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SUMMARY 

Experiments have been performed on mouse skeletal muscles 
to give a basis for an improved description of the muscular 
force production, in particular history and timing aspects. 
Experimental analysis allowed us to improve the common 
models of muscle force generation based on the theories of 
Hill. State-space diagrams were used to investigate timing 
aspects of force production, in different length variation 
regimes for fully stimulated muscles. They clearly indicated 
an exponential nature of the force development in isometric 
phases of contractions. The time constant of the exponential 
functions describing isometric force redevelopment after 
length variations appeared to be in a certain relation with the 
one for initial isometric contractions for a muscle individual. 
The muscle activation and deactivation times calculated from 
the state-space diagrams were in agreement with!  the 
generally accepted muscle properties, thereby demonstrating 
the reliability of the method. The time constants derived from 
the state-space diagrams and force modification induced by 
non-isometric contractions were introduced in a muscular 
model by Günther et al [1], which is a sophisticated model 
based on Hill equation. 
 

INTRODUCTION 

Skeletal muscle modeling requires a detailed description of 
muscular force production. Series of experiments have been 
performed on mouse soleus ('SOL') and extensor digitorum 
longus muscles ('EDL'). The first studies [2,3] were aiming to 
investigate force modification following active stretch and 
shortening (Figure 1). It was concluded that the work 
produced by the muscle during shortening, and on the muscle 
during stretch, was a good predictor for both force depression 
and force enhancement. 
 
The next step was to describe an isometric phase of force 
generation during contraction. The mathematical analysis of  
force-time traces takes the experience from fitting exponential 
function to the curves. The time constant for an isometric 
phase following shortening was well predicted by the one for 
initial isometric contraction [2]. Thereby the transient force 
production in an isometric phase of a contraction following 
length variation can be well predicted by introduction of a 
force modification, considering the history through the work 
quantity, and the initial time constant, being a typical 
parameter for a muscle individual. 
 

A common way to consider an autonomous differential 
equation is through the state-space. We set force and force 
differential as the axis in a plane diagram. Straight lines in the 
diagram will confirm the assumption that muscular force is 
described by exponential function. A modified Hill-type 
muscle model described by Günther et al [1] was then 
supplemented with history effects and timing constants 
derived from the state-space diagrams. 

 
Figure 1:  Examples of force-length traces on mouse SOL 
muscles. Thick black lines correspond to experimental traces. 
Simulation is introduced with thin blue lines. Transient-length 
contractions: dash-dot line - stretching, and dashed line - 
shortening by 0.36 mm in 0.12 s. The experiments end at the 
optimal length of the muscle. Time t=0 denotes start of 
stimulation, Length=0 the individual optimal length. 
 
 

METHODS 

The present study is built on a series of experiments described 
in detail in [3]. Sets of various length regimes were applied on 
activated skeletal SOL and EDL muscles from mice. In order 
to avoid noise in the force data for further processing, a 
lowpass filter was applied in Matlab. The force differential 
was then calculated through a central difference 
approximation. All experiments were plotted in state-space 
diagrams, with muscular force as ordinate and time differential 
of the force as abscissa (Figure 2). 
 



Starting and ending stimulation causes non-straight lines 
corresponding to rise and drop of muscle activation. Isometric 
initial phases appeared as straight lines in the state-space 
diagrams as did isometric force redevelopment after active 
lengthening and shortening and force decay after deactivation. 
The time constants for these stages were evaluated as slope 
coefficients after straight-line fitting. 
 
History effect defined in [2,3] and timing aspects derived from 
state-space diagrams were introduced in the numerical muscle 
model from [1]. 

 
Figure 2:  State-space plots of example isometric (upper), 
shortening (middle) and stretch (bottom) tests on mouse SOL 
muscle. Time t=0 denotes start of stimulation, stimulation is 
ended at t=0.6 s. After the muscle is fully active ('act' phase), 
the force rises exponentially ('isom0') and reaches a steady-
state value when force derivative drops down to zero. Then 
shortening and stretch were introduced, followed by isometric 
force redevelopment ('isomr'). After the stimulation 
terminates, muscle activation decreases ('deact') and the force 
decays to its passive level ('isom1'). The straight lines are a 
regression fit of the isometric phases of muscle contractions. 
 
 

RESULTS AND DISCUSSION 

An accurate description of the muscular force was evaluated. 
Straight lines in the diagrams confirm that muscular force is 

realistically described by an exponential function (Figure 1). 
Time constants of isometric force redevelopment appeared to 
be slightly different from the ones for initial force 
development. Timings for passive force loss were found 
longer for SOL and shorter for EDL than for active force 
growth (Table 1). Activation and deactivation times were 
calculated as well as their dependences on the initial muscle 
length and length history. These findings were in agreement 
with previous works of different authors and therefore can be 
used as a basis for numerical modeling. 
 
Table 1: Time constants of isometric force development 
before and after active muscle length changes, average for 5 
SOL and 5 EDL muscles. The results are given as mean ± 
standard deviation, [s]. 

Experiments SOL EDL 
Isometric (rise) 0.076±0.018 0.035±0.007 
Shortening 0.046±0.008 0.027±0.004 
Stretch 0.052±0.009 0.087±0.014 
Stretch-Shortening 0.064±0.006 0.039±0.005 
Isometric (fall) 0.100±0.025 0.024±0.003 
 
A computational Hill-type muscle model including a 
contractile element and two elastic elements in parallel and in 
series was developed on a computer. A set of muscle 
parameters required for the model of mouse SOL and EDL 
muscles was obtained by comparing the model to the 
experimental data. The timing aspects evaluated in the study 
were included in the description. History effect was introduced 
and obviously improved the model (Figure 1). 
 
 

CONCLUSIONS 

The time constants of the exponential functions describing 
isometric force redevelopment were specified and appeared 
similar to the time constants of purely isometric tests. Times 
of activation rise and fall were calculated from the state-space 
diagrams and approved reliability of the method. The 
improved description of timing aspects of muscle contraction 
and force modification following active muscle lengthening 
and shortening were introduced in a numerical muscle model 
based on Hill equation. The force output appeared similar with 
the experimental trace. 
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