrical stimulation. Although the use
of the electrode holder provided good stability and
reproducibility of mechanical responses at low frequen-
cies of stimulation, it remained di�cult in a few cases to
obtain such results at high frequencies of stimulation,

Fig. 2. Example of an isokinetic release contraction histories at a
velocity of 12 rad/s. Shown are uncorrected data (thick line) and data
obtained by making corrections for inertia and passive antagonist
moment (thin line). The passive antagonist moment is shown by the
dotted line. Note that the inertial transients at the start and end of the
release are much reduced by the correction method (cf Hof 1997b)

Fig. 3. Top: Typical example of isokinetic release contractions
performed on a human triceps surae (TS) muscle for subject 1.
Moment histories at velocities of shortening of approximately 3, 5, 10
and 15 rad/s (from top to bottom). During the release, the angular
velocity decreases slightly (cf Hof 1997a). Data have been corrected
for inertia and passive antagonist moment. The small ripple at the
onset of the release is a remainder of an inertial transient, as are the
humps at the end of the release (cf Fig. 2). Bottom: Electromyographic
time histories recorded from m. soleus during the releases shown
above at velocities of about 3, 5, 10 and 15 rad/s (from top to
bottom). The same scale is used for all traces. Not all releases used as
input for the self-consistent calculation are shown
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presumably due to increased bulging of m. gastro-
cnemius at these frequencies, leading to displacement of
structures within the popliteal fossa. In the subsequent
impulse response experiment it was found that the rise
time of the moment transient due to brisk ticks applied
to the footrest of the Kincom dynamometer was on
average 6 ms. This is much lower than the rise times of
muscle moment observed in the isometric experiments
(cf Fig. 5). Therefore, the contribution of foot ®xation
to the rate of moment development is negligibly small.

3.2 Numerical experiments

Using the contraction dynamics as de®ned by the
parameters in Table 1, parameters pertaining to the
excitation dynamics were optimized for a single isomet-
ric twitch by minimization of the objective function (5).
Figure 6 gives an example of measured as well as
calculated twitch moment histories generated by the
model after optimization of the parameters. The values
of the parameters corresponding to the simulation
shown in Fig. 6 are given in Table 2. Subsequently, the
performance of this optimized excitation dynamics in
predicting moment histories at other frequencies of
stimulation was evaluated. The top panel of Fig. 7
shows for the same subject as in Fig. 6 predictions of
moment histories at other stimulation frequencies, as
well as measured moment histories. Similar results were

obtained for all subjects, as is indicated by the lower
panel of Fig. 7. This panel shows, for another subject,
the measured as well as calculated moment histories
obtained after parameters pertaining to the excitation
dynamics were optimized for an isometric twitch. From
Fig. 7 it is apparent that the optimized excitation
dynamics provides encouragingly good predictions of
isometric moment histories, albeit the moment is
underestimated at higher stimulation frequencies. Final-
ly, Fig. 8 compares for all subjects the peak moments
obtained in the electrical stimulation experiment to
those obtained in the model calculations, averaged over
stimulation frequencies of 4, 8, 12, 16 and 24 Hz.
Parameter values for the simpli®ed version of the
excitation dynamics were derived by ®tting Ca2+

histories of the simpli®ed model to those generated by
the optimized excitation dynamics at a stimulation
frequency of 100 Hz. These are given in Table 3 for all
subjects. The value of the parameter m, which describes
the rate of change of the Ca2+ concentration in the
simpli®ed model (cf Appendix A), falls for all subjects
within the range given by Hatze (1977, 1981).

Fig. 4. SEEmoment-extension and CE moment-angular velocity relationships for subject 1 as derived from the set of isokinetic releases by a self-
consistent calculation (SCC). Shown are experimental data points (+) and points obtained by applying Eqs. (1) and (2) to the data (s), using
those SEE moment-extension and CE moment-angular velocity relationships which yield the ®nal, self-consistent description of the set of
isokinetic releases. Solid lines are the ®ts to the models used to describe both relationships. For the CE moment-angular velocity relationship, all
data points pertain to the same CE angle. Left: SEE moment-extension relationship Right: CE moment-angular velocity relationship

Table 1. Parameters describing the contraction dynamics of the
human triceps surae muscle, obtained on the basis of isokinetic
release contractions using SCC as well as on the basis of mor-
phological data. The abbreviations used are explained in the main
text

Subject 1 Subject 2 Subject 3 Subject 4

ksee [Nm/rad
2] 1101 500 377 526

/ce,opt [rad] 1.2 1.2 1.2 1.2
Mmax [Nm] 70 116 52 85
arel 0.13 0.23 0.21 0.30
brel [Hz] 1.37 2.15 1.55 2.97

Fig. 5. Typical example of isometric moment histories, elicited in TS
by electric stimulation of the tibial nerve for subject 3. Shown are
moment histories at stimulation frequencies of 24, 16, 12, 8, and 4 Hz
from top to bottom. Note the rapid decline of moment at low
frequencies of stimulation
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3.3 Rate of change of moment during an isometric
contraction

Figure 9 compares for all subjects simulations of mo-
ment development during maximally activated isometric
plantar ¯exion. For comparison, a moment history
calculated using parameter values for both contraction
and excitation dynamics used previously for simulating
the push-o� in vertical jumping (Van Soest and Bobbert
1993) is shown as well. In the following, these parameter
values will be called the original parameter values, in
contrast to the new parameter values, as derived in this
study for both the contraction- and excitation dynamics.
In order to quantify the rate of change of variables, we
calculated rise times (RTs). The RT of a variable is
de®ned as the time required for that variable to rise from
10% to 90% of its maximal value. Under the condition
of maximal activation (active state q � 1), the RT of
moment amounted to 30 ms for the original parameter
values of the contraction dynamics. Under the same
condition, the RT of moment amounted on average to
200 ms using parameter values of the contraction
dynamics, as determined for the four subjects. Subse-
quently, we determined the RT of the active state q for
the simpli®ed version of the model of excitation. This RT
obviously depends on the level of stimulation used.
Therefore, the RT of the active state was determined for
a low and a high level of stimulation and averaged. For

the original parameter values of the excitation dynamics,
this averaged RT of active state was 100 ms. Using the
excitation dynamics derived on the basis of experimental
data of the four subjects, the RT of the active state was
found to be 142 ms on average, under the same
conditions.

4 Discussion

The purpose of this research was to investigate the
extent to which a model of muscle excitation which
linearly sums responses to individual stimuli can de-
scribe the excitation of human muscle in vivo. To this
end, values of parameters describing the contractile
behaviour of human TS muscle were determined on the
basis of voluntary isokinetic release contractions and
morphological data. Next, parameters pertaining to the
excitation dynamics were optimized such that moment
histories during an isometric twitch were correctly
predicted. Finally, it was evaluated whether this opti-
mized model was capable of predicting moment histories
at other stimulation frequencies.

We estimated the contractile properties of TS on the
basis of a set of voluntary isokinetic release contractions.

Fig. 6. Moment histories for both simulated and experimentally
measured isometric twitches for subject 3. Thin line pertains to the
experimentally measured twitch moment, and the thick line to
moment generated by the model. The simulated twitch is obtained
by optimization of the parameters pertaining to the excitation
dynamics

Table 2. Parameter values describing the excitation dynamics for
subject 3, after optimization for an isometric twitch. The meaning
of the parameters is explained in Appendix A. For each parameter,
the 95% con®dence interval is given in parentheses

Parameter

h1 3.50 ´ 105 (2.92 ´ 105)3.99 ´ 105)
h2 5.58 ´ 106 (4.43 ´ 106)5.87 ´ 106)
h3 1.85 ´ 104 (9.9 ´ 103)7.07 ´ 104)
h4 2.92 ´ 105 (1.53 ´ 105)1.25 ´ 106)
h5 4.57 ´ 1014 (2.52 ´ 1014)1.96 ´ 1015)

Fig. 7. Isometric moment histories for subjects 3 (top) and 1 (bottom)
at di�erent frequencies of stimulation. In each panel, thin lines pertain
to experimentally recorded muscle moment, while thick lines pertain to
muscle moments generated in the model calculations. For both the
experimental and simulated moment histories, the uppermost trace
corresponds to a stimulation frequency of 24 Hz and subsequent traces
to frequencies of 16, 12, 8 and 4 Hz, respectively. The simulated
moment histories have been calculated using the values of the
parameters describing the excitation dynamics, obtained by optimi-
zation of model behaviour for an isometric twitch, i.e. the data shown
in Fig. 5 for the top panel. Note that relaxation is slower in the model
than in the experiment
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Therefore, the question can be raised of whether muscle
activation varied from trial to trial and whether it re-
mained constant during the releases. As far as the ®rst
point is concerned, the subjects were instructed to exert a
prescribed plantar ¯exing moment before the dynamo-
meter was released. For that reason, the variation in
initial moment is quite small, as can be seen from Fig. 3.
The fastest releases are completed well within 50 ms,
which is about the time at which the fastest re¯exes ar-
rive. Therefore, it seems unlikely that muscle stimula-
tion, let alone the active state has changed appreciably
during these releases. For releases at lower velocities,
however, there might be enough time to adjust muscle
stimulation during the release. EMG signals recorded
from m. soleus (Fig. 2) indicate that the largest changes
in EMG amplitude occur after the release has been
completed and therefore provide some con®dence that
muscle stimulation and the active state remained con-
stant during the releases.

The results shown in Fig. 7 indicate that this model of
muscle excitation does indeed give a reasonable de-
scription of the processes involved in the excitation of
human TS muscle. Therefore, it appears that a model
which sums responses to stimulation pulses linearly and
calculates the active state of the muscle from these re-
sponses by means of a non-linear transformation can be
useful in describing the processes involved in the exci-
tation of human muscle. Unfortunately, however, a
number of marked di�erences remain between the model
predictions and experimental data. For instance, as can
be seen from Fig. 7, relaxation is much slower in the
model than in the experiment. Also, the model is unable

to predict the decline of moment at low frequencies of
stimulation. Changes in twitch amplitude during stim-
ulation at low rates have been known for a long time in
both skeletal and cardiac muscle and are usually referred
to as staircase phenomena. Staircase phenomena can be
either positive (successive twitches increase in amplitude)
or negative (successive twitches decrease in amplitude).
For human adductor pollicis muscle in vivo, Desmedt
and Hainaut (1968) found an initially negative staircase,
followed by a prolonged positive staircase. For isolated
cat muscle, Parmiggiani et al. (1982) found prolonged
positive staircases for fast m. plantaris and prolonged
negative staircases for slow m. soleus. According to
these authors, the nature of the processes underlying
these phenomena is unknown, but they are most likely
due to slow changes in the Ca2+ dynamics during con-
traction. Such processes have not been incorporated in
the present model. Therefore, it is not surprising that it is
unable to predict the negative staircase observed in our
TS stimulation experiments at low frequencies of stim-
ulation.

Currently, it is di�cult to compare the performance
of this model to that of other models, since for many
other models, data which directly compare experimental
data and model predictions are not available in the lit-
erature. Riener et al. (1996), Riener and Quintern (1997)
are among the few who qualitatively evaluated their
model of excitation and contraction dynamics of human
muscle using experimental data. They found that their
model, parts of which are based on the same model as
used in this study (Hatze 1977), could reproduce many
characteristics of arti®cially stimulated muscle. For the
model of human muscle excitation proposed by Khang
and Zajac (1989), parameters are adjusted to approxi-
mate moment histories in an isometric twitch, but per-
formance in predicting tetanic muscle moments was not
evaluated.

Comparison between parameter values obtained in
this study and those used previously to simulate the
push-o� phase in vertical jumping (i.e. Van Soest and
Bobbert 1993) revealed large di�erences in the speed of
the contraction dynamics (cf Fig. 9). The contraction
dynamics as determined on the basis of experimental
data from human muscle is about 7 times slower than
the contraction dynamics used in that study, which was
derived on the basis of data from isolated skeletal muscle
from the literature. On the other hand, the excitation
dynamics as determined from the electrical stimulation
experiments was on average only 42% slower than that
used in the latter study. So, for isometric plantar ¯exion,

Fig. 8. Averaged peak moments attained in both the experimentally
recorded and calculated isometric contractions for all subjects.
Moments are averaged over frequencies of 4, 8, 12, 16 and 24 Hz

Table 3. Parameter values describing the ®rst-order trend function for all subjects. The meaning of the parameters is explained in Appendix
A. Parameter values were derived by ®tting the model (9) to Ca2+ histories c�t� generated by the optimized excitation dynamics at a
stimulation frequency of 100 Hz. For each parameter, the 95% con®dence interval is given in parentheses. Note that these intervals are
much smaller than for parameters describing the complex model (cf Table 2)

Subject 1 Subject 2 Subject 3 Subject 4

m 6.54 (6.41)6.56) 8.52 (8.49)8.53) 7.94 (7.90)7.96) 5.06 (5.04)5.07)
c 1.36 ´ 10)4

(1.35 ´ 10)4±1.37 ´ 10)4)
1.10 ´ 10)4

(1.10 ´ 10)4±1.11 ´ 10)4)
1.57 ´ 10)4

(1.56 ´ 10)4±1.57 ´ 10)4)
1.83 ´ 10)4

(1.82 ´ 10)4±1.83 ´ 10)4)
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the excessively fast rise of moment can to a large extent
be attributed to the contraction dynamics of the model
used being too fast and to a much lesser extent to the
excitation dynamics used being too fast. In order to
assess the contribution of stimulation dynamics to force
development, simulation of muscle contractions using
electromyograms as input seem to be indicated. These
will be the subject of a subsequent paper.

Acknowledgements. Technical assistance by W. Engel and K.
Noppe is gratefully acknowledged. We thank Drs. T. de Haan for
assistance during data acquisition. We are indebted to an anony-
mous reviewer for useful comments on the manuscript.

Appendix
Details of the model of muscle excitation

Following Hatze (1977, 1981), the excitation dynamics of the
contractile element of the muscle is described by two second-order
di�erential equations:

d2b
dt2
� hi

db
dt
� h2b � a�t� �6�

d2c
dt2t
� h3

dc
dt
� h4c � b�t� �7�

Here a(t) is the neural control signal, b(t) the depolarization of the
T-tubuli, and c(t) the free intracellular Ca2+ concentration as de-
scribed in the main text. When driven by a single pulse for a(t), the
system (6)±(7) yields an asymmetrically shaped response for the
intracellular Ca2+ concentration a(t), a fact which is also observed
in experiments where intracellular calcium transients are recorded
by means of calcium-sensitive dyes (i.e. Blinks et al. 1978).

Note that the system of (6)±(7) is linear in the driving term a(t)
and that its output is determined by the value of parameters h1 ÿ h4
and the shape of the neural control signal a(t). In this study we used
a half-sine wave with a half-period of 1 ms for a single stimulation
pulse. This means that when the model is stimulated at a frequency
of e.g. 80 Hz, the neural control signal is given by

a�t� � sin�1000p�t ÿ t0��; t0 < t < t0 � 0:001;

t0 � n
80
; n 2 N

�8�

a�t� � 0 elsewhere

The active state q of the contractile element is calculated from the
free intracellular Ca2+ concentration c(t) by means of

q�c; n� � 1ÿ 1ÿ q0
m1 ÿ m2

mle
m2q��n�h5c ÿ m2e

m1q��n�h5c
� �

�9�

Here m1;2 � ÿq2 �
�������������
q22 ÿ 1

q
, where q2 is a constant, n is the length

of CE relative to /ce;opt, and q0 is a constant. The length depen-
dence of the active state q is incorporated into (8) by means of the
term

q��n� �
�ns ÿ 1

�n
n

� �s

ÿ 1

where s and �n are constants. The shape of the active state-calcium
relationship (8) is determined by the value of the constants q2, s, q0
and �n. For details concerning the derivation of (9) as well as its
underlying assumptions, the reader is referred to Hatze (1977,
1981). The parameters describing the excitation dynamics are
h1±h5. These are the parameters which are optimized as explained
in the main text. Parameter values determining the shape of the
active state calcium relationship are summarized in Table 4.

When studying multi-segment movement control, the many
structural details incorporated in the model of muscle excitation as
described by (6)±(9) can be of minor importance. In those cases, the
muscle excitation can be approximated by a ®rst-order trend
function, which describes the averaged behaviour of the more
complex model (Hatze 1977, 1981).

This trend function is described by the ®rst-order di�erential
equation

dc
dt
� m�cmÿ c� �10�

where c�t� is the intracellular Ca2+ concentration, as before, m is the
normalized stimulation rate of themuscle, andm and c are constants.
Following Hatze, the stimulation frequency is normalized with res-
pect to the maximal stimulation frequency of 100 Hz, which is taken
by de®nition as m � 1. Given the intracellular Ca2+ concentration,
the active state q of CE is calculated using (9) or an approximation to
this expression.
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