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Abstract There exists several numerical approaches to
describe the active contractile behaviour of skeletal mus-
cles. These models range from simple one-dimensional to
more advanced three-dimensional ones; especially, three-
dimensional models take up the cause of describing complex
contraction modes in a realistic way. However, the validation
of such concepts is challenging, as the combination of geom-
etry, material and force characteristics is so far not available
from the same muscle. To this end, we present in this study a
comprehensive data set of the rabbit soleus muscle consisting
of the muscles’ characteristic force responses (active and pas-
sive), its three-dimensional shape during isometric, isotonic
and isokinetic contraction experiments including the spatial
arrangement of muscle tissue and aponeurosis–tendon com-
plex, and the fascicle orientation throughout the whole mus-
cle at its optimal length. In this way, an extensive data set is
available giving insight into the three-dimensional geometry
of the rabbit soleus muscle and, further, allowing to validate
three-dimensional numerical models.
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1 Introduction

Modern three-dimensional muscle models might enable
a realistic representation of contractile behaviours. They
appear in various domains of our daily routine: from opti-
mised objects like footwear, orthopaedic arch support, pros-
theses, over films and video games to areas such as medicine,
medical device design, surgery simulations, and ergonomics
(Herzog 2009; Wrobel et al. 2010; Osth et al. 2011). Also
from the scientific point of view, there are several open ques-
tions. One key issue, e.g., is the insight into muscle evolution
within muscle packages. Over thousands of years, the evolu-
tion has formed optimal muscle packages that have the ability
to generate highly complex movements. In order to shed light
on such evolution processes, the development and utilisation
of three-dimensional muscle models can be a remedy. As a
precondition, these models need to be validated in such way
that they are able to predict correct muscle forces and in par-
ticular muscle shapes during contraction periods. However,
a crucial point for the validation of such numerical models
is the lack of comprehensive data sets including informa-
tion as muscle properties (force–velocity, force–length and
force–strain relations), the active muscle force response or
the spatial orientation and alignment of the fibres (in the fol-
lowing refereed to as fascicle orientation) measured from the
same muscle.

Mathematical modelling of active muscle properties was
pioneered by two concepts: a phenomenological model by
Hill (1938) and a micromechanical biophysical-based cross-
bridge approach developed by Huxley (1957). The Hill
model usually consists of a contractile, a parallel elas-
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tic and a series elastic element and has been used in
its original and modified form to study different features
of muscle contraction (e.g. Lichtwark and Wilson 2005;
Houdijk et al. 2006; Günther et al. 2007; Rode et al. 2009a;
Lu et al. 2011; Mörl et al. 2012; Siebert et al. 2012b).
In contrast, Huxley-type concepts have been mainly used
to analyse the properties of the microscopic contractile ele-
ment (Hill et al. 1975; Oomens et al. 2003; Williams 2011).
Indeed, both model types have been used to describe one-
dimensional muscle force generation in movement analy-
ses and muscle performance simulations developed around
multibody dynamic systems (Pandy 2001; Curtis et al. 2009;
Ghafari et al. 2009; Geyer and Herr 2010; Silva et al. 2011;
García-Vallejo and Schiehlen 2012). These methods have
been recommended as the most practical approaches when
focusing on movement analyses of the whole body or parts of
it. However, these concepts do not include geometrical infor-
mation like complex muscle fibre orientation or muscle inter-
action with other tissues. Consequently, information ranging
from fibre characterisation over internal pressure distribution
to fibre recruitment strategies get lost. As a consequence, the
development of three-dimensional constitutive models has
rapidly proceeded in the last years reaching from concepts on
the general contractile behaviour (e.g. Johansson et al. 2000;
Blemker et al. 2005; Böl and Reese 2008; Hedenstierna et
al. 2008; Böl 2010; Chi et al. 2010; Grasa et al. 2011; Böl
et al. 2011b; Ehret et al. 2011; Röhrle et al. 2012) over mod-
els describing fatigue effects (Tang et al. 2007; Röhrle et al.
2008; Böl et al. 2009, 2011a), growth phenomena (Zöllner
et al. 2012) or damage aspects (Ito et al. 2010) to approaches
dealing with the electromechanical activation of muscles
(Fernandez et al. 2005; Röhrle 2010; Böl et al. 2011c).

Among aforementioned publications, there are several
approaches that use three-dimensional muscle shapes in
the relaxed state to perform partially complex simulations.
However, to the authors’ knowledge, there are only two pub-
lications that use the geometry of activated muscles to val-
idate their modelling approaches. In the first contribution
by Tang et al. (2007, 2009), two-dimensional silhouettes of
the frog gastrocnemius muscle have been measured during
tetanic stimulations. As the authors did not determine further
geometrical information as fibre orientations or the spatial
arrangement of additional tissues (aponeurosis or tendon),
a comprehensive validation is hardly possible. Very recently,
Böl et al. (2011b) measured the three-dimensional shape of
the biceps brachii muscle in vivo. Therefore, magnetic res-
onance imaging (MRI) data of the human upper arm during
isotonic contraction have been utilised. Applying a three-
dimensional constitutive muscle model (Böl et al. 2011a;
Ehret et al. 2011), it was possible to study the biceps brachii
inside the muscle package and thus validate the modelling
approach in vivo. The availability of three-dimensional data
depicts a clear advantage in contrast to two-dimensional

silhouettes (Tang et al. 2007). However, both works Tang
et al. (2007) and Böl et al. (2011b) do not record addi-
tional information such as, for example, the generated muscle
forces, which would enable a more explicit model validation.

Focusing on techniques used to measure geometrical
information such as local strains on the surfaces of soft tis-
sues, optical marker tracing methods (OMTMs) are com-
mon. The basic strategy of such methods is to fix single
optical markers on top of the tissue and trace them during
deformation by optical methods like X-ray microscopy or
video registration. Thus, multidimensional strain fields can
be calculated in a logical step. However, with the exception
of Donkelaar et al. (1999) who measured larger regions of
the rat gastrocnemius medialis muscle, OMTMs have been
used to quantify local tissue deformations of skeletal mus-
cles only (Azizi and Roberts 2009). Very recently, Böl et al.
(2012) presented a method to identify the surface of cuboid
muscle samples during loading. However, to the authors’ best
knowledge, there exists no information about surface defor-
mations of entire muscles during contraction.

Beside the muscles’ shape, its fascicle orientation is cru-
cial when focusing on force development or transmission
in skeletal muscle (Azizi et al. 2008). Consequently, it is
unavoidable to take the fascicle orientation into account when
applying three-dimensional contraction analyses (Böl et al.
2011a; Böl et al. 2011b; Böl et al. 2011c). A very promising
method for quantifying the fascicle orientation is the diffu-
sion tensor imaging (DTI)-based fibre tracking method which
is rooted on the anisotropic diffusion of water within muscle
tissue (cf. Basser et al. 1994). The DTI technique provides
a unique way to determine fibre directions in vivo in com-
parison with manual fibre tracking methods. Thus, the DTI
method is an encouraging tool applied in studies on skeletal
muscles (Heemskerk et al. 2005; Zhang et al. 2008; Schwen-
zer et al. 2009; Sinha et al. 2011). Beside many advantages,
the DTI method also exhibits some disadvantages such as
background noise, movement, distortion from imaging arte-
facts, assumption of Gaussian diffusion characteristics or
crossing fibres leading to limited accuracy and therefore, par-
tially, to questionable results (Tournier et al. 2011; Jeurissen
et al. 2012; Jones et al. 2012; Vos et al. 2012). A validated
method to determine three-dimensional muscle architectures
is the manual digitisation of formalin-embalmed muscles
(e.g. Gorb and Fischer 2000; Leon et al. 2006; Kim et al.
2007; Rosatelli et al. 2008; Fung et al. 2009; Mihata et al.
2009; Ravichandiran et al. 2009). The removal of individual
muscle fascicles permits the identification and digitisation of
successively deeper muscle regions. Due to the examination
of cadaveric specimens, the data set is limited to one fixed
muscle length. Further, this procedure is highly invasive as
the muscle is destroyed while measuring.

As this introduction illustrates, there is a massive need for
extensive data sets including geometrical information dur-
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Fig. 1 Illustration of the rabbit
hind leg mounted in the fixation
frame. a Set-up for the
measurement of the active
muscle characteristics and its
geometry (p1 and p2 are bone
pins used for fixation of the hind
leg) and b photograph of the
situation in the laboratory

ing muscle contraction combined with the knowledge of the
muscles’ force response and its architecture. On that account,
to the authors’ knowledge, we, for the first time, present a
comprehensive data set of the rabbit soleus muscle. Accord-
ingly, Sect. 2 concerns the outline of the used techniques
to determine (i) the specific muscle properties (n = 11),
(ii) the muscles’ outer three-dimensional geometry and force
data (n = 3) during isometric isotonic and isokinetic con-
tractions, (iii) the spatial arrangement of muscle tissue and
aponeurosis–tendon complex (n = 10) and (iv) the mus-
cles’ fascicle orientations (n = 10) at optimal muscle length
(lopt), defining the length at which the muscle produces its
maximum isometric force. Note, the variable n denotes the
number of objects used for the corresponding experiments.
Further, in Sect. 3, the results are presented in detail. Before
this study is closed with Sect. 5, Sect. 4 is devoted to a critical
discussion of the outcomes.

2 Methods

2.1 Ethical approval

Experiments were approved according to Section 8 of the
German animal protection law (Tierschutzgesetz, BGBl. I
1972, 1277).

2.2 Muscle force determination

Female New Zealand white rabbits (Oryctolagus cuniculus)
with an average weight of 4.12 ± 0.69 kg (mean ± SD) were
anaesthetised with Bupivacain (Jenapharm�, 1 ml, 0.5 %,
epidural) after short-term sedation with natrium pentobar-
bital (Nembutal�, 80 mg/kg BW). Rooted on the depen-
dence of muscle characteristics on temperature, the animal
was heated during the entire experimental procedures using
a heating pad (Harvard Apparatus, 39.0 ± 0.4◦, mean ± SD).
After removing the skin of the right hind leg below the knee,
the soleus muscle’s surface was frequently sprinkled with
heated (39 ◦C) physiological saline solution during the entire
experiment while dissection care was taken to preserve the
neurovascular supply. For mounting the muscle in a fixation
frame, see Fig. 1, its connection to the head of the fibula
was maintained. At the muscles’ distal end, the calcaneus
has been removed from the foot but kept connected to the
muscle. After dissection, the rabbit was located in a fixation
frame and fixed by two pairs of bone pins (Fig. 1a). Note, as
optical measurement systems have been used (see Sect. 2.3),
a non-constrained view on the muscle has to be assured. For
this purpose, the tibia and all other muscles of the hind leg
have been removed below the knee, see Fig. 1.

A muscle lever (Aurora Scientific 310B-LR) has been
used to measure/generate length and force changes. The
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Fig. 2 Idealised illustration of the experimental set-up including the
optical measurement systems (sensor 1-4). a Front view in the muscles’
longitudinal direction and b top view on the soleus muscle (sensor 1 is
not shown). Due to illustration reasons, the sizes and distances in this
figure are not proportional

arm of the muscle lever has been connected with a hook
directly to the calcaneus (Fig. 1a). At the beginning of all
experiments, the initial muscle length (101 ± 4 mm, mean
± SD) was measured in situ with a micrometre at an ankle
joint angle of 90◦. The soleus muscle was stimulated supra-
maximal (100 Hz) over the tibial nerve using a bipolar gold
electrode. To determine the specific muscle properties, iso-
metric, isotonic and isokinetic contractions have been con-
ducted; for more details, we refer to Siebert et al. (2008). In
Fig. 1b, a photograph of the real situation in the laboratory is
given.

Fig. 3 Influence of the amount of varnish Av sprayed on the muscles’
surface Am on the generated muscle force F , whereby Fim denotes
the maximum isometric muscle force at optimal muscle length. The
subfigures show the uncoated soleus muscle A and the same muscle
covered with 80 % of varnish B

2.3 Identification of the three-dimensional muscle shape

The commercial measurement system ARAMIS (GOM mbH
Braunschweig, Germany), which is based on the so-called
grating method (Winter 1993), has been used to capture
the shape of the muscle during contraction. Accordingly,
the muscles’ surface has been coated with single points of
white and black varnish, see also Remark 1. The random
pattern sprayed on the muscles’ surface deforms simultane-
ously with the muscle. This deformation is recorded by four
sensors, each of them includes two CCD cameras. The cam-
eras provide 8-bit images with a resolution of 2,352 (hor-
izontal) × 1,728 (vertical) pixels (pixel size: 10 µm × 10
µm) in TIFF format and record at a maximum frame rate of
200 fps. For each of the four sensors, the first post-processing
step defines the macro facets in the reference image from
one camera compared with the second one. In the following,
the coordinates of every facet with respect to the selected
start point are allocated automatically. In each successive
image, these facets are tracked. While comparing the images,
ARAMIS registers any displacement of the muscle surface.
This leads to precise three-dimensional coordinates of the
surface, from which strains can be derived. In a final post-
processing step, the geometrical results of each sensor have
been added using a reference frame, for synchronising the
four sensors. In Fig. 2,a schematic illustration of the measur-
ing set-up including the four sensors is given.

Remark 1 (Influence of varnish on the contraction behav-
iour) In order to analyse the influence of the varnish sprayed
on the muscles’ surface on muscle force generation, a ref-
erence experiment has been applied. In doing so, isometric
contractions at optimal muscle length using the experimental
set-up as described in Sect. 2.2 have been arranged. During
these contractions, the pigment content has been increased
continuously from 0 to 100 %. In Fig. 3, the influence of the
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Fig. 4 Differentiation between muscle tissue and aponeurosis–tendon
complex. a Isolated soleus muscle before coating with varnish and b cal-
culated strain field ε. Red characterises high and blue labels low values.

The left side is the muscles’ proximal and the right one the distal end. For
the determination of the strain field, a grid resolution of 50 µm×50 µm
has been chosen

amount of varnish Av sprayed on the muscles’ surface Am

on the generated muscle force F related to the maximum iso-
metric muscle force Fim is illustrated. During these studies,
no significant influence could be detected. The average value
of the generated muscle force F results to be 21.71 ± 0.86
N. The calculated standard deviation of 0.86 N is not higher
than in appropriate experiments without the use of varnish.
Thus, this method seems to be adequate when measuring the
muscles’ surface.

2.4 Spatial configuration of muscle, aponeurosis
and tendon tissue

For a proper construction of a geometrical model, a spatial
separation between muscle tissue and aponeurosis–tendon
complex is essential. As the aponeurosis–tendon complex is
much stiffer than the muscle tissue (e.g. Calvo et al. 2010),
we utilise this feature to decide between these tissue types.
To this end, the pattern originally applied to determine the
muscles’ shape has been used to calculate the strain field ε

during passive stretching, see Fig. 4b, where ε is plotted on
the muscles’ surface. Red indicates high and blue low strain
values. As expected, high strain values can be detected in
region (I) which coincides with the muscles tissue. Very low
strains appear on the tendon, in region (III). Due to the high
stiffness of the tendon, its deformation is much lower than the
one of the muscle tissue. As the aponeurosis acts as interface
between tendon and muscle tissue in this region (II), strain
values between the two border cases can be found, expressed
by mainly green colour.

2.5 Fascicle orientation

Concerning the drawbacks of the DTI fibre tracking method,
in this study, the fascicle orientation has been digitised

Fig. 5 Photographs of the manual digitising procedure. a The isolated
soleus muscle has been mechanically fixed in wax and a muscle fascicle
is drawn out. b Muscle during the digitisation procedure; some fascicles
have been removed and digitised

manually. Immediately after sacrificing the animal with an
overdose of natrium pentobarbital (Nembutal� 800 mg/kg
BW), the skin was removed from the lower leg after its ampu-
tation. In order to minimise shrinking artefacts, the prepara-
tion was fixed in alcoholic Bouins solution for more than
48 h (Gorb and Fischer 2000). Since the preparation has to
be stabilised mechanically during digitisation, the isolated
soleus muscle, still connected to the bone, was moulded
in wax with an ankle joint angle αjoint of 80.6 ± 4.4◦, see
Fig. 5a, which corresponds to the muscles’ optimal length.
In order to record the fascicle orientation, a manual digitiser
(MicroScribe� MLX, measuring accuracy 0.07 mm) with a
sampling frequency of 5 Hz has been utilised. During the
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Fig. 6 Exemplary illustration of a typical three-dimensional soleus
muscle at its optimal length lopt = 113.0 mm. a The muscle geome-
try consisting of muscle, aponeurosis, and tendon tissues and b fascicle

orientation. For the sake of clarity, the spatial arrangement of the fasci-
cles has been illustrated separately and enlarged

Table 1 Architectural features of the rabbit soleus muscle

Unit Number of animals Mean ±SD

I II III IV V VI VII VIII IX X

Animal weight (kg) 3.1 3.7 3.9 3.1 4.6 4.1 4.0 4.1 3.8 3.8 3.75 0.5

Ankle joint angle (◦) 86.7 84.3 84.3 83.5 82.3 81.1 78.4 77.7 74.3 73.6 80.6 4.4

Fascicle length

Mean (mm) 20.9 13.5 13.5 17.0 19.9 14.7 14.5 16.5 17.3 18.1 16.6 2.6

SD (mm) 2.0 0.9 1.3 2.1 1.9 1.2 1.2 1.2 2.5 1.3

Pennation angle

Mean (◦) 6.1 13.7 9.5 11.9 7.5 9.9 9.1 13.8 6.2 11.1 9.9 2.8

SD (◦) 1.2 1.9 1.6 2.1 1.6 1.4 1.2 1.7 1.4 1.5

Length tendon

Proximal (mm) 11.6 11.0 4.8 6.1 17.7 11.2 11.8 9.7 15.1 11.8 11.1 3.8

Distal (mm) 22.9 32.6 31.7 29.6 29.6 34.6 34.8 31.5 23.1 37.5 30.8 4.8

Length aponeurosis

Proximal (mm) 45.1 47.9 55.8 50.2 45.1 46.5 46.6 51.0 48.4 45.1 48.2 3.4

Distal (mm) 41.8 49.4 53.3 50.9 36.2 46.2 48.6 55.0 53.0 43.3 47.8 5.9

digitising process of one muscle (average period ∼5 h), the
palm was placed on a holder to minimise movements of the
digitise tip, leading to an accuracy of higher than 0.1 mm.
However, main idea of the digitising procedure is to take out
a single fascicle (Fig. 5a) and digitise the deepening the fas-
cicle consigned, see Fig. 5b. In doing so, highly precise data
sets of fascicle orientations have been obtained.

3 Results

Based on the technique described in Sect. 2.4, the spatial
arrangement of the muscle, aponeurosis and tendon tissue
could be obtained, see Fig. 6a. The muscle is illustrated at
its optimal length lopt, restricted on its ends by the calcaneus

(idealised by a dark grey cylinder) and the head of fibula
(idealised by a dark grey sphere). The calcaneus is connected
to the tendon (light grey) fading into the aponeurosis (light
grey) acting as interface between the tendon and the mus-
cle tissue (red). Note, as anomaly of the soleus muscle, the
tendinous adhesion with the gastrocnemius muscle can be
identified. On the proximal end, the tendon is connected to
the head of the fibula and passes into the aponeurosis. The
three-dimensional, spatial orientation of the fascicles is illus-
trated in Fig. 6b. Further, the classical architectural features
have been determined, too, see Table 1.

Specific muscle properties, i.e., force–velocity, force–
length as well as force–strain relations, were determined
for 11 soleus muscles (Fig. 7). As demonstrated in (a), all
experimental force–velocity relationships had the typical
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Fig. 7 Muscle properties of soleus muscles (n = 11) determined
according to Siebert et al. (2008, 2012b). The black curves indicate
mean values, whereas the grey areas depict the standard deviations.
a Force–velocity relation, where vmax denotes the maximal shortening
velocity, Fim the maximum isometric muscle force, and FCC is the force
of the contractile component. b Force–length relation, herein lCC and
lCCopt (21.1±4.5 mm) is the length and the optimal length of the contrac-

tile component, respectively. c Force–strain relation of the series elastic
component. �lsec and �lsec0 (84.8 ± 4.9 mm) is the length change and
the slack length of the series elastic component. d Force–strain rela-
tion of the parallel elastic component characterised by �lpec and �lpec0
(16.2 ± 2.5 mm), to be the length change and the slack length of the
parallel elastic component

hyperbolic shape observed by Hill (1938) and exhibited a
characteristic force–length dependency (b) which is attribut-
able to the theoretical sarcomere force–length relationship
(Gordon et al. 1966; Rode et al. 2009b). Series and parallel
elastic components possess typical (Winters 1990) nonlinear
force–strain characteristics, cf. Fig. 7c, d. The standard devi-
ations of the determined muscle properties are small, see (a)
to (c), with the exception of the force–strain relation of the
parallel elastic component in (d). This is reported for other
soleus muscles (Scott et al. 1996; Brown et al. 1999) too
and may be related to variations in connective tissues (fas-
cia, epimysium, perimysium, endomysium) or titin-isoforms
(e.g. Prado et al. 2005; Rode et al. 2009a).

Note, in the following subsections, we present the three-
dimensional muscle geometries as well as the characteristic
force measurements exemplary for one soleus muscle whose
muscle properties are representative for all other observed
muscles as presented in Fig. 7. Further, for all contraction
states, complete data sets including the fascicle orientations
(Fig. 6b) and the three-dimensional muscle surfaces during
isometric, isotonic and isokinetic contractions (Figs. 9, 11,
13) are provided by the authors and can be found in the sup-
plementary material, see also Sect. 6.

3.1 Isometric contraction

Starting with the simplest contraction type, namely the iso-
metric contraction, characteristic force–time and displace-
ment–time curves are shown in Fig. 8. After the muscle
has been elongated to its optimal length, it is activated and
reaches its maximal force of Fim = 15.8 N (�D). After a
stimulation period of t isom

st = 1.2 s the muscle force decreases
during 0.5 s to a value of F = 0.7 N, see �D → �D1. This
force value is about 0.4 N smaller than before activation at
point �C.

Focusing on the reconstructed muscle geometries in Fig. 9,
it becomes clear that the largest changes in the muscles’ shape
appear first when the muscle is passively stretched to its opti-
mal length (�A → �B) and second when the muscle is
activated (�C → �D). During the latter time period, the
muscle length is kept constant and the muscle belly changes
remarkably due to the stretching of the series elastic compo-
nents. In Table 2, the percental deflexions δA�C→�D

i of the
cross-section areas i = 1, . . . , 12 in situation �D, see Fig. 9,
referred to the ones in the non-activated state �C, are given.
Rooted on the shortening of the muscle belly (moving of the
tapering belly ends together) and the elongation of the distal
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Fig. 8 Results of an isometric
muscle contraction at optimal
muscle length. The black curve
denotes the generated muscle
force and the grey curve
describes the elongation u about
uopt = 14.0 mm to reach the
muscles’ optimal length.
The discrete points
�A/B/C/D/E/F =
0/1.5/6.5/7.7/10.7/12.2 s are
associated with the muscle
shapes in Fig. 9. The grey bar
indicates the period of electrical
stimulation

and proximal tendons, at both muscle ends, a reduction in the
cross-sections area can be observed. As expected, the muscle
belly thickens and adjustments up to δA�C→�D

5 = 41.2 %
can be detected.

3.2 Isotonic contraction

In contrast to an isometric contraction, where the force is
measured and the displacement is fixed, for isotonic contrac-
tions, the muscle force is held constant, whereas the displace-
ment is measured. Two main effects arise: first, the muscle
produces a maximum isotonic force (which is approximately
the half of the maximum isometric force Fim) during the
activation period t isot

st = 1.2 s and second the muscle short-
ens about uF = 6.0 mm (Fig. 10). In this regard, a small
delay between stimulation (♦C) and maximum force gener-
ation (♦D) as well as deactivation (♦F) and the end of force
generation (♦F1) can be observed.

With regard to the muscle geometries during activation
(Fig. 11, ♦C → ♦F), it becomes obvious that the muscle
shortens along its longitudinal axis while the muscle belly
thickens. This also becomes approved by the percentage
changes of the cross-section areas, see Table 3. After the
end of the stimulation (Fig. 10, ♦F), the muscle force drops
down to a value of 0.6 N (♦F2) while the muscle elongates
to 94 % of the optimal length, see point ♦F1.

In order to study the stimulation period t isot
st in more detail,

we consider changes from the initial situation to about two-
thirds t isot

st (♦C → ♦E) as well as changes from the initial
point to the end of t isot

st (♦C → ♦F). Focusing on the first
phase (♦C → ♦E), cross-sectional reductions on the tendi-
nous regions (δA♦C→♦E

1−5 and δA♦C→♦E
11−12 ) and a thickening of

the muscle belly (δA♦C→♦E
6−9 ) can be detected. Further short-

ening (second phase, ♦C → ♦F) results in an increase in the

proximal muscle belly regions (δA♦C→♦F
4−5 ) and a simultane-

ous decrease in the distal muscle belly regions (δA♦C→♦F
8−9 )

leading to more homogeneous cross-section increase of the
whole muscle belly (δA♦C→♦F

4−9 ).

3.3 Isokinetic contraction

The last type of muscle contraction applied on the rab-
bit soleus muscle is the isokinetic experiment consisting of
a sequence of an isometric contraction at optimal muscle
length, a concentric muscle shortening with a given constant
velocity (5.0 mm/s) and a second isometric contraction at
reduced muscle length, see Figs. 12 and 13. According to
these three phases, the muscle is stimulated for t isok

st = 2.7 s
(� C →� F) thereby generating two isometric force peaks
of 15.8 N (at point � D), 10.6 N (at point � F), and a mini-
mum force of 8.6 N (at point �E) at the end of the shortening
phase, respectively.

As the first isometric phase shows the same force charac-
teristics as in the isometric experiment (�C →�D, Fig. 8),
the adjustments of the cross-section areas are almost sim-
ilar (δA�C→�D

i in Table 2 versus δA�C→�D
i in Table 4).

As expected, further shortening results in a thickening of
the muscle belly, see Table 4, δA�C→�E

6,8−9 . In the second
isometric phase, a proximal movement of the muscle vol-
ume appears resulting in an alteration of the cross-section
changes δA�E→�F

6−10 (increase) and δA�E→�F
4−5 (decrease),

respectively.

4 Discussion

Basic motivation for this study is the lack of extensive data
sets to validate skeletal muscle models in a three-dimensional
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way. To this end, we present such a comprehensive data set
including (i) the muscles characteristic passive and active
force response, its three-dimensional shapes during differ-
ent contraction experiments, (iii) the spatial arrangement of
muscle, aponeurosis and tendon tissues and (iv) the fascicle
orientation throughout the muscle. So far, no study has been
documented including all four components, at most single
aspects have been published.

4.1 Requirement for model validation and impact of this
study

For a prosperous model validation, the chosen model needs
to fulfil a few requirements. First, as the provided data
include the spatial separation of the muscle tissue and the
aponeurosis–tendon complex as well as the spatial distrib-
ution of the fascicles, the model needs to have the ability
to resolve the muscle geometry in a three-dimensional way.
Second, since only macro mechanical quantities have been
measured, the models has to be aligned to utilise those quan-
tities. A typical example is purely phenomenological mod-
els or those, trying to transfer information between different
scales (e.g Ehret et al. 2011). Third, beside the ability to
describe finite elasticity, mass terms need to include within
the governing equations of the model approach as they play
a key role in movement analyses. Finally, from the computa-
tional point of view, the balance of linear momentum needs
to be considered in its unrestricted form what means that
dynamic terms have to be considered. Thus, although most
models make use of the assumption that contraction can sim-
ulated in a quasi-static manner (cf. Sect. 1), this oversimpli-
fication does not seem to be appropriate for the gathered data
within this study especially in case of isotonic and isokinetic
experiments.

Consequently, from the authors perspective, the basic
requirement for a satisfying validation process is the avail-
ability of three-dimensional geometry measurements and the
active force response at the enthesis from the same mus-
cle. Force measurements alone, as frequently published (e.g.
Bullimore et al. 2007; Rode et al. 2009a; van Noten and
van Leemputte 2011), are insufficient as no statements about
the three-dimensional muscle geometry changes (i.e. changes
of muscle shape and fascicle orientation) during contraction
can be made. But especially in such situations, muscles are
subjected to large deformations and thus geometry changes

Fig. 9 Muscle shapes during isometric contraction. The points �A to
�F are conform with the points in Fig. 8

extremely influence the force generation. The combination
of both, muscle force and three-dimensional shape measure-
ments during isometric, isotonic and isokinetic contractions,
as done in this study, cannot be found in the literature. To
the authors’ knowledge, there exists one contribution (Stark
and Schilling 2010) that tries to compare the characteristics
of the rat soleus muscle in the relaxed and contracted situ-
ation for one discrete contracted muscle geometry and one
force value, only. However, for an extensive model validation,

Table 2 Percentage changes of the cross-section areas δA�C→�D
i in situation �D referred to the ones in state �C during isometric contraction

i 1 2 3 4 5 6 7 8 9 10 11 12

δA�C→�D
i (%) −2.3 −0.5 1.3 28.0 41.2 15.1 31.1 10.3 4.0 −1.2 −3.1 −4.3
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Fig. 10 Results of an isotonic
muscle contraction. The black
curve denotes the generated
muscle force and the grey one
describes the elongation u about
uopt = 14.0 mm to reach the
muscles’ optimal length.
The discrete points
♦A/B/C/D/E/F/G =
0/2.9/7.9/8/8.7/9.1/11.9 s are
associated with the muscle
shapes in Fig. 11

these information are not adequate, as on the one hand rats
have been used instead of rabbits. On the other hand, also
qualitative comparison, e.g., of length variations, is hardly
feasible as the authors used not the identical muscle when
studying the relaxed and contracted muscle.

Rooted on the different stiffnesses of the muscle tissues,
we are able to distinguish between the aponeurosis, tendon
and contractile tissue. In doing so, it is possible to reconstruct
the tissues’ three-dimensional surface arrangement, which is
one basic requirement for a proper model validation. There
exists two modelling studies that differentiate between these
tissue types when reconstructing the rat soleus muscle (Böl
et al. 2011a) and the human biceps brachii muscle (Böl et al.
2011b) in order to validate their modelling approach. In com-
parison with other OMTM where only single markers have
been attached to the muscles’ surface (e.g. Donkelaar et al.
1999) in the present study, a dense point pattern has been
applied to reflect the surface. Consequently, areal strain fields
are measurable indicating an inhomogeneous strain distrib-
ution which points to a gradient in tissue stiffness.

Especially, aforementioned strain fields can be used to
examine elastic energy storage and release inside the pas-
sive muscle components during contraction, referred to as
elastic energy flow. Focusing on the hierarchical micro struc-
ture of skeletal muscles, it is well known that two layers of
elastic connective tissue, the fascia and the epimysium, sur-
round the muscle on the one hand. These tissues may store
or release elastic energy during muscle contraction (Siebert
et al. 2012a,b), thereby influencing the dynamic of muscle
contraction and the metabolic efficiency. On the other hand,
aponeurosis exhibits anisotropic stiffnesses in longitudinal

and transversal direction (Azizi and Roberts 2009), where, in
addition, strains in one direction modulate the stiffness in the
other direction. Consequently, in combination with adequate
models, the measured three-dimensional muscle deformation
as well as the strain fields (cf. Fig. 4) can be used to determine
three-dimensional stiffnesses of elastic tissue sheets (Siebert
et al. 2012a). Such procedure would improve our understand-
ing of three-dimensional interaction between contractile and
elastic structures during contraction. Further, muscle acting
as motors, springs or brakes (Wilson et al. 2001; Ahn and
Full 2002; Gillis and Biewener 2002) may exhibit not only
differences in the fibre type or the ratio of tendon to fibre
length (Biewener 1998a) but also in the characteristics of the
elastic muscle sheets which can be estimated applying the
proposed optical method (Sect. 2.3).

4.2 Comparison with the literature

As it is known from the literature, cf. Sect. 1, the fascicle
orientation throughout the muscle volume is essential for
the modelling procedure. From the biological perspective,
the rabbit soleus muscle is a rather simple one as it features
a unipennate fibre orientation (Herbert and Crosbie 1997)
and consists of more than 99 % slow twitch fibres (Wank
1996). Comparable measurements of rabbit soleus muscle
architecture were taken by Lieber and Blevins (1989). Mea-
suring fibre lengths with a caliper and pennation angles with
a protractor on a limited superficial area of the muscle, they
obtained a mean fascicle length of 13.8 ± 0.8 mm and a mean
pennation angle of 8.5 ± 1.0◦. These results differ slightly
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Fig. 11 Muscle shapes during isotonic contraction

from our results (fascicle length: 16.6 ± 2.6 mm and pen-
nation angle: 9.9 ± 2.8◦) with respect to the mean values,
but more pronounced with respect to the standard deviation
values. The differences in the mean fascicle lengths can be
explained partially by the longer muscle lengths in the present
study (65.6 mm) compared to lengths (57.5 mm) measured by
Lieber and Blevins (1989). However, the large difference in

the standard deviations values cannot be explained by muscle
size differences. We suppose that the larger standard devia-
tion values indicate larger heterogeneity in fibre lengths and
pennation angles of the unipennate soleus muscle and reveal
a more complex architecture than expected. This will be
supported by the aforementioned study of Stark and Schilling
(2010), demonstrating large heterogeneity for fibre length
and pennation angle for relaxed (18.7 ± 4.2 mm, 6.6 ± 3.1◦)
and contracted (15.0 ± 3.2 mm, 8.3 ± 2.2◦) rat soleus mus-
cles. Focusing further on earlier publications dealing with
various muscles of different species, mostly parameters such
as pennation angle, fascicle length or fascicle curvature have
been studied (e.g. Agur et al. 2003; Fry et al. 2004; Eng
et al. 2008). Using more advanced techniques, also spatial
fascicle orientation has been measured (Gorb and Fischer
2000; Heemskerk et al. 2005, 2009; Kan et al. 2009; Stark
and Schilling 2010). However, muscle regions with differ-
ent architecture will influence muscle deformation as well as
three-dimensional muscle force generation. To that end, the
inner muscle architecture of the entire muscle has to be con-
sidered in muscle models, as infrequently done (Oomens et
al. 2003; Böl et al. 2011a,c; Böl et al. 2011b), instead of mean
parameters determined on isolated muscle compartments or
entire muscles. This is especially recommended for muscles
with more complex fibre organisation as, e.g., the bipennate
gastrocnemius muscle or the multipennate plantaris muscle.

Muscle properties determined in this study show satisfy-
ing agreement with values observed for slow twitch fibred
small mammal muscles. Although the maximum isometric
forces are higher than rabbit soleus forces of Wank (1996),
the maximum tension (17.3 ± 3.4 N/cm2) is comparable
to values between 15 and 20 N/cm2 determined for iso-
lated soleus muscles of other small mammals (Asmussen and
Maréchal 1989; Monti et al. 2003; Stark and Schilling 2010).
Maximum shortening velocity (vmax = 6.3 ± 1.2lopt/s)
and curvature (a/Fim = 0.14 ± 0.06) of the force–velocity
relation (Winters 1990) are comparable to values reported
for slow twitch muscles (maximum velocity: 3–7lopt/s,
Ranatunga and Thomas (1990); Barclay (1996); Siebert et al.
(2008), curvature: 0.1–0.2, Asmussen and Maréchal (1989);
Barclay (1996); Siebert et al. (2008)).

Finally, the maximum change in volume related to the ones
in the initial state of each experiment has been measured to
be δVmax = 4.1×10−5 cm3. Using a determined wet muscle

Table 3 Percentage changes of the cross-section areas δA♦C→♦E
i and δA♦C→♦F

i in the situations ♦E and ♦F referred to the cross-section areas in
state ♦C during isotonic contraction

i 1 2 3 4 5 6 7 8 9 10 11 12

δA♦C→♦E
i (%) −1.6 −1.5 −6.0 −1.3 −3.9 34.0 10.3 42.7 27.0 4.0 −1.2 −0.3

δA♦C→♦F
i (%) −1.4 −4.5 −7.7 23.4 37.7 27.7 17.7 15.3 12.4 2.0 2.2 7.7
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Fig. 12 Results of an isokinetic
muscle contraction. The black
curve denotes the generated
muscle force and the grey curve
describes the elongation u about
uopt = 14.0 mm to reach the
muscles’ optimal length as well
as a muscle length reduction of
uisok = 2.0 mm in the
shortening phase. The discrete
points � A/B/C/D/

E/F/G/H =
0/1.5/6.5/7.7/7.9/9.2/12/13.3 s
are associated with the muscle
shapes in Fig. 13

weight of 3.04 ± 0.56 g for n = 11, this leads to a relative
volume change of δV̄max = 1.3 × 10−5 ± 2.5 × 10−6 cm3/g.
Existing experiments approve this value as they determine
volume changes of 2.5 × 10−6 to 7.6 × 10−5 cm3/g (Abbott
and Baskin 1962; Baskin 1967) during active muscle defor-
mation and 1.0 × 10−5 cm3/g (Baskin and Paolini 1964) for
passive muscle loading. These results depend on the mus-
cles’ reference length, temperature and type. However, the
calculated volume changes in this work clearly demonstrate
two issues. First, the muscle tissue can be seen to be volume-
constant, i.e., incompressible. Second, the optical measure-
ment techniques and reconstruction methods applied in this
work provide consistent and precise results.

4.3 Limitations of this study

A lack of this study is the determination of muscle archi-
tecture using relaxed muscles, only. Measurement of mus-
cle architecture during contraction is possible using, e.g.,
ultrasound (Ishikawa et al. 2007) which in turn is limited
to specific muscle regions and possible in two dimensions,
only. Determination of three-dimensional muscle architec-
ture during contraction was performed by Stark and Schilling
(2010) for isolated rat soleus muscles which were shock-
frozen during isometric contraction and reconstructed from
histological sections. This method is limited to small mus-
cles to ensure fast and complete freezing of the whole muscle
during stimulation. However, as this method is highly inva-
sive, architectural information of the relaxed and additionally
of the activated muscle cannot determined from the same
muscle.

Further, in case of modelling soleus muscles of different
species, the use of the data gathered in this study is ques-

tionable, as muscle properties change with animal size. For
example, the maximal shortening velocity of the muscle
vmax ∼ m−ks increases with decreasing animal mass (m),
whereas the scaling coefficient ks ranges from 0.125 to 0.33
(Hill 1950; McMahon 1984; Rome et al. 1990). Günther et
al. (2012) found that the interaction of muscle inertia and
force–velocity relation has strong influence on contraction
dynamics. As a consequence, it should be problematic to
scale up muscle properties determined on small muscles (as
performed usually) to bigger muscles, e.g., to simulate human
movement. Further, muscles differ in fibre type and architec-
ture. The ratio of tendon length to the contractile component
length increases with animal size and is larger for proximal
muscles than distal muscles (Zajac 1989; Biewener 1998b,a).
Thus, it is necessary to determine specific muscle proper-
ties and architecture in order to develop realistic muscle
models.

A standard procedure to determine muscle characteris-
tics experimentally is the dissection of the selected mus-
cle from all other tissues whereby one end is fixed to the
creature and the other one is connected to a muscle lever.
In the present study, we also isolate the muscle of interest
with the difference that all other tissues have been removed
in order to have a 360◦ view on the muscle which, on the
other hand requires a quick measurement technique as the
removal of the tissue is highly invasive. It is uncontrover-
sial that both scenarios do not reflect the real situation of
the muscle inside a body. The major difference in compari-
son with the situation of the muscle embedded in a muscle
package is the lack of surrounding tissues, which influ-
ences muscle force generation (Maas et al. 2001; Siebert
et al. 2012b). From non-invasive measurement methods, it
is well known that non-isolated muscles feature different
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Fig. 13 Muscle shapes during isokinetic contraction

shapes as in the isolated situations (e.g. Heemskerk et al.
2005; Albracht et al. 2008). However, as the information of
the muscle shapes, independent on the experimental method
(isolated or non-isolated), are included into the validation

process, it is pretty much insignificant whether a model is
validated on an isolated or a non-isolated muscle. Quite the
contrary, at the current state of experimental techniques, it is,
to our best knowledge, impossible to measure a non-isolated
muscles’ shape during contraction in combination with its
force.

5 Conclusion

In conclusion, we have used different techniques to resolve
the muscle shape during contraction, the corresponding
active muscle force response, the fascicle orientation at opti-
mal length and the spatial arrangement of the tissue types. In
combination with purely passive experiments of the same tis-
sue type (Böl et al. 2012), data are available (see also Sect. 6)
to validate muscle models in a broad extensiveness as it is
possible, for the first time, to compare virtually active muscle
force generation and muscle shape change during a whole
contraction period. Thus, with focus on future work, one
validation could be to identify first material parameters of a
mathematical model by using the force and geometry data of
one contraction type, e.g., under isometric conditions. In a
second step, these parameters could be used in isotonic and
isokinetic analyses which would lead, in case of using a suit-
able model, to satisfying agreement of the force responses as
well as of the muscle shapes when comparing numerical and
experimental data. Once a model would perform the experi-
mental findings at least in an appropriate manner, it could be
used to intensify the understanding of muscle deformations,
functional implications, internal muscle forces and the influ-
ence of muscle architecture on contraction dynamics by sim-
ulating these scenarios and arbitrary modifications of them
in a virtual way.

6 Supplementary materials

For validation reasons supplementary, three-dimensional
data can be found in the online version and include the surface
coordinates of the muscle geometry during isometric, iso-
tonic and isokinetic contraction according to the illustrations

Table 4 Percentage changes of the cross-section areas δA�C→�D
i , δA�C→�E

i , and δA�E→�F
i in the situations �D, �E, and �F related to the reference

states �C and �E during isokinetic contraction

i 1 2 3 4 5 6 7 8 9 10 11 12

δA�C→�D
i (%) −1.5 −0.8 2.6 26.4 43.6 12.6 29.9 13.3 5.1 −0.9 −2.2 −3.8

δA�C→�E
i (%) −1.0 1.7 −3.0 −0.8 −2.7 31.8 20.1 30.8 24.1 4.3 0.3 −0.6

δA�E→�F
i (%) −0.7 −2.3 −4.2 15.3 45.9 −12.0 −7.2 −34.8 −21.5 −6.6 3.4 5.1
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in Figs. 9, 11 and 13 as well as the spatial coordinates of the
fascicles as presented in Fig. 6b.

Acknowledgments Partial support for this research was provided by
the Deutsche Forschungsgemeinschaft (DFG) under Grants BO 3091/
4-1 and SI 841/3-1.

References

Abbott BC, Baskin RJ (1962) Volume changes in frog muscle during
contraction. J Physiol 161(3):379–391

Agur AM, Ng-Thow-Hing V, Ball KA, Fiume E, McKee NH (2003)
Documentation and three-dimensional modelling of human soleus
muscle architecture. Clin Anat 4:285–293

Ahn AN, Full RJ (2002) A motor and a brake: two leg extensor muscles
acting at the same joint manage energy differently in a running insect.
J Theor Biol 205(3):379–389

Albracht K, Arampatzis A, Baltzopoulos V (2008) Assessment of mus-
cle volume and physiological cross-sectional area of the human tri-
ceps surae muscle in vivo. J Biomech 41(10):2211–2218

Asmussen G, Maréchal G (1989) Maximal shortening velocities,
isomyosins and fibre types in soleus muscle of mice, rats and guinea-
pigs. J Physiol 416(1):245–254

Azizi E, Roberts TJ (2009) Biaxial strain and variable stiffness in
aponeuroses. J Physiol 587(17):4309–4318

Azizi E, Brainerd EL, Roberts TJ (2008) Variable gearing in pennate
muscles. Proc Natl Acad Sci USA 105(5):1745–1750

Barclay CJ (1996) Mechanical efficiency and fatigue of fast and slow
muscles of the mouse. J Physiol 497(3):781–794

Baskin RJ (1967) Changes of volume in striated muscle. Am Zool
7(3):593–601

Baskin RJ, Paolini PJ (1964) Volume change accompanying passive
stretch of frog muscle. Nature 204(4959):694–695

Basser PJ, Mattiello J, LeBihan D (1994) MR diffusion tensor spec-
troscopy and imaging. Biophys J 66(1):259–267

Biewener AA (1998a) Muscle function in vivo: a comparison of mus-
cles used for elastic energy savings versus muscles used to generate
mechanical power. Am Zool 38(4):703–717

Biewener AA (1998b) Muscle-tendon stresses and elastic energy stor-
age during locomotion in the horse. Comp Biochem Physiol Part B
Biochem Mol Biol 120(1):73–87

Blemker SS, Pinsky PM, Delp SL (2005) A 3D model of muscle reveals
the causes of nonuniform strains in the biceps brachii. J Biomech
38(4):657–665

Böl M (2010) Micromechanical modelling of skeletal muscles: From
the single fibre to the whole muscle. Arch Appl Mech 80(5):
557–567

Böl M, Reese S (2008) Micromechanical modelling of skeletal mus-
cles based on the finite element method. Comput Methods Biomech
Biomed Eng 11(5):489–504

Böl M, Pipetz A, Reese S (2009) Finite element model for the simulation
of skeletal muscle fatigue. Mat-wiss u Werktsofftech 40(1–2):5–12

Böl M, Stark H, Schilling N (2011a) On a phenomenological model for
fatigue effects in skeletal muscles. J Theor Biol 281(1):122–132

Böl M, Sturmat M, Weichert C, Kober C (2011b) A new approach for
the validation of skeletal muscle modelling using MRI data. Comput
Mech 47(5):591–601

Böl M, Weikert R, Weichert C (2011c) A coupled electromechanical
model for the excitation-dependent contraction of skeletal muscle. J
Mech Behav Biomed Mater 4(7):1299–1310

Böl M, Kruse R, Ehret AE, Leichsenring K, Siebert T (2012) Com-
pressive properties of passive skeletal muscle: the impact of precise
sample geometry on parameter identification in inverse finite element
analysis. J Biomech 45(15):2673–2679

Brown IE, Cheng EJ, Loeb GE (1999) Measured and modeled properties
of mammalian skeletal muscle. II. The effects of stimulus frequency
on force-length and force-velocity relationships. J Muscle Res Cell
Motil 20(7):627–643

Bullimore SR, Leonard TR, Rassier DE, Herzog W (2007) History-
dependence of isometric muscle force: effect of prior stretch or short-
ening amplitude. J Biomech 40(7):1518–1524

Calvo B, Ramírez A, Alonso A, Grasa J, Soteras F, Osta R, Muñoz
MJ (2010) Passive nonlinear elastic behaviour of skeletal muscle:
experimental results and model formulation. J Biomech 43(2):318–
325

Chi SW, Hodgson J, Chen JS, Edgerton VR, Shin DD, Roiz RA, Sinha
S (2010) Finite element modeling reveals complex strain mechan-
ics in the aponeuroses of contracting skeletal muscle. J Biomech
43(7):1243–1250

Curtis N, Jones ME, Evans SE, Shi J, O’higgins P, Fagan MJ (2009) Pre-
dicting muscle activation patterns from motion and anatomy: mod-
elling the skull of Sphenodon (Diapsida: Rhynchocephalia). J R Soc
Interface 7(42):153–160

Ehret AE, Böl M, Itskov M (2011) A continuum constitutive model
for the active behaviour of skeletal muscle. J Mech Phys Solids
59(3):625–636

Eng CM, Smallwood LH, Rainiero MP, Lahey M, Ward SR, Lieber
RL (2008) Scaling of muscle architecture and fiber types in the rat
hindlimb. J Exp Biol 211(14):2336–2345

Fernandez JW, Buist ML, Nickerson DP, Hunter PJ (2005) Modelling
the passive and nerve activated response of the rectus femoris muscle
to a flexion loading: a finite element framework. Med Eng Phys
27(10):862–870

Fry NR, Gough M, Shortland AP (2004) Three-dimensional realisa-
tion of muscle morphology and architecture using ultrasound. Gait
Posture 20(2):177–182

Fung L, Wong B, Ravichandiran K, Agur A, Rindlisbacher T,
Elmaraghy A (2009) Three-dimensional study of pectoralis major
muscle and tendon architecture. Clin Anat 22(4):500–508

García-Vallejo D, Schiehlen W (2012) 3D-simulation of human walking
by parameter optimization. Arch Appl Mech 82(4):533–556

Geyer H, Herr H (2010) A muscle-reflex model that encodes principles
of legged mechanics produces human walking dynamics and muscle
activities. IEEE Trans Rehabil Eng 18(3):263–273

Ghafari AS, Meghdari A, Vossoughi GR (2009) Forward dynamics sim-
ulation of human walking employing an iterative feedback tuning
approach. P I Mech Eng I-J Sys 223(3):289–297

Gillis GB, Biewener AA (2002) Effects of surface grade on proximal
hindlimb muscle strain and activation during rat locomotion. J Appl
Physiol 93(5):1731–1743

Gorb SN, Fischer MS (2000) Three-dimensional analysis of the arrange-
ment and length distribution of fascicles in the triceps muscle
of Galea musteloides (Rodentia, Cavimorpha). Zoomorphology
120(2):91–97

Gordon AM, Huxley AF, Julian FJ (1966) The variation in isometric
tension with sarcomere length in vertebrate muscle fibres. J Physiol
184(1):170–192

Grasa J, Ramírez A, Osta R, Muñoz MJ, Soteras F, Calvo B (2011)
A 3D active-passive numerical skeletal muscle model incorporat-
ing initial tissue strains. Validation with experimental results on
rat tibialis anterior muscle. Biomech Model Mechanobiol 10(5):
779–787

Günther M, Schmitt S, Wank V (2007) High-frequency oscillations
as a consequence of neglected serial damping in Hill-type muscle
models. Biol Cybern 97(1):63–79

Günther M, Röhrle O, Haeufle DFB, Schmitt S (2012) Spreading out
muscle mass within a Hill-Type model: a computer simulation study.
Comput Math Methods Med 2012:1–13

Hedenstierna S, Halldin P, Brolin K (2008) Evaluation of a combina-
tion of continuum and truss finite elements in a model of passive

123



Input for biomechanical modelling and its validation 1219

and active muscle tissue. Comput Methods Biomech Biomed Eng
11(6):627–639

Heemskerk AM, Strijkers GJ, Vilanova A, Drost MR, Nicolay K
(2005) Determination of mouse skeletal muscle architecture using
three-dimensional diffusion tensor imaging. Magn Reson Med
53(6):1333–1340

Heemskerk AM, Sinha TK, Wilson KJ, Ding Z, Damon BM (2009)
Quantitative assessment of DTI-based muscle fiber tracking and opti-
mal tracking parameters. Magn Reson Med 61(2):467–472

Herbert RD, Crosbie J (1997) Rest length and compliance of non-
immobilised and immobilised rabbit soleus muscle and tendon. Eur
J Appl Physiol Occup Physiol 76(5):472–479

Herzog W (2009) The biomechanics of muscle contraction: optimizing
sport performance. Sport-Orthop Sport-Traumat 25(4):286–293

Hill AV (1938) The heat of shortening and the dynamic constants of
muscle. Proc R Soc B 126(843):136–195

Hill AV (1950) The dimensions of animals and their muscular dynamics.
Sci Prog 38(150):209–230

Hill TL, Eisenberg E, Chen YD, Podolsky RJ (1975) Some self-
consistent two-state sliding filament models of muscle contraction.
Biophys J 15(4):335–372

Houdijk H, Bobbert MF, de Haan A (2006) Evaluation of a Hill based
muscle model for the energy cost and efficiency of muscular con-
traction. J Biomech 39(3):536–543

Huxley AF (1957) Muscle structure and theories of contraction. Prog
Biophys Biophys Chem 7(1):255–318

Ishikawa M, Pakaslahti J, Komi PV (2007) Medial gastrocnemius
muscle behavior during human running and walking. Gait Posture
25(3):380–384

Ito D, Tanaka E, Yamamoto S (2010) A novel constitutive model of
skeletal muscle taking into account anisotropic damage. J Mech
Behav Biomed Mater 3(1):85–93

Jeurissen B, Leemans A, Tournier JD, Jones DK, Sijbers J (2012) Inves-
tigating the prevalence of complex fiber configurations in white mat-
ter tissue with diffusion magnetic resonance imaging. Hum Brain
Mapp. doi:10.1002/hbm.22099

Johansson T, Meier P, Blickhan R (2000) A finite-element model for the
mechanical analysis of skeletal muscles. J Theor Biol 206(1):131–
149

Jones DK, Knösche TR, Turner R (2012) White matter integrity, fiber
count, and other fallacies: the do’s and don’ts of diffusion MRI.
NeuroImage. doi:10.1016/j.neuroimage.2012.06.081

Kan JH, Heemskerk AM, Ding Z, Gregory A, Mencio G, Spindler K,
Damon BM (2009) DTI-based muscle fiber tracking of the quadri-
ceps mechanism in lateral patellar dislocation. J Magn Reson Imag-
ing 29(3):663–670

Kim SY, Boynton EL, Ravichandiran K, Fung LY, Bleakney R, Agur
AM (2007) Three-dimensional study of the musculotendinous archi-
tecture of supraspinatus and its functional correlations. Clin Anat
20(6):648–655

Leon LM, Liebgott B, Agur AM, Norwich KH (2006) Computational
model of the movement of the human muscles of mastication during
opening and closing of the jaw. Comput Methods Biomech Biomed
Eng 9(6):387–398

Lichtwark GA, Wilson AM (2005) A modified Hill muscle model that
predicts muscle power output and efficiency during sinusoidal length
changes. J Exp Biol 208(15):2831–2843

Lieber RL, Blevins FT (1989) Skeletal muscle architecture of the rab-
bit hindlimb: Functional implications of muscle design. J Morphol
199(1):93–101

Lu YT, Beldie L, Walker B, Richmond S, Middleton J (2011) Parametric
study of a Hill-type hyperelastic skeletal muscle model. Proc Inst
Mech Eng H J Eng Med 225(5):437–447

Maas H, Baan GC, Huijing PA (2001) Intermuscular interac-
tion via myofascial force transmission: effects of tibialis ante-
rior and extensor hallucis longus length on force transmission

from rat extensor digitorum longus muscle. J Biomech 34(7):
927–940

McMahon TA (1984) Muscles, reflexes, and locomotion. Princeton Uni-
versity Press, Princeton

Mihata T, Gates J, McGarry MH, Lee J, Kinoshita M, Lee TQ (2009)
Effect of rotator cuff muscle imbalance on forceful internal impinge-
ment and peel-back of the superior labrum: a cadaveric study. Am J
Sport Med 37(11):2222–2227

Monti RJ, Roy RR, Zhong H, Edgerton VR (2003) Mechanical proper-
ties of rat soleus aponeurosis and tendon during variable recruitment
in situ. J Exp Biol 206(19):3437–3445

Mörl F, Siebert T, Schmitt S, Blickhan R, Günther M (2012) Electro-
mechanical delay in Hill-type muscle models. J Mech Med Biol
12(05):1250085-1-1250085-18

Oomens CW, Maenhout M, van Oijen CH, Drost MR, Baaijens FP
(2003) Finite element modelling of contracting skeletal muscle. Phi-
los Trans R Soc B 358(1437):1453–1460

Osth J, Brolin K, Happee R (2011) Active muscle response using feed-
back control of a finite element human arm model. Comput Methods
Biomech Biomed Eng 15(4):347–361

Pandy MG (2001) Computer modelling and simulation of human move-
ment. Annu Rev Biomed Eng 3(1):245–273

Prado LG, Makarenko I, Andresen C, Krüger M, Opitz CA, Linke WA
(2005) Isoform diversity of giant proteins in relation to passive and
active contractile properties of rabbit skeletal muscles. J Gen Physiol
126(5):461–480

Ranatunga KW, Thomas PE (1990) Correlation between shorten-
ing velocity, force–velocity relation and histochemical fibre-type
composition in rat muscles. J Muscle Res Cell Motil 11(3):
240–250

Ravichandiran K, Ravichandiran M, Oliver ML, Singh KS, McKee NH,
Agur AM (2009) Determining physiological cross-sectional area of
extensor carpi radialis longus and brevis as a whole and by regions
using 3D computer muscle models created from digitized fiber bun-
dle data. Comput Meth Prog Biomed 95(3):203–212

Rode C, Siebert T, Blickhan R (2009a) Titin-induced force enhance-
ment and force depression: a ‘sticky-spring’ mechanism in muscle
contractions? J Theor Biol 259(2):350–360

Rode C, Siebert T, Herzog W, Blickhan R (2009b) The effects of parallel
and series elastic components on the active cat soleus force-length
relationship. J Mech Med Biol 09(01):105–122

Röhrle O (2010) Simulating the electro-mechanical behavior of skeletal
muscles. Comput Sci Eng 12(6):48–58

Röhrle O, Davidson JB, Pullan AJ (2008) Bridging scales: a three-
dimensional electromechanical finite element model of skeletal mus-
cle. SIAM J Sci Comput 30(6):2882–2904

Röhrle O, Davidson JB, Pullan AJ (2012) A physiologically based,
multi-scale model of skeletal muscle structure and function. Front
Physiol 3(358):1–14

Rome LC, Sosnicki AA, Gible DO (1990) Maximum velocity of short-
ening of three fibre types from horse soleus muscle: implications for
scaling with body size. J Physiol 431:173–185

Rosatelli AL, Ravichandiran K, Agur AM (2008) Three-dimensional
study of the musculotendinous architecture of lumbar multifidus and
its functional implications. Clin Anat 21(6):539–546

Schwenzer NF, Steidle G, Martirosian P, Schraml C, Springer F,
Claussen CD, Schick F (2009) Diffusion tensor imaging of the human
calf muscle: distinct changes in fractional anisotropy and mean diffu-
sion due to passive muscle shortening and stretching. NMR Biomed
22(10):1047–1053

Scott SH, Brown IE, Loeb GE (1996) Mechanics of feline soleus: I.
Effect of fascicle length and velocity on force output. J Muscle Res
Cell Motil 17(2):207–219

Siebert T, Rode C, Herzog W, Till O, Blickhan R (2008) Nonlinearities
make a difference: comparison of two common Hill-type models
with real muscle. Biol Cybern 98(2):133–143

123

http://dx.doi.org/10.1002/hbm.22099
http://dx.doi.org/10.1016/j.neuroimage.2012.06.081


1220 M. Böl et al.

Siebert T, Günther M, Blickhan R (2012a) A 3D-geometric model
for the deformation of a transversally loaded muscle. J Theor Biol
298:116–121

Siebert T, Till O, Blickhan R (2012b) Work partitioning of transversally
loaded muscle: Experimentation and simulation. Comput Methods
Biomech Biomed Eng 1–13 (in press)

Silva MT, Pereira AF, Martins JM (2011) An efficient muscle fatigue
model for forward and inverse dynamic analysis of human move-
ments. Procedia IUTAM 2(1):262–274

Sinha U, Sinha S, Hodgson JA, Edgerton RV (2011) Human soleus
muscle architecture at different ankle joint angles from mag-
netic resonance diffusion tensor imaging. J Appl Physiol 110(3):
807–819

Stark H, Schilling N (2010) A novel method of studying fascicle archi-
tecture in relaxed and contracted muscles. J Biomech 43(15):2897–
2903

Tang CY, Tsui CP, Stojanovic B, Kojic M (2007) Finite element mod-
elling of skeletal muscles coupled with fatigue. Int J Mech Sci
49(10):1179–1191

Tang CY, Zhang G, Tsui CP (2009) A 3D skeletal muscle model coupled
with active contraction of muscle fibres and hyperelastic behaviour.
J Biomech 42(7):865–872

Tournier JD, Mori S, Leemans A (2011) Diffusion tensor imaging and
beyond. Magn Reson Med 65(6):1532–1556

van Noten P, van Leemputte M (2011) The effect of muscle length on
force depression after active shortening in soleus muscle of mice.
Eur J Appl Physiol 111(7):1361–1367

van Donkelaar CC, Willems PJ, Muijtjens AM, Drost MR (1999) Skele-
tal muscle transverse strain during isometric contraction at different
lengths. J Biomech 32(8):755–762

Vos SB, Jones DK, Jeurissen B, Viergever MA, Leemans A (2012)
The influence of complex white matter architecture on the mean
diffusivity in diffusion tensor MRI of the human brain. NeuroImage
59(3):2208–2216

Wank V (1996) Modellierung und Simulation von Muskelkontraktio-
nen für die Diagnose von Kraftfähigkeiten, 1st edn. Sport und Buch
Strauss, Köln

Williams W (2011) Huxley’s model of muscle contraction with com-
pliance. J Elast 105(1–2):365–380

Wilson AM, McGuigan MP, Su A, van den Bogert AJ (2001) Horses
damp the spring in their step. Nature 414(6866):895–899

Winter D (1993) Optische Verschiebungsmessung nach dem Objek-
trasterprinzip mit Hilfe eines flächenorientierten Ansatzes. Ph.D.
thesis, Technische Universität Carolo-Wilhelmina zu Braunschweig

Winters JM (1990) Hill-based muscle models: A systems engineer-
ing perspective. In: Winters JM, Woo SL-Y (eds) Multiple muscle
systems. Biomechanics and movement organization. Springer, New
York, pp 69–93

Wrobel LC, Ginalski MK, Nowak AJ, Ingham DB, Fic AM (2010)
An overview of recent applications of computational modelling in
neonatology. Philos Trans R Soc A 368(1920):2817–2834

Zajac FE (1989) Muscle and tendon: properties, models, scaling, and
application to biomechanics and motor control. Crit Rev Biomed
Eng 17(4):359–411

Zhang J, Zhang G, Morrison B, Mori S, Sheikh KA (2008) Magnetic
resonance imaging of mouse skeletal muscle to measure denervation
atrophy. Exp Neurol 212(2):448–457

Zöllner AM, Abilez OJ, Böl M, Kuhl E (2012) Stretching skeletal mus-
cle: chronic muscle lengthening through sarcomerogenesis. PLOS
ONE 7(10):1–10

123


	Three-dimensional surface geometries of the rabbit soleus  muscle during contraction: input for biomechanical modelling  and its validation
	Abstract 
	1 Introduction
	2 Methods
	2.1 Ethical approval
	2.2 Muscle force determination
	2.3 Identification of the three-dimensional muscle shape
	2.4 Spatial configuration of muscle, aponeurosis  and tendon tissue
	2.5 Fascicle orientation

	3 Results
	3.1 Isometric contraction
	3.2 Isotonic contraction
	3.3 Isokinetic contraction

	4 Discussion
	4.1 Requirement for model validation and impact of this study
	4.2 Comparison with the literature
	4.3 Limitations of this study

	5 Conclusion
	6 Supplementary materials
	Acknowledgments
	References


