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The Human Movement 
Simulation Lab 1



Vorlesung  
Biorobotik
(1) Bitte die geänderten Startzeiten beachten: 

Karlsruhe bleibt bei 10 Uhr

Stuttgart erst 10:45 Uhr (von Darmstadt so gewünscht)

Darmstadt 10:30 Uhr (aus organisatorischen Gründen von Darmstädter Seite)


(2) Für den Termin in Stuttgart einen Laptop mit Matlab/Simulink inkl Simmechanics bzw. 
Sim Multibody toolbox mitbringen, wenn man direkt die Live-Demo mitmachen möchte.
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vereinfachte Darstellung
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: Länge des kontraktilen 
  Elements (Muskelfasern)
: Länge des Muskel- 
  Sehnen-Komplexes

Mechanische Aspekte des Haltungs- und Bewegungsapparates 
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derung einer Myofibrille ist die Summe der Längenänderungen der in der Fibrille hintereinander 
angeordneten Sarkomere. 
 

 
Abb. 9.1 Schema des Aufbaus eines Muskels (nach di Prampero, 1985).  
 
 Man nimmt an, dass die aktive Kraft eines Muskels ausschließlich durch die Querbrücken 
erzeugt wird. Daraus folgt, dass die aktive Muskelkraft zu jedem Zeitpunkt von der momentan vor-
handenen Zahl von Brücken abhängt, die zwischen Myosin- und Aktinfilamenten bestehen. Da die 
Sarkomere in einer Fibrille hintereinander (seriell) angeordnet sind, wirkt auf jedes Sarkomer einer 
Fibrille die gleiche Kraft. Die Kraft, die von einer Hälfte des Sarkomers, d.h. von der Z-Scheibe 
über die Aktinfilamente auf das Myosinfilament übertragen wird, muss gleich der Kraft sein, die 
vom Myosinfilament auf die Aktinfilamente der zweiten Hälfte des Sarkomers wirkt (Huijing 1983) 
(Abb. 9.3). Es folgt, dass die Zahl der aktiven Querbrücken in beiden Hälften des Sarkomers gleich 
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Neurophysiologie
vereinfachte Darstellung
(1) Elektromagnetische 
     Aktivierung des 
     Motoneurons
(3) Elektromagnetische 
     Aktivierung der 
     Muskelfaser (EMG)
(5) Biochemische  
     Aktivierung des dünnen  
     Filaments (Ca2+)
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  Biologische und technische   
  Muskelexperimente und  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Abbildung 2.2: Links: Der Muskel als pneumatischer Aktuator nach Erasistra-
tus. Durch Einpumpen von Luft wird das Volumen des bags vergrössert, wobei
er sich longitudinal verkürzt. Dieser Typ Aktuator vergrössert bei Kontrakti-
on das Volumen. Rechts: Experiment von Swammerdam (1663) zur Erfassung
eventueller Volumenzunahmen eines Froschmuskels (b) während der Kontrakti-
on. Er konnte zeigen, dass das Volumen nicht zunahm. Im Experiment wird der
Muskel in eine mit Luft gefüllte, unten abgeschlossene Röhre gehängt. Durch
Ziehen des Drahtes (c) wird der Nerv mit der Elektrode (d) in Berührung ge-
bracht, womit der Muskel kontrahiert. Die Wassersäule (e) in der Kapillare
bewegt sich dabei nicht. Aus Nedham, 1971.

durch Anziehen und Loslassen der Sehnen entsteht die Bewegung! Der Begriff
Muskel wurde erst von Erasistratus (304 - 245 v.C.) eingeführt. Seine Theorie
war Folgende: Der Geist fliesst vom Gehirn durch die Nerven zu den Muskeln.
Die Nerven sind Luftröhren und die Muskeln werden pneumatisch aufgeblasen.
Durch Expansion und Kontraktion entsteht dann die Bewegung. Pneumatische
Aktuatoren, die gewisse Ähnlichkeit mit Muskeln aufweisen, werden heute tat-
sächlich hergestellt (siehe Abbildung 2.2).

Francis Glisson (ca. 1670) hatte sich zum Ziel gesetzt, die Volumenzunahme
bei der Kontraktion zu bestimmen. Er benützte - so wie die Geschichte berich-
tet - seinen Biceps Brachii als Untersuchungsobjekt. Er legte seinen Arm in ein
Gefäss mit Wasser und aktivierte seinen Biceps. Das Resultat war erstaunlich:
Das Volumen nahm nicht zu, im Gegenteil, es nahm leicht ab. Die ersten Experi-
mente an isolierten Muskel-Präparaten gehen auf Jan Swammerdam (ca. 1663)
zurück. Er entwickelte eine Einrichtung zur genaueren Bestimmung der Volu-
menänderung bei Kontraktion. Sein Resultat war, dass sich das Volumen nicht
verändert. Damit wurde die Theorie Muskeln werden pneumatisch angetrieben
verworfen. Die darauf folgende Hypothese war, dass sich der Muskel physika-
lisch wie eine Wärmemaschine verhält. Zu dieser Zeit war der Wirkungsgrad der
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Swammerdam (1663)
Abbildung 2.14: Apparatur zur Bestimmung der Verkürzungsgeschwindigkeit
bei vorgegebener Last, konstruiert von A.V. Hill um 1910. Das Anbringen einer
konstanten Last bei gleichzeitiger Verkürzung löste Hill mit Hilfe der Schwer-
kraft. Der Muskel wurde zuerst bei fixierter Länge maximal aktiviert. Ein Lö-
semechanismus (quick-release mechanism) ermöglichte dem Muskel dann, sich
unter der Last der Masse zu verkürzen. Aus Hill, 1970.

Abbildung 2.15: Datenset eines Hill’schen Experiments. Die Kurven stellen
die Verkürzung bei verschiedenen Lasten (Zahlen in Gramm) dar. Nach dem
Löseprozess, in dem die Länge sprunghaft ändert, verkürzt sich der Muskel
ungefähr mit konstanter Geschwindigkeit (Jewell & Wilkie, 1958).
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Erasistratos (304 - 250 v.u.Z)

Apparat von Hill um ca. 1910 (1970)

 Historische Muskelexperimente
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Apparat von Hill um  
ca. 1910. Hill (1970)

Abbildung 2.16: Wärmeproduktion während isotonischer Verkürzung
(Galvanometer-Messung). Tetanus bei 0°C. Oben: Verkürzung von verschie-
denen Distanzen bei der Last von 1.9 g. A ist isometrisch und stellt die Akti-
vierungsenergie dar. B: 10%, C: 25%, D: 30% von L0. Unten: Verkürzung von
25% L0 unter verschiedenen Lasten. E ist isometrisch, F-J ist bei sinkenden
Lasten (J: 1.9 g). Aus Hill, 1938.

bildung 2.14). Die Längenänderung bestimmte Hill über einen Hebel und einen
Potentiometer. Die Abbildungen 2.15 und 2.16 zeigen typische Resultate dieser
Experimente. Der Nullpunkt in Abbildung 2.15 ist bei jedem Test verschoben,
damit der Verlauf der Verkürzung, auf der y-Achse dargestellt, besser ersichtlich
ist. Nach einer Einschwingzeit von ca. 10 ms bleibt die Verkürzungsgeschwin-
digkeit konstant, denn die Steigung der Graphen ist annähernd konstant. Da
die Verkürzungsgeschwindigkeit konstant ist, verschwindet die Massenträgheit,
d.h. die (aktive) Muskelkraft entspricht der angehängten Last. Wenn man nun
in einem neuen Graphen die Geschwindigkeit im Verhältnis zur Last aufträgt,
erhält man die berühmte Hill’sche Kraft-Geschwindigkeits-Relation. Einen gu-
ten Review über den heutigen Stand der Forschung im Bereich der Muskulatur
kann bei Bottinelli & Reggiani (2000) und He et al. (2000) nachgelesen werden.

2.4.2 Die Hill’schen Relationen zwischen Kraft, Wärme und
Geschwindigkeit

Aus oben erwähnten experimentellen Resultaten hat Hill Formeln abgelei-
tet, die einerseits die Kraft-Geschwindigkeits-Relation (oder die Geschwindigkeit
gegenüber der Last) bestimmen und andererseits die Wärmeproduktionsraten
angeben. (Bem.: Hill hat dazumal für die Kraft das Symbol P verwendet. Dieses
Symbol wird auch heute noch sehr oft verwendet, um die Muskelkraft im Zusam-
menhang mit der Hill’schen Relation zu formulieren. Daher wird auch hier dieses
Symbol für die Kraft verwendet.) Die Formel für die Kraft-Geschwindigkeits-
Relation einer voll aktivierten Faser lautet:
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Muskelkontraktion. Hill (1938)

Wärmeproduktion. Hill (1938)

P (v) = P0 − (P0 + a)
v

v + b
(2.2)

mit P0 = isometrische Maximalkraft und a, b Parameter, die den Motor Mus-
kelfaser charakterisieren. Der Graph dieser Relation ist in Abbildung 2.17 dar-
gestellt. Hill experimentierte vorwiegend mit ganzen Froschmuskeln. Ein kom-
pletter Muskel enthält in der Regel immer Anteile verschiedener Fasertypen. Bei
kleiner Last ist der Effekt der schnellen Fasern gut ersichtlich.

Abbildung 2.17: Die Kraft-Geschwindigkeits-Relation (P-v) aufgrund der Da-
ten aus den Verkürzungsexperimenten. Die Geschwindigkeit ist mit der Mus-
kellänge normiert, die Kraft (Last) mit der isometrischen Maximalkraft (für v
= 0). Aus Hill, 1938.

Die obige Kraft-Geschwindigkeits-Relation wurde später sowohl von A.V.
Hill selber als auch von anderen Autoren (Abbildung 2.18) an einzelnen isolier-
ten, intakten wie gehäuteten, Fasern überprüft. Das Ergebnis all dieser Versuche
zeigte, dass die Hill’sche Kraft-Geschwindigkeits-Relation eine gute empirische
Formel, eine charakteristische Grösse, ist, die die experimentellen Resultate sehr
gut wiedergibt. Wie wir später sehen werden, beschreibt diese Beziehung, die
mechanischen Eigenschaften des kontraktilen Elementes. Aus dieser fundamen-
talen Charakteristik kann die mechanische Leistung direkt bestimmt werden.
Sie ist gegeben durch das Produkt:

L(v) = v · P (v). (2.3)
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66 Biol Cybern (2007) 97:63–79

Fig. 1 The setup of plantar
flexor muscle contraction (top
isometric, bottom concentric and
quick-release) experiments for a
piglet. The skeleton is carefully
fixed in prone position keeping
the origins of the stimulated
muscles unchanged. This
allowed to measure the net
output of the four main
contributing muscle–tendon
complexes (MTCs) depicted in
Fig. 2

Fig. 2 Anatomical muscle structure of a piglet. Depicted muscles
are M. gastrocnemius medialis (GM), M. gastrocnemius lateralis (GL),
M. soleus (SOL) and M. flexor digitorum superficialis (FDS). The net
output of these four MTCs is measured (Fig. 1). Their anatomical param-
eters are listed in Table 1. The parameters of the lumped model MTC
(Fig. 3) reflecting the experimental situation are given in Table 2

stamp. To avoid different initial length of the muscle because
of varying loads, the initial length was fixed at resting muscle
length with a 100 g load. For this a clamp was adjusted on the
steel wire against a fixed bar. For analysis of quick-release
contractions according to Hill (1938) the load stamp could
be fixed using an electromagnet. In this mode of analysis the
load stamp was held in fixed position until 1.0 s after elec-
trically stimulating the muscle. Thus, it was ensured that the
isometric force of the plantar flexors had risen to the max-
imum value. Thereafter, the load stamp was released. Data
recording (encoder) and processing was analogous to con-
centric contractions described above.

For calf muscle stimulation the sciatic nerve of the left
hind limb was used. For this purpose a skin incision was
made in the lateral upper leg. The sciatic nerve was carefully
prepared and attached to a platinum electrode pair immersed
by Ringer solution in order to avoid desiccating the nerve.
Bipolar stimulation of the sciatic nerve was used for supra-
maximal muscle contraction (voltage-constant rectangular
pulses, 150 Hz repetition frequency, 100µs impulse width;
Physiostimulator, Hugo Sachs Elektronik, Germany). During
the experiments stimulation nerve and electrodes were super-
fused with warmed physiological saline (37◦C). In order to
avoid an influence of force output measured on the calca-
neus by ankle torque due to a simultaneous contraction of
the muscle antagonists the distal tendons of tibialis anterior
and extensor digitorum longus were sectioned. After the sur-
gical preparation had been completed general anesthesia was
changed by exchange of isoflurane inhalation against intra-
venous thiobarbital infusion (12.5 mg/(kg[body weight]h)).
Furthermore, an epidural blockade was done after lumbar
puncture below the fourth lumbar vertebra by instillation of
0.5–1.0 ml of the local anesthetic bupivacaine hydrochloride
(Fa. Curasan, Germany). Exact setting of the transmission
blockade was verified by an immediate tonus loss of the hind
limb muscles. Then, the piglet was allowed to rest for approx-
imately 30 min until the beginning of the measurement series
of different muscle contractions.

2.1.2 Experimental protocol

First, a series of isometric force measurements at different
muscle length with 2 s stimulation and 2 min resting period
(adjusting the next muscle length) was carried out. Based on
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Fig. 5 Quick-release contraction mode. The MTC contracts along
the load-dependent force–velocity relation starting (release) at zero
velocity. Depicted are the following: (i) the measured force–velocity
relations of the MTC (crossed lines) for different loads (in g; addition-
ally, the time passed since release in ms), (ii) the associated simulation
results (thin solid lines), (iii) the concentric force–velocity relation of
the model CE for q = 1 and lCE = 2

3 lCE,opt (thick solid line), (iv) two
arrows representing the portions of contraction velocity of the CE (vCE)
and the SE (vSE) in one exemplary contraction situation (1,000 g load
≈ 20 ms after release where the MTC produces ≈ 7 N output at a con-
traction velocity of ≈ 0.12 m/s), and the results of the following two
parameter fits. Hill parameters fitted to the points of maximum mea-
sured contraction velocities (upper dotted line through big crosses) are
Fmax = 30.0 N, Arel = 0.125, Brel = 5.75 1

s (i.e., vmax = 0.690 m/s).
For comparison the maximum velocities of the MTC during concen-
tric contractions (see Fig. 6) are plotted (lower dotted line through big
crosses) and the respective fitted Hill parameters are Fmax = 32.9 N,
Arel = 0.131, Brel = 1.25 1

s (i.e., vmax = 0.143 m/s). Note that all sim-
ulations (release at lm,0 ≈ l0 with a fully activated CE at lCE ≈ 2

3 lCE,opt:
compare Fig. 8) start from ≈ 25 N force level according to the mea-
sured 1,000 g relation (almost perfect concurrence of simulation and
experiment). For a possible explanation of non-systematic phenomena
in the initial experimental curves see Sect. 3.1.1

Additionally, in Fig. 5 the experimental curves are plotted
somehow beyond the maximum velocity, the respective time
passed since release is indicated, and the simulation results
are drawn accordingly. The percentage of the SE-contrac-
tion in the MTC contraction velocity can be directly seen
in Fig. 5. Choosing a force level (both arrows: ≈ 7 N), we
find that the respective current SE-velocity (vSE) is given by
the difference between the depicted MTC-velocity and the
CE-velocity (vCE) plotted for the initial state of the quick-
release contraction (thick solid line, q = 1, lCE ≈ 2

3 lCE,opt).
The determined stiffness is little sensitive to the variability
of the Hill parameters known from literature. In contrast,
the concentric contraction is far more sensitive to Arel,0 and
Brel,0 than to SEE-stiffness. These parameters are, therefore,
obtained from fitting concentric contraction simulations to
experimental data as presented in the next paragraph. Few
iteration steps are necessary to fit both quick-release and
concentric contractions to identify a consistent set of Arel,0,
Brel,0 and KSEE,l(FSEE ≈ Fmax). Our model contains no

representation of potential history effects within the passive
structures (PE, SE) at t = tstart in the experimental setup,
which may have been absent for the muscle preparation of
the 1,000 g contraction. Therefore, we chose the initial mus-
cle length lm = 0.0603 m to be in accordance with the 1,000 g
preparation assuming there the least influence of such a prep-
aration effect and consequently showing best concurrence of
simulation and experiment.

3.1.2 Concentric contraction

Figure 6 depicts the velocity–time relation of concentric con-
tractions with different loading masses for exactly the same
MTC as analysed in the quick-release contraction mode in the
preceding Sect. 3.1.1. As criteria for parameter adjustment,
we used the amplitude and the timing of the maxima and the
frequency of the superimposed oscillation. Initial conditions
were lm ≈ 0.97 lm,0 = 0.0597 m and lCE ≈ 0.93 lCE,opt =
0.0140 m. The load starts to move when the muscle force
exceeds gravity which happens in the simulation at an acti-
vation level of q ≈ 0.5 for 100 g and q ≈ 0.99 for 1,800 g.
We observe maximum MTC-velocity amplitudes e.g., for
the lowest analysed load (100 g) of 0.11 m/s which is about
25% lower than the maximum CE velocity vmax,0 (Table 2).
Within the displayed time interval of 160 ms internally the
CE shortens to lCE ≈ 1/3 lCE,opt (100 g: ∆lCE = 0.0087 m)
and lCE ≈ 2/3 lCE,opt (1,800 g: ∆lCE = 0.0041 m). In con-
trast, externally the MTC shortens ten times more for 100 g
(∆lm = 0.0082 m) than for 1,800 g (∆lm = 0.0008 m). The
CE contraction kinematics must closely map the real muscle
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which may have been absent for the muscle preparation of
the 1,000 g contraction. Therefore, we chose the initial mus-
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preparation assuming there the least influence of such a prep-
aration effect and consequently showing best concurrence of
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0.0140 m. The load starts to move when the muscle force
exceeds gravity which happens in the simulation at an acti-
vation level of q ≈ 0.5 for 100 g and q ≈ 0.99 for 1,800 g.
We observe maximum MTC-velocity amplitudes e.g., for
the lowest analysed load (100 g) of 0.11 m/s which is about
25% lower than the maximum CE velocity vmax,0 (Table 2).
Within the displayed time interval of 160 ms internally the
CE shortens to lCE ≈ 1/3 lCE,opt (100 g: ∆lCE = 0.0087 m)
and lCE ≈ 2/3 lCE,opt (1,800 g: ∆lCE = 0.0041 m). In con-
trast, externally the MTC shortens ten times more for 100 g
(∆lm = 0.0082 m) than for 1,800 g (∆lm = 0.0008 m). The
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fibre kinematics given a realistic SEE-stiffness in the model
and knowing that both model MTC kinematics matches the
real MTC kinematics and model MTC-length equals real
MTC-length.

Figure 6 also demonstrates that superimposed damped
oscillations depending on the load occur in both the exper-
iment and the simulation. They become more accentuated
if SE-damping is neglected (compare Sect. 3.2.3 below).
The associated frequencies range from 19.0 Hz (100 g) to
10.9 Hz (1,800 g) and are well predicted by the simulation.
The mean force level during contraction corresponds to the
external load and determines via the non-linearity of the SEE-
characteristic the respective force-dependent stiffness of the
MTC. Both our analysis of isometric contractions (see next
Sect. 3.1.3) and literature account for such a non-linearity.
Here, the SEE-stiffnesses range from 1.5 kN/m (100 g) to
9 kN/m (1,800 g). The measured and predicted frequencies
of the observed oscillations comply very well with the eigen-
frequencies of a linear spring-mass system composed of the
loading mass and an SEE-spring linearised around the opera-
tion point of the typical load (100 g:19.5 Hz, 1,800 g:11.2 Hz).
We conclude that the observed eigenoscillation is that of a
loading mass versus the connection point between SEE and
CE serving as a virtual suspension point of the spring(SEE)-
mass(load) system.

In general, the experimental plots show load-dependent
latencies for reaching the maximum contraction velocity
which are significantly lower in our model. Additionally, a
non-systematic variability of these latencies is manifest in the
experimental data. Both these findings and too low velocities
in the model at greater shortening of the CE (t > 100 ms)
are in accordance with the indications from the quick-release
contraction mode (potential history effects) suggestive of the
lack of an internal dissipative degree of freedom within the
muscle model. History characteristics of a real muscle might
explain a dependency of the measured data on the preparation
process.

3.1.3 Isometric contraction

Having found a basic estimate of the stiffness of the SEE
the isometric contraction mode constitutes the basis for find-
ing the parameters of the PEE and substantiates the non-lin-
ear characteristic of the SEE. The (passive) muscle forces
in the de-activated muscle for different MTC-lengths are
transparent in Fig. 7 before stimulation at t = 1.0 s. This
MTC force–length relation is determined by the SEE and
PEE composed in series and shows an exponent of non-line-
arity of ≈ 2.3 . . . 2.7. To reduce complexity and in assump-
tion of comparable material properties, we chose a non-linear
exponent of νSEE,PEE = 2.5 for both elastic elements. Fur-
thermore, the quick-release experiments govern the linear
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Full stimulation of the previously passive muscle starts at 0.1 s (simu-
lation: ST I M = 1), it ends at about 1.1 s

stiffness of the SEE around the operating point of maximum
isometric force. From this, the choice of the non-linear coeffi-
cient of the SEE characteristic is restricted. Keeping strictly
to the experimental elongation steps, it is possible to find a
ratio between the characteristic coefficients of SEE and PEE
in the model by reproducing the passive MTC force–length
relation. A fine-tuning of this relationship could be achieved
by a slight variation of the SEE–PEE coefficient ratio and
the rest length of the PEE (parameter: LPEE,0). Additional
information for the LPEE,0 choice first came from the fact
that the MTC already shows a low but significant passive
resistive force at 0.97l0 (0.3 N, not resolved in Fig. 7). Sec-
ond, there are indications from literature (Granzier and Labeit
2006) that there are elastic structures located within the sar-
comere taking over passive forces already slightly below the
force–length plateau region. The best choice of the ratio
of the non-linear coefficients of the SEE–PEE compound
was KPEE,nl ≈ 4KSEE,nl with LPEE,0 = 0.90. Consistently,
the mentioned pre-attunement of the SEE-stiffness KSEE,nl
results in simulated concentric contraction dynamics close
to the experimental findings (Sect. 3.1.2 above), presuming
realistic starting values of the Hill constants from literature.
Having specified the elastic parameters of SEE and PEE, the
maximum force levels of the fully stimulated muscle at varied
fixed lengths determine the four parameters ∆Wlimb, νCE,limb
of both the ascending and descending limb of the isometric
force–length relation of our contractile element (CE).

3.1.4 Muscle length and length dependency
of the isometric force

Based on the fact that model MTC-length is equal to real
MTC-length (within few millimeters) we extract the preset
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CE SE
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Modified from Hill, 1938

CE SE

Tendon

PE

Muscle

Modified from Hill, 1938

Fig. 1. Schematic of the three-element muscle model (Hill
1938) and tendon. Skeletal muscle is represented by a
contractile element (CE), a series elastic element (SE), and
parallel elastic element (PE).

only a small stiffness contribution at lengths less than 1.2
times resting, but would rapidly increase at longer lengths.

The series elastic element is the stiffer of the two “springs”
in the Hill model. Like the parallel element, it is also generally
accepted to be a lightly damped element; thus the damping
can be neglected without loss of accuracy. Animal data reveal
the total series element elongation under load is only a small
percentage of the muscle resting length (e.g., Wilkie 1956;
McCrorey, Gale, and Alpert 1966; Bahler 1967). This ele-
ment is usually neglected in skeletal muscle models when in
series with a tendon whose length is significantly longer than
the muscle (e.g., the 10:1 ratio of the Achilles tendon to the
gastrocnemius and soleus muscles in the human lower limb)
as its contribution to energy storage is negligible. As one of
our primary applications of this research is a bio-mimetic,
below-knee prosthesis for amputees, our model will also ne-
glect the contributions of a series elastic element.

2.1.1. Isometric Properties of Muscle
The contractile element is the dominant component of the Hill
muscle model. Cook and Stark (1968) showed that this ele-
ment could be treated as a force generator in parallel with a
damping element. Under isometric conditions (zero contrac-
tile velocity), the output force can be described as a parabolic
function of muscle length (Bahler 1968). Neglecting the series
and parallel elements, this relationship is given by

FL

FL,o

= k1

(

L

Lo

)2

+ k2

(

L

Lo

)

+ k3, (1)

where FL,o is the maximum isometric force generated by the
contractile element when it is at its “resting” length (Lo =
1.0) and FL is the isometric force generated by the contractile
element at muscle length L. Values for the empirical constants
k1, k2, and k3 can be extracted from the physiology literature
for the frog, rat, cat, and human and compared with values
from several skeletal muscle models in the biomechanic lit-
erature (Table 1). Plots predicting the force as a function of
length reveal the expected parabolic form but, importantly,
there is considerable variability between results from the var-
ious species as well as between the skeletal muscle models
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Fig. 2. Dimensionless relationship between force and length
under isometric conditions at maximal activation for rat, cat,
frog, and human compared with predictive skeletal muscle
models (see text for citations).

(Figure 2). The human data has the narrowest “operating”
range, with large changes in output force over a small range
of contractile element lengths. The selected frog and rat mus-
cles generated contractile forces over a larger range of lengths
compared to the human, but the cat muscle surpassed all with
the widest operating range of contractile element lengths. The
model of Woittiez et al. (1984) fits the data most closely, while
the other models (Bobbert and van Ingen Schenau 1990; Hoy,
Zajac, and Gordon 1990) overestimate the output force at short
contractile element lengths.

2.1.2. Non-Isometric Properties of Muscle
Under non-isometric conditions, the output force of muscle
is a function of both length and velocity for a given level of
activation. It is well known that the output force of biolog-
ical muscle drops significantly as the contraction velocities
increase during shortening (Hill 1938). The general form of
this relationship is given by

(Fm + a)(V + b) = (FL + a)b, (2)

where Fm is the muscle force, V is the muscle contraction
velocity, and FL is the isometric muscle force at the instanta-
neous muscle length from eq (1). The constants a and b are
empirically determined with experiments that report muscle
velocity when the muscle is at resting length (VL,o). Their val-
ues depend not only on the species of interest but also on the
type of muscle fiber within a species.

The majority of research conducted on the contractile el-
ement of muscle has involved concentric contractions (i.e.,
shortening under load and assignment of a positive value for
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Table 1. Isometric Force v. Length Data from the Literature
k1 k2 k3 Lo FL,o

Rat1 –4.50 8.95 –3.45 27.0 mm 0.29 N p ≤ 0.001
Frog2 –6.79 14.69 –6.88 31.0 mm 0.67 N r2 = 0.96
Cat3 –5.71 11.52 –4.81 31.9 mm 0.18 N r2 = 0.99
Human4 –13.43 28.23 –13.96 215.9 mm 193.1 N r2 = 0.75
Skeletal
Muscle
Model5 –6.25 12.50 –5.25 60.0 mm 3000 N —

1(Bahler 1968) eq (16). Rat gracilis anticus muscle at 17.5◦C. Bahler’s equation is valid over the range
0.7 Lo ≤ L ≤ 1.2 Lo. Bahler fitted the data using a “least mean square fit (significant to p ≤ 0.001).”
2(Wilkie 1956) data from Figures 2 and 4. Frog sartorius muscle at 0◦C. For Wilkie’s data, 0.68 Lo ≤ L

≤ 1.34 Lo is valid.
3(McCrorey, Gale and Alpert 1966) data from Figures 6 (controlled-release data) and 10. Cat
tenuissimus muscle at 37◦C. For McCrorey’s data, 0.73 Lo ≤ L ≤ 1.35 Lo is valid.
4(Ralston et al. 1949) data from Figure 5. Human pectoralis major, sternal portion at 37◦C. Caveats
include: (1) results are not that of isolated muscle as the insertion tendon is necessarily included, (2)
Ralston did not report muscle length so the results presented here used data from a single cadaver
(Wood, Meek and Jacobsen 1989), and (3) performance of residual amputee muscles may not be the
same as those of intact individuals. (Wilkie 1950) estimated the length change of Ralston’s data to be
three times less than normal and the peak isometric force to be five times less than normal. For
Ralston’s data, 0.82 Lo ≤ L ≤ 1.28 Lo is valid.
5(Woittiez et al. 1984) eq (A23). Constants for Woittiez model of skeletal muscle were chosen based on
frog experiments by Hill (1953), Gordon, Huxley and Julian (1966), ter Keurs, Iwazumi and Pollack
(1978). Other published skeletal muscle models include Bobbert, Huijing and van Ingen Schenau (1986),
Bobbert and van Ingen Schenau (1990), and Hoy, Zajac and Gordon (1990). The model of Bobbert,
Huijing and van Ingen Schenau (1986) uses the same values as Woittiez et al. (1984). The models of
Bobbert and van Ingen Schenau (1990) and Hoy, Zajac and Gordon (1990) both conform to the
general parabolic shape, but neither provides a mathematical equation.

velocity by convention). Obviously, both biological and artifi-
cial muscles perform eccentric contractions (i.e., lengthening
under load and assignment of a negative value for velocity by
convention) but, unfortunately, there exists significant varia-
tion in output force for biological muscle under these condi-
tions (V/VL,o ≤ 0).

Most skeletal muscle models assume an asymptotic re-
lationship between force and velocity under eccentric condi-
tions. These models modify the “classic” Hill equation (eq (2))
to obtain an “inverted Hill” model to describe lengthening
muscle behavior. Asymptotic values for these models are typ-
ically assumed to be 1.3 FL,o (e.g., Hatze 1981; Winters and
Stark 1985); however, values ranging from as low as 1.2 FL,o

(Hof and Van den Berg 1981) to as high as 1.8 FL,o (Lehman
1990) have been used. Limited experimental evidence from
the cat soleus muscle shows 1.3 FL,o as the asymptotic value
(Joyce, Rack, and Westbury 1969).

Values from the muscle physiology literature for the pa-
rameters in eq (2) can again be extracted from the literature
for the frog, rat, cat, and human along with values from several
skeletal muscle models (Table 2). Examination of the parame-
ters clearly indicates there is a wide range of possible values.

Plotting the force as a function of velocity when the mus-
cle is at its resting length reveals a hyperbolic shape where
the muscle force monotonically decreases under concentric
conditions and increases under eccentric conditions (see Fig-
ure 3). Also evident is the significant variation across animals
as well as across the published models purporting to portray
the performance of human skeletal muscle.

2.1.3. Summary of Muscle Model Properties

Due to the wide variance in model parameters that describe
muscle performance, specifying exact parameters for the con-
stants in eqs (1) and (2) would certainly be controversial.
However, by specifying a range, we can identify performance
that would be acceptable. For designing an artificial skeletal
muscle for locomotion applications, the following constraints
can be used to envelope the desired performance:

−4.5 ≤ k1 ≤ −13.5 (3a)

9.0 ≤ k2 ≤ 28.2 (3b)

−3.5 ≤ k3 ≤ −14.0 (3c)
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Table 2. Force v. Velocity Data from the Literature
a/FL,o FL,o b/VL,o VL,o

dimensionless N dimensionless mm/s

Rat1 0.356 4.30 0.38 144
Frog2 0.27 0.67 0.28 42
Cat3 0.27 0.18 0.30 191
Human4 0.81 200 0.81 1115
Skeletal
Muscle
Model5 0.224 — 0.224 —
Human6 0.41 3000 0.39 756
Human7 0.41 2430 0.41 780
Human8 0.12 — 0.12 —

1(Wells 1965) Table 1. Rat tibialis anterior muscle at 38◦C.
2(Abbott and Wilkie 1953) their Figure 5. Frog sartorius muscle at 0◦C.
3(McCrorey, Gale and Alpert 1966) their Figure 1. Cat tenuissimus muscle at 37◦C.
4(Ralston et al. 1949) their Figure 1, but see also Wilkie (1950). Human
pectoralis major in-vivo, sternal portion at 37◦C.
5(Woittiez et al. 1984) their eqs (A22) and (B8). Model of generic skeletal muscle.
Woittiez’s dimensionless model did not require the specification of FL,o or VL,o.
6(Bobbert, Huijing and van Ingen Schenau 1986). Model of human triceps surae.
7(Bobbert and van Ingen Schenau 1990). Model of human triceps surae.
8(Hof and Van den Berg 1981). Model of human triceps surae. Hof and
ven den Berg’s model also did not require the specification of FL,o or VL,o.
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Fig. 3. Output force at maximal activation over a muscle’s
eccentric (i.e., lengthening under load and is assigned a
negative value for velocity by convention) and concentric
(i.e., shortening under load and is assigned a positive value
for velocity by convention) velocity range for rat, cat, frog,
and human compared with predictive skeletal muscle models
(see text for citations).

0.12 ≤ a

FL,o

≤ 0.41 (3d)

0.12 ≤ b

VL,o

≤ 0.41 (3e)

for muscle lengths of 0.7 ≤ L/Lo ≤ 1.2 and velocities of
|V/VL,o| ≤ 1.0. For eccentric conditions, we will use an “in-
verted Hill” model that asymptotes to 1.3 FL,o but recognize
further experimental work in this area of muscle physiology is
necessary.

2.2. Biological Tendon

There is a wide body of literature describing the behavior of
tendon under load. Some investigators have reported mate-
rial properties using stress versus strain, while others have
reported the form in which the data was recorded, namely
force versus elongation. The stress v. strain curve of tendon
exhibits a characteristic “toe” region where initially stress in-
creases slowly with strain. Further strain results in more rapid
increases in stress, followed by a region where stress increases
linearly with strain until failure. Confounding problems in-
clude the freshness of the specimen (some investigators have
used embalmed tissue), grip failures, and appropriate strain
rates (e.g., Ker, Alexander, and Bennett 1988; Lewis and Shaw
1997).
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5(Woittiez et al. 1984) their eqs (A22) and (B8). Model of generic skeletal muscle.
Woittiez’s dimensionless model did not require the specification of FL,o or VL,o.
6(Bobbert, Huijing and van Ingen Schenau 1986). Model of human triceps surae.
7(Bobbert and van Ingen Schenau 1990). Model of human triceps surae.
8(Hof and Van den Berg 1981). Model of human triceps surae. Hof and
ven den Berg’s model also did not require the specification of FL,o or VL,o.
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Fig. 3. Output force at maximal activation over a muscle’s
eccentric (i.e., lengthening under load and is assigned a
negative value for velocity by convention) and concentric
(i.e., shortening under load and is assigned a positive value
for velocity by convention) velocity range for rat, cat, frog,
and human compared with predictive skeletal muscle models
(see text for citations).

0.12 ≤ a

FL,o

≤ 0.41 (3d)

0.12 ≤ b

VL,o

≤ 0.41 (3e)

for muscle lengths of 0.7 ≤ L/Lo ≤ 1.2 and velocities of
|V/VL,o| ≤ 1.0. For eccentric conditions, we will use an “in-
verted Hill” model that asymptotes to 1.3 FL,o but recognize
further experimental work in this area of muscle physiology is
necessary.

2.2. Biological Tendon

There is a wide body of literature describing the behavior of
tendon under load. Some investigators have reported mate-
rial properties using stress versus strain, while others have
reported the form in which the data was recorded, namely
force versus elongation. The stress v. strain curve of tendon
exhibits a characteristic “toe” region where initially stress in-
creases slowly with strain. Further strain results in more rapid
increases in stress, followed by a region where stress increases
linearly with strain until failure. Confounding problems in-
clude the freshness of the specimen (some investigators have
used embalmed tissue), grip failures, and appropriate strain
rates (e.g., Ker, Alexander, and Bennett 1988; Lewis and Shaw
1997).

 at Universitaet Stuttgart on November 10, 2010ijr.sagepub.comDownloaded from 
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Günther, M, Schmitt, S. 2010. A macroscopic ansatz to deduce the 
Hill relation. Journal of Theoretical Biology, 263(4), 407–18.

Enthalpy rate = power output * main. heat rate * 
                        shortening heat rate
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Actin 
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Anchoring Intermeshed
Lattices

Figure 2: The sarcomere.

mately 15 nm in diameter, the thin ones about 6 nm. Because of the symmetry of
the sarcomere, the computational unit which we consider is the half-sarcomere.

Contraction of the muscle is effected by sliding of the thin and the thick fil-
aments past one another. The mechanism that engenders this sliding action is
now agreed to be the action of the myosin cross-bridges. Each myosin molecule
consists of a long thin tail with a pair of globular heads. About 180 of these
molecules are coiled together to form a thick filament with the heads and the
leading part of the tail projecting from the coil to form a cross-bridge. The heads
include a binding site for actin, and a site which accepts adenosine triphos-
phate, or ATP, molecules. The thin filament, in turn, consists of two polymeric
chains of actin in a helical coil which presents spaced binding sites for the myosin.

When the muscle is stimulated, in vivo through the presence of Ca2+ ions
perfusing the sarcomere and unblocking binding sites on the actin filament, the
cross-bridge head attaches to the adjacent thin filament. At this point hydroliza-
tion of an attached ATP molecule (which loses a phosphate and becomes aden-
esine diphosphate or ADP) creates a change in angle of the myosin head relative
its tail, and the result is a shift of the cross-bridge head’s pivot point relative the
thin filament. At the end of the process the myosin head detaches (with another
ATP–ADP reaction).

The angular shift can have two results (or a combination of the two) in that

 Das Sarkomer
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Gordon und Mitarbeiter 1966 gelöst, indem sie in einem kleinen Abschnitt der
Faser die Sarkomerlänge regelten und die Kraft dieser geregelten Länge zuwiesen
(segment length clamping). Aus dieser Studie heraus entstand die Kraft-Längen
Relation des Muskels, die aus sechs Teilen besteht. (1) Die Muskelkraft ist null
ab der Länge 3.65 µm, (2) der lineare Abfall von 2.2 µm bis 3.65 µm (absteigen-
der Ast) zeigt auf, dass die Kraft proportional zur Überlappung der Filamente
ist. (3) Im so genannten Plateaubereich von 2.0 µm bis 2.2 µm ist die Kraft
konstant, was darauf hinweist, dass keine weitere Zunahme der Überlappung
stattfindet. (4) Unterhalb des Plateaus von 2.0 µm (aufsteigender Ast) sinkt
die Kraft linear zuerst schwach, (5) ab 1.65 µm stärker und verschwindet un-
terhalb 1.3 µm gänzlich (6). Der Grund für die vorerst schwache Abnahme mag
sein, dass gegenüber liegende Aktinfilamente an ihren Enden zusammentreffen
und eine Doppelüberlappung erzeugen, also eine eher hindernde Konfiguration
annehmen. Des Weiteren wird angenommen, dass der starke Abfall durch das
Anstossen der Myosinfilamente an der Z-Scheibe zu erklären ist.

Abbildung 2.36: Kraft-Längen-Relation nach Gordon et al. (1966). Die Re-
lation kann anhand sechs linearer Funktionen beschrieben werden. Bis (0) ver-
schwindet die Kraft. Bei (0 - A) ist sie stark wachsend, und bei (A - B) etwas
schwächer. Diese beiden Bereiche werden aufsteigender Ast genannt. (B - C)
wird Plateau Bereich genannt. Zwischen (C - D) nimmt die Kraft bei zuneh-
mender Länge ab (negative Steifheit!), weshalb dieser Bereich absteigender Ast
genannt wird. Im Bereich grösser (D) ist die Kraft null. Als Kraft ist allgemein
die aktiv generierte Kraft ohne passive Komponente gemeint. Adaptiert von
Gordon et al., 1966.

2.6.4 Mathematische Formulierung der Gleitfilamenttheorie

Die Anzahl der möglichen Bindungen in einem Sarkomer sei gross. Dabei
sei n(x, t) die Wahrscheinlichkeitsdichte, im Bereich [x, x + dx) eine Bindung

80

Kraft-Längen-Relation. Gordon et al. (1966)
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der geleisteten mechanischen Arbeit sowie der Wärmeproduktion wurde belegt,
dass unabhängig von der Art der Innervation oder den Testbedingungen (iso-
metrisch, isotonisch) ATP der Energielieferant ist.

2.4.3 Weitere experimentelle Ergebnisse, die den biologischen
Motor charakterisieren

Effekte der Kraft-Längen-Relation Die aktive Kraft, die eine Faser als
linearer Motor bei konstanter Länge (isometrisch) erzeugen kann, ist von seiner
momentanen Länge abhängig. Im verlängerten Zustand ist die Kraft kleiner, da
die Überlappung von Aktin und Myosin kleiner und damit auch die maximale
Anzahl an Bindungen reduziert ist. Im verkürzten Zustand tritt eine Hemmung
auf, denn die Nachbarüberlappung verringert die Brücken-Aktivität. Mehr dazu
ist im Abschnitt Folgerungen aus der Gleitfilament-Theorie beschrieben (siehe
Kapitel ...).

Mensch und Frosch haben nicht die identischen Aktin- und Myosinproteine.
Darum ist in der Regel auch die Kraft-Längen-Relation, nicht von der Form,
aber vom Bereich her, unterschiedlich. Diese Beziehung ist für eine Muskelfaser
des Menschen (in vivo gemessen) in der unteren Abbildung 2.21 dargestellt. Das
Plateau, hier nicht so gut ersichtlich, reicht von ca. 2.6 µm bis ca. 2.8 µm. Dies
ist der Bereich, welcher - von der Konstruktion her - die grösste isometrische
Krafterzeugung zulässt. In diesem Längen-Bereich, dem sogenannten Plateau-
bereich, hat Hill die obige Kraft-Geschwindigkeits-Relation bestimmt.

Abbildung 2.21: Die Kraft-Längen-Relation. Links: Die Relation für eine Fa-
ser des Menschen (Lieber et al., 1994). Rechts: Relation für eine Faser des
Frosches von mehreren Autoren als Vergleich.

Die Experimente, um diese aktive Kraft-Längen-Beziehung zu messen, sind
eigentlich nicht so trivial wie man denken könnte, da im absteigenden Ast der
Kraft-Längen-Relation das System Myofibrille Instabilitäten aufweist. Dieses
Problem werden wir zu einem späteren Zeitpunkt wieder aufgreifen. Aufgrund
dieser Instabilitäten muss beim Messvorgang die Sarkomerlänge auf einem mitt-
leren Faserabschnitt geregelt werden.

62

 Biologische Muskelexperimente

19



Andrew Fielding Huxley 
Nobelpreis 1963: 

„ ... for ... ionic 
mechanisms involved 

in excitation ... of the ... 
cell membrane.“

© 1971 Nature Publishing Group

Huxleytyp Muskelmodelle erklären die 
Mechanik der Muskelkontraktion auf der 
Grundlage der Mikrostruktur  
(„sliding filament theory“)

Huxley, A. F., Niedergerke, R., 1953. Structural changes in 
muscle during contraction. Interference microscopy of living 

muscle fibres. Nature 173 (4412), 971–973.

w
w
w
.u
ni
-s
tu
ttg
ar
t.d
e   Mikrodynamik eines Skelettmuskels

20



w
w
w
.u
ni
-s
tu
ttg
ar
t.d
e

then we are to replace the hypothesis that shortening is generated by filament
folding at a number of places in succession, by the hypothesis that two types of
filament slide past one another, how are we to suppose that this relative move-
ment is brought about? So far, three broad suggestions have been made. Diese
drei allgemeinen suggestions waren:

• Die Filamente bewegen sich so, dass die Anzahl der Punkte / Orte zu-
nimmt, an denen eine bestimmte chemische Interaktion stattfinden kann
(H.E. Huxley and Hanson, 1954).

• Ein Filamenttyp hat die Eigenschaft, sich lokal zu verkürzen. Diese lo-
kale Verkürzung ist sehr klein und findet zyklisch statt. Die Bindungen
zwischen den zwei Filamenten werden aufgebrochen und erneuern sich,
so dass die resultierende Relativbewegung eine Verkürzung darstellt ohne
wesentliche Verkürzung der einzelnen Filamente.

• Zwischen zwei nebeneinander liegenden Filamenttypen entsteht eine Kraft
als Summe aller Kräfte in allen in Serie liegenden Verbindungsstellen in-
nerhalb des Überlappungsbereiches.

Aus diesen drei Vorstellungen formulierte A. F. Huxley dann seine Gleitfilament-
Theorie. Der Hauptgedanke war: Jedes Filament des einen Typus (Zitat nach
Huxley: provisionally assumed to bet the myosin filament) weist Seitenstücke
auf, die entlang des Basisfilaments gleiten können. Der Umfang der Bewegung
ist durch eine elastische Feder eingeschränkt (siehe Abbildung 2.32).

Abbildung 2.32: Schematische Darstellung der Mechanik der Gleitfilament-
Theorie zur Erzeugung von Kraft. Der Ausschnitt entspricht der rechten Hälfte
eines A-Bandes. Die Pfeile geben die Richtung der relativen Bewegung bei
Verkürzung des Muskels an. Dabei schwingt eine elastische Kopplung nahe
einer Bindungsstelle des Aktins. Aus Huxley, 1957.

Diese seitlichen Teile können zeitweise Verbindungen mit bestimmten Stel-
len am anliegenden Aktinfilament eingehen. Die Bindung kann spontan auftre-
ten, aufgebrochen werden kann sie jedoch nur durch eine Reaktion, die Energie
erfordert. Eine wichtige Annahme war, dass diese Übergangsraten Bindung ein-
gehen und Bindung aufbrechen von der relativen Position des Seitenstückes des
Basiselements Myosin abhängt (siehe Abbildung 2.33). Diese Annahme bedarf

76

 Die Theorie der gleitenden Filamente

m: Anzahl der Querbrücken pro  
     Einheitsvolumen 
s: Sarkomerlänge 
k: Federkonstante 
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which now is widely accepted as the basic explanation of the
role of the myosin in muscle contraction. The model
presented in this article builds upon Duke’s and Huxley’s
earlier works. We show how the thin filament movement is
connected with the conformational change in the myosin
motors. Duke’s work treated the chemical rate constants as
fitting parameters. He contends that synchrony in muscle
contraction is due to a slow phosphate (Pi) release step.
Forces from other myosin motors can assist Pi release (Duke,
1999). Biochemical studies, however, suggest that Pi release
is rapid (Siemankowski et al., 1985; Howard, 2001). In our
current work, experimentally measured chemical rate con-
stants are used. Realistic geometrical arrangement of the
mechanical elements in the sarcomere is included. Thus, the
number of unknown parameters is limited to the mechanical
constants of the myosin motor during its chemical cycle and
the elastic modulus of the stalk protruding out of the thick
filament.

SARCOMERE ULTRA-STRUCTURE

The basic arrangement of the sarcomere is shown in Fig. 1.
Each thick filament, comprised of a bundle of myosin stalks,
is surrounding by a hexagonal arrangement of thin filaments
(actin). The thin filaments are anchored to the Z-disk
(Huxley and Hanson, 1954). The thick filaments are an-
chored to the M-line (Reedy et al., 1965). The thick filaments
are also connected to the Z-disk via an elastic element made
of titin (Linke et al., 1996, 1998; Linke, 2000; Li et al.,
2002). In the experiments that we shall attempt to explain, an
external load force is applied to the Z-disk in the x direction
(Reedy et al., 1965). All of the actin filaments are under
tension, as well as the titin elastic elements. The elastic ele-
ments are passive force generators (Minajeva et al., 2002;
Linke, 2000); the myosin motors along the thick filament are
active force generators.
The gross structural features of the myosin motor are also

shown in Fig. 1. The myosin domains are labeled as the
motor domain, the light-chain domain (LCD), and the stalk.
During muscle contraction, a myosin motor binds to the actin
filament and undergoes a conformational change (Cooke,
1986; Rayment et al., 1993). The conformation change,
or powerstroke, is coupled to the ATP hydrolysis cycle
(Rayment et al., 1993; Finer et al., 1994; Lymn and Taylor,
1971). Given the three domains, we defined unit vectors, â
and b̂, oriented along the motor domain and the LCD, re-
spectively. â and b̂ define an angle, u, at point B. The
powerstroke motion is a rotation in u. Changes in u are
translated to the movement of the thin filament in the x
direction. In Energy Transduction within the Skeletal
Muscle: Two Scenarios, the kinematics of this movement
is discussed in more detail.
There are ;150 myosin motors interacting with the hex-

agonal thin filaments. When an external load force is ap-
plied to the Z-disk, all six actin filaments are under the same

amount ofmechanical tension. If we simplify the problem and
assume that the Z-disk can onlymove in the x direction, then it
is equivalent to model 150 myosin motors interacting with
a single actin filament. If the Z-disk is always held perpen-
dicular to the x axis by other tissue, then the current assump-
tion is a valid one.
The dimensions of the actin-myosin system are important

for kinematic considerations. The distance between the
centers of the thick filaments is ;42 nm. The distance be-
tween the centers of the thick and thin filaments is 24 nm.
The radii of the thick and thin filaments are 6 nm and 3 nm,
respectively (Epstein and Herzog, 1998). Thus, the distance
between the surfaces of the thick and thin filaments is 15 nm.
High resolution structures are available for the motor domain
and a part of the LCD. Cryo-electron micrographs of muscle
under tension show a cross-bridge connecting the thick and
thin filaments. Since the motor domain is 6 nm in length and
approximately the same size as the thin filament, we estimate

FIGURE 1 The ultra-structure of a sarcomere. (a) The rough arrangement

of the thick and thin filaments between the Z-disk and the M-line. (b) The
detailed side-view of the sarcomere. The myosin motors are arranged all
along the thick filament. The thick filament is connected to the Z-disk via the

elastic titin molecules. The titin molecules restrain the movement of the

Z-disk away from the thick filament, thus they are passive force generators.

(c) The rough geometry of the actin-myosin interaction. The myosin motors
are spaced 42-nm apart. The stalk domain protruding from the thick filament

is;50 nm in length and is elastic. The angle a is actually quite close to zero.

Here, the figure is exaggerated to show the stalk. (d) The myosin motor
consists of three domains. The angle, u, between the motor domain and the

light-chain domain (LCD) changes during the powerstroke. The stalk, which

consists of a coiled-coil motif, actually continues into the thick filament.

A bend is thought to occur in the light-chain, angling it upward to actin.

4108 Lan and Sun

Biophysical Journal 88(6) 4107–4117

Lan, G., Sun, S., 2005. Dynamics of myosin-driven skeletal muscle contraction: I. Steady-
state force generation. Biophysical Journal 88 (6), 4107– 4117.
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length of one actin monomer (approx. 5.5 nm). This
would produce one full rotation of the thin filaments for
every approximately 71.5 nm of translation.

Rotation of actin filaments by heavy meromyosin has
been observed in vitro [52–54]. Nishizaka et al. [53]
observed that myosin heads produce a right-handed
torque on actin filaments along their long axis, which
winds up the right-handed twists of the actin double
helix. In vitro, where the interactions between actin and
myosin are more diffuse than in muscle sarcomeres,
actin filaments complete one full turn of rotation for
every 1 mm of translation [54].

In a muscle sarcomere, because the actin filaments are
anchored to the Z-disc, cross-bridges could produce
twisting of the thin filaments in addition to rotation,
which could reduce the helical pitch of the actin helix
[53]. Using X-ray diffraction, changes in the helical pitch
of thin filaments have been observed in active muscle
fibres [55,56], although a confounding factor is that the
thin filaments also change in length during activation.
Bordas et al. [55] observed no difference in helical pitch
between fibres at rest and maximum isometric force,
although the thin filaments became longer at maximum iso-
metric force. The helical pitch of actin filaments decreased
during unloaded shortening. Tsaturyan et al. [56] found
that thin filaments were more twisted in rigour than at
rest. For a 1mm long thin filament, the observed decrease
in helical pitch between rigour and rest corresponds to
a 2708 right-handed twist of the thin filaments. These
observations are consistent with the hypothesis that cross-
bridge interactions with actin produce a right-handed

rotation of thin filaments during force development and
active shortening.

Changes in Z-disc structure upon muscle activation are
also consistent with thin filament rotation. In the Z-disc,
each thin filament is anchored to its neighbours by four
a-actinin ‘lanyards’ that form a small square pattern in
resting sarcomeres when viewed in cross section [57].
When muscles develop isometric force or shorten isotoni-
cally, Z-disc structure changes from a small square to a
basket-weave pattern [57]. This change in the orientation
of a-actinin is consistent with thin filament rotation [58].

8. THE WINDING FILAMENT HYPOTHESIS
Because titin is bound to thick filaments in the A-band
and to thin filaments in the Z-disc [23], rotation of thin
filaments by the cross-bridges must lead inevitably to
winding of titin upon them. Rotation of the thin filaments
by the cross-bridges would also produce a torque in
a-actinin in the Z-disc. Winding of titin on the thin fila-
ments is predicted to change the length and stiffness of
PEVK, storing elastic potential energy during isometric
force development and active stretch. This energy could
be recovered during active shortening.

Unwinding of titin from the thin filaments could be
prevented by electrostatic interactions between PEVK
and the thin filaments [31,45,59]. Spontaneous dis-
sociation rates of PEVK bound to actin are low, and the
force required to break the bonds is approximately equal
to the force required to break an actomyosin cross-
bridge [59]. Unwinding of PEVK from the thin filaments

2.4 µm

2.6 µm

N2A

(a)

(b)

(c)

(d)

cross-bridge
overlap zone

end of
thin
filament

Figure 2. Schematic illustrating the winding filament hypothesis. (a,b) Ca2þ-dependent binding of N2A to thin filaments con-
tributes to length–tension relationship. If N2A (red) binds non-selectively to thin filaments (blue) in the presence of Ca2þ, and
if the binding site depends on sarcomere length at the time of Ca2þ influx, then a plateau is predicted in active force at sarco-
mere lengths between (a) 2.4 and (b) 2.6 mm in rabbit psoas muscle. (c,d) Cross-bridge cycling results in titin winding.
(c) Cycling of the cross-bridges winds PEVK on the thin filaments (arrow indicates direction of rotation). In the model, the
winding angle depends only on sarcomere geometry. (d) Stretch of an active sarcomere extends the PEVK segment and
enhances the active force.
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composed of the distal immunoglobulin (Ig) domains of
six titin molecules, emerges from the tip of each thick fila-
ment at the A/I junction [24]. Interaction among the Ig
domains maintains the axial position of the end filament
at the centre of the hexagonal array of thin filaments
that surround each thick filament [24].

The carboxy terminus of titin is located at the M-line,
where titin filaments from adjacent half-sarcomeres with
opposite polarity overlap [15]. In the A-band, titin is
composed of repeating fibronectin (FNIII) and Ig
domains, rendered inextensible by their tight association
with the thick filament [25]. In the I-band, titin is com-
posed of proximal and distal tandem Ig segments that
flank the PEVK region. The proximal tandem Ig and
PEVK segments function as springs in series [14,26]. In
the Z-disc, titin is anchored to thin filaments, a-actinin,
and anti-parallel titin molecules from the adjacent sarco-
mere [27]. Overlap of titin molecules in both Z-discs and
M-lines produces a titin filament system that is continu-
ous along the entire length of every myofibril [15].

3. TITIN CONTRIBUTES TO MUSCLE
PASSIVE TENSION
Numerous studies have described the passive force–
extension relationship for intact myofibrils, as well as for
individual titin molecules or portions thereof [14,20,28].
At shorter sarcomere lengths, passive stretch straightens
the folded Ig domains of I-band titin with little increase
in passive tension [28,29]. At longer sarcomere lengths,
the PEVK domain elongates and the passive tension
increases steeply [26,30]. PEVK behaves as an entropic

spring at low force, but as an enthalpic, or Hookean,
spring at higher forces [14,31]. As sarcomeres are stretched
from a resting length of 2.1–3.5 mm, the length of PEVK
increases more than 10-fold [14]. At physiological sarco-
mere lengths, elongation of PEVK largely determines the
passive elasticity of skeletal myofibrils and cardiac myocytes
[28,32]. The sarcomere length at which passive tension
increases varies with the titin isoform expressed in different
muscles [28].

4. IS THERE A ROLE FOR TITIN IN ACTIVE MUSCLE?
In active muscle fibres, Ca2þ influx increases tension and
stiffness of a non-cross-bridge structure, possibly titin
[19]. In both PEVK fragments and single muscle fibres,
Labeit et al. [20] demonstrated not only that Ca2þ influx
increases titin stiffness, but also that increasing Ca2þ in
myofibrils results in a leftward shift of the force–extension
curve. However, the effects of Ca2þ on titin stiffness
observed in these studies are approximately 10 times too
small to account for the observed increase in parallel elastic
stiffness of muscle fibres upon calcium activation [19].

Force enhancement in muscle is an increase in steady-
state force after active stretch above the isometric force at
a corresponding length [6], which has been attributed to
recruitment of a passive element [33]. In addition, the
passive force after deactivation of an actively stretched
muscle fibre is higher than the force produced after pas-
sive stretch, or after deactivation from an isometric
contraction at a corresponding length [18], further
suggesting that ‘passive force enhancement’ is owing to
recruitment of a passive element, namely titin [18].

I-band(a)

(b)

(c)

Z-disc

N2A

N2A
PEVK

thin filament
thick filament

M-line
proximal
tandem Ig
segment

distal
tandem Ig
segment

A-band

Figure 1. (a) Schematic of a skeletal muscle half-sarcomere illustrating the layout of titin (yellow with a red N2A segment).
Each titin molecule is bound to the thin filaments (blue) in the I-band, and to the thick filaments (green) in the A-band.
Note that, for simplicity, thick filaments are illustrated as double-stranded, whereas in vertebrate skeletal muscle, they are
actually triple-stranded. The N2A segment is located between the proximal tandem Ig segment and the PEVK segment.
(b,c) Ca2þ-dependent binding of N2A to thin filaments. (b) Resting sarcomere at slack length at low Ca2þ concentration
(pCa ¼ 9). (c) Upon Ca2þ influx (pCa ¼ 4.5), N2A titin binds to the thin filament (blue), which shortens and stiffens the
titin spring in active sarcomeres.
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series to the crossbridges such as elasticity of the actin and myosin
filaments. In addition, we normalized forces to the maximum
isometric active force F[im] (throughout the manuscript, values
subscripted with brackets were constant for at least one experiment)
produced at optimal thin (actin) and thick (myosin) filament overlap
and assumed that all forces would act along the myofilament axis.

The normalized half-sarcomere force fhs equaled the sum of an
active (crossbridges) component fact and a passive (titin) compo-
nent fpass

f hs ¼ Fhs=F ½im# ¼ f act þ f pass. (1)

A common Hill-type separation approach approximating the
sliding filament and crossbridge theories defined the active force

f act ¼ Fact=F ½im# ¼ f vðvhsÞ ' f lðlhs; lhs½0#Þ. (2)

The fv is a factor due to the force–velocity (Hill, 1938; Till et al.,
2008) relation (shortening: fvo1; stretch: fv 41) and depends on
the half-sarcomere velocity vhs. The fl is a factor due to the
force–length (Gordon et al., 1966) relation (flp1). According to the
sliding filament theory, fl depends on the number of effective
crossbridges. Moreover, on the steep part of the ascending limb of
the active force–length relationship, it also assumedly depends on
counteracting compressive forces. Following the proposed me-
chanism, however, fl can be decreased due to inhibited cross-
bridges; it not only depends on the half-sarcomere length lhs, but
also on the initial half-sarcomere length lhs[0] (see Appendix A).

We modeled titin’s molecular spring region as an elastic
spring. In the passive state (calcium concentration is low, i.e. the
sarcomere is deactivated), fpass is a function of lhs. In the active
state (calcium concentration is high, i.e. the sarcomere is
activated), the PEVK region attaches itself to the actin filament.
Hence, titin’s distal Ig region can be pulled not only in the same
direction (Fig. 1, middle) as the crossbridges (fpass 40), but also in
the opposite (Fig. 1, bottom) direction (fpasso0). Resultant, fpass is a
function of lhs and lhs[0] as described in the next section.

We assumed that skinned myofibril passive tension is induced
by titin (Linke et al., 1998). With a typical value of maximum
active muscle tension of 20 N cm(2, we translated measured
myofibril tension (Linke et al., 1998) into normalized tension
corresponding to normalized titin force. Further length data
(Linke et al., 1998) yielded force-elongation data for the entire
molecular spring and for the distal Ig and PEVK regions (Fig. 2).
We used lookup tables and linearly interpolated desired values
from these essentially non-linear data which were extrapolated
linearly when necessary.

2.2. The titin-induced ‘sticky-spring’ mechanism

Consider a rectangular adhesive tape stuck on a plain surface.
It can bear high forces if pulled along its length axis away from its
adherend (stretch), but is easily peeled off in the opposite
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Fig. 1. Schematic of the active (high calcium concentration) half-sarcomere: (top) at an initial length lhs[0] on the descending limb of the active force–length relationship;
(middle) after stretch from lhs[0]; (bottom) after shortening from lhs[0]. All actin, myosin and titin (its molecular spring part is colored) filaments are represented with one
specimen each. The long axis length ratios, as well as the number of myosin heads correspond to physiological values. (top) The PEVK region (yellow) is attached to actin at
myosin binding sites (black dots). The length of titin’s proximal Ig region, PEVK region, and distal Ig region attained under the initial passive force fpass[0] is depicted.
(middle) The sum of the length changes DlPEVK and Dldist_Ig equals the stretch distance. (middle, enlarged view) The ‘sticky-spring’ force fsticky equals the sum of attachment
forces fatt_i pulling on the PEVK–actin attachments and fpass[0]. (bottom) Inhibition of crossbridges by PEVK–actin attachments is illustrated.

C. Rode et al. / Journal of Theoretical Biology 259 (2009) 350–360352

Rode, C., Siebert, T. Blickhan, R. 2009. Titin-induced force 
enhancement and force depression: A ‘sticky-spring’ mechanism 
in muscle contractions? Journal of Theoretical Biology 259 (2009) 
350–360.

Kiisa C. Nishikawa, Jenna A. Monroy, Theodore E. Uyeno, Sang 
Hoon Yeo, Dinesh K. Pai and Stan L. Lindstedt 
 2012. Is titin a 'winding filament'? A new twist on muscle 
contraction. Proc. R. Soc. B 2012 279, 981-990

23



w
w
w
.u
ni
-s
tu
ttg
ar
t.d
e   Kontraktionsdynamik des Skelettmuskels

F

v
Kraft-Geschwin-

digkeits Bez.

hyperbolic

0

F

l
Kraft-Längen 

Beziehung

0

66 Biol Cybern (2007) 97:63–79

Fig. 1 The setup of plantar
flexor muscle contraction (top
isometric, bottom concentric and
quick-release) experiments for a
piglet. The skeleton is carefully
fixed in prone position keeping
the origins of the stimulated
muscles unchanged. This
allowed to measure the net
output of the four main
contributing muscle–tendon
complexes (MTCs) depicted in
Fig. 2

Fig. 2 Anatomical muscle structure of a piglet. Depicted muscles
are M. gastrocnemius medialis (GM), M. gastrocnemius lateralis (GL),
M. soleus (SOL) and M. flexor digitorum superficialis (FDS). The net
output of these four MTCs is measured (Fig. 1). Their anatomical param-
eters are listed in Table 1. The parameters of the lumped model MTC
(Fig. 3) reflecting the experimental situation are given in Table 2

stamp. To avoid different initial length of the muscle because
of varying loads, the initial length was fixed at resting muscle
length with a 100 g load. For this a clamp was adjusted on the
steel wire against a fixed bar. For analysis of quick-release
contractions according to Hill (1938) the load stamp could
be fixed using an electromagnet. In this mode of analysis the
load stamp was held in fixed position until 1.0 s after elec-
trically stimulating the muscle. Thus, it was ensured that the
isometric force of the plantar flexors had risen to the max-
imum value. Thereafter, the load stamp was released. Data
recording (encoder) and processing was analogous to con-
centric contractions described above.

For calf muscle stimulation the sciatic nerve of the left
hind limb was used. For this purpose a skin incision was
made in the lateral upper leg. The sciatic nerve was carefully
prepared and attached to a platinum electrode pair immersed
by Ringer solution in order to avoid desiccating the nerve.
Bipolar stimulation of the sciatic nerve was used for supra-
maximal muscle contraction (voltage-constant rectangular
pulses, 150 Hz repetition frequency, 100µs impulse width;
Physiostimulator, Hugo Sachs Elektronik, Germany). During
the experiments stimulation nerve and electrodes were super-
fused with warmed physiological saline (37◦C). In order to
avoid an influence of force output measured on the calca-
neus by ankle torque due to a simultaneous contraction of
the muscle antagonists the distal tendons of tibialis anterior
and extensor digitorum longus were sectioned. After the sur-
gical preparation had been completed general anesthesia was
changed by exchange of isoflurane inhalation against intra-
venous thiobarbital infusion (12.5 mg/(kg[body weight]h)).
Furthermore, an epidural blockade was done after lumbar
puncture below the fourth lumbar vertebra by instillation of
0.5–1.0 ml of the local anesthetic bupivacaine hydrochloride
(Fa. Curasan, Germany). Exact setting of the transmission
blockade was verified by an immediate tonus loss of the hind
limb muscles. Then, the piglet was allowed to rest for approx-
imately 30 min until the beginning of the measurement series
of different muscle contractions.

2.1.2 Experimental protocol

First, a series of isometric force measurements at different
muscle length with 2 s stimulation and 2 min resting period
(adjusting the next muscle length) was carried out. Based on
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+R(r)fmtc + e(r, ṙ) = 0
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Fig. 1 The setup of plantar
flexor muscle contraction (top
isometric, bottom concentric and
quick-release) experiments for a
piglet. The skeleton is carefully
fixed in prone position keeping
the origins of the stimulated
muscles unchanged. This
allowed to measure the net
output of the four main
contributing muscle–tendon
complexes (MTCs) depicted in
Fig. 2

Fig. 2 Anatomical muscle structure of a piglet. Depicted muscles
are M. gastrocnemius medialis (GM), M. gastrocnemius lateralis (GL),
M. soleus (SOL) and M. flexor digitorum superficialis (FDS). The net
output of these four MTCs is measured (Fig. 1). Their anatomical param-
eters are listed in Table 1. The parameters of the lumped model MTC
(Fig. 3) reflecting the experimental situation are given in Table 2

stamp. To avoid different initial length of the muscle because
of varying loads, the initial length was fixed at resting muscle
length with a 100 g load. For this a clamp was adjusted on the
steel wire against a fixed bar. For analysis of quick-release
contractions according to Hill (1938) the load stamp could
be fixed using an electromagnet. In this mode of analysis the
load stamp was held in fixed position until 1.0 s after elec-
trically stimulating the muscle. Thus, it was ensured that the
isometric force of the plantar flexors had risen to the max-
imum value. Thereafter, the load stamp was released. Data
recording (encoder) and processing was analogous to con-
centric contractions described above.

For calf muscle stimulation the sciatic nerve of the left
hind limb was used. For this purpose a skin incision was
made in the lateral upper leg. The sciatic nerve was carefully
prepared and attached to a platinum electrode pair immersed
by Ringer solution in order to avoid desiccating the nerve.
Bipolar stimulation of the sciatic nerve was used for supra-
maximal muscle contraction (voltage-constant rectangular
pulses, 150 Hz repetition frequency, 100µs impulse width;
Physiostimulator, Hugo Sachs Elektronik, Germany). During
the experiments stimulation nerve and electrodes were super-
fused with warmed physiological saline (37◦C). In order to
avoid an influence of force output measured on the calca-
neus by ankle torque due to a simultaneous contraction of
the muscle antagonists the distal tendons of tibialis anterior
and extensor digitorum longus were sectioned. After the sur-
gical preparation had been completed general anesthesia was
changed by exchange of isoflurane inhalation against intra-
venous thiobarbital infusion (12.5 mg/(kg[body weight]h)).
Furthermore, an epidural blockade was done after lumbar
puncture below the fourth lumbar vertebra by instillation of
0.5–1.0 ml of the local anesthetic bupivacaine hydrochloride
(Fa. Curasan, Germany). Exact setting of the transmission
blockade was verified by an immediate tonus loss of the hind
limb muscles. Then, the piglet was allowed to rest for approx-
imately 30 min until the beginning of the measurement series
of different muscle contractions.

2.1.2 Experimental protocol

First, a series of isometric force measurements at different
muscle length with 2 s stimulation and 2 min resting period
(adjusting the next muscle length) was carried out. Based on
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Table 1 Mean anatomical muscle parameters (compare Fig. 2) from
five (n = 5) normal weight 1 day old piglets (mean body weight
≈ 1,500 g; see (Wank et al. 2000) for estimated muscle mass, pen-
nation angle, and fibre type I; see (Wank 2000) for length of muscle

belly, aponeurosis length, fibre geometry, pennation angle, fibre length,
and tendon length; see (Wank et al. 2006) for estimated muscle mass
and fibre type II)

GL GM SOL FDS

Estimated muscle mass (g) 2.0 2.5 1.0 1.0

Length of muscle belly (m) 0.044 ± 0.004 0.04 ± 0.004 0.044 ± 0.004 0.045 ± 0.005

Aponeurosis length (m) 0.033 ± 0.003 0.028 ± 0.003 0.006 ± 0.001 0.039 ± 0.004

Fibre geometry Unipennate Unipennate Fusiform Bipennate

Pennation angle (◦) 18 ± 4 15 ± 4 4 ± 1 13 ± 3

Fibre length (m) 0.012 ± 0.003 0.013 ± 0.003 0.039 ± 0.004 0.008 ± 0.002

Tendon length (m) 0.015 ± 0.002 0.018 ± 0.003 0.014 ± 0.003 0.056 ± 0.006

Fibre type I (slow twitch) (%) 8.2 ± 5.9 8.5 ± 4.6 5.3 ± 3.2 25.0 ± 5.4

Fibre type II (fast twitch) (%) 91.8 ± 5.9 91.5 ± 4.6 94.7 ± 3.2 75.0 ± 5.4

these data the mean anatomical length of the muscle–tendon
complex (MTC) l0 of the plantar flexors was estimated. l0 is
of significance for the validation of the muscle model (see
beginning of Sects. 3.1, 3.1.4 and 4.1). Thereafter, a series
of (initially unloaded) concentric contractions was analysed.
At first, the initial muscle length was adjusted correspond-
ing to muscle strain at 100 g load. Contractions with loads of
100, 200, 300, 400, 600, 800, 1,000, 1,400 and 1,800 g were
recorded twice for each load (1 s stimulation duration, 2 min
resting period). In the same way quick-release contractions
were investigated—as well twice for each load and 2 min rest
after each trial. In contrast to concentric mode the stimula-
tion duration at quick-release mode was 1.5 s (1 s isometric
pre-contraction and 0.5 s after release). For checking fatigue
effects at the end of each series an isometric contraction at the
mean anatomical muscle length l0 was recorded again after
concentric and quick-release series. The maximum isometric
force of the reference trials were generally above 95% of the
initial value from the first series.

2.2 Simulation

For the simulation study we mapped the experimental setup
(Sect. 2.1) to a mechanical model, including one lumped
muscle–tendon complex (MTC) fixed to the inertial system
pulling on the centre of mass of a rigid body (Fig. 3). The
loading masses ranged from 100 to 1,800 g. The whole model
was implemented in a simulation package simsys developed
in our department (Krieg 1992; Günther and Ruder 2003)
based on the Shampine and Gordon (1975) integration algo-
rithm and a linear equation solver from Numerical Recipes
(Press et al. 1994). We simulated the three experimental
situations with the identical code by switching one input

Fig. 3 The structure of the lumped model MTC (actual length: lm).
lm is the sum of the length of the contractile element (CE) lCE plus
the length of the serial element (SE; serial elastic element: SEE) lSE.
The length of the parallel element (PE; parallel elastic element: PEE)
equals lCE. The standard Hill-type muscle model is drawn with solid
black lines. Optionally added damping components (DPE and DSE) are
greyed out. The experimental procedure for the three different con-
traction modes differs in switching the trigger T (isometric: T locked;
concentric: T released; quick-release: T release after full activation).
The MTC-length lm was varied during isometric contractions, the load-
ing mass during concentric and quick-release contractions. g means the
gravitational acceleration vector
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Fig. 1 The setup of plantar
flexor muscle contraction (top
isometric, bottom concentric and
quick-release) experiments for a
piglet. The skeleton is carefully
fixed in prone position keeping
the origins of the stimulated
muscles unchanged. This
allowed to measure the net
output of the four main
contributing muscle–tendon
complexes (MTCs) depicted in
Fig. 2

Fig. 2 Anatomical muscle structure of a piglet. Depicted muscles
are M. gastrocnemius medialis (GM), M. gastrocnemius lateralis (GL),
M. soleus (SOL) and M. flexor digitorum superficialis (FDS). The net
output of these four MTCs is measured (Fig. 1). Their anatomical param-
eters are listed in Table 1. The parameters of the lumped model MTC
(Fig. 3) reflecting the experimental situation are given in Table 2

stamp. To avoid different initial length of the muscle because
of varying loads, the initial length was fixed at resting muscle
length with a 100 g load. For this a clamp was adjusted on the
steel wire against a fixed bar. For analysis of quick-release
contractions according to Hill (1938) the load stamp could
be fixed using an electromagnet. In this mode of analysis the
load stamp was held in fixed position until 1.0 s after elec-
trically stimulating the muscle. Thus, it was ensured that the
isometric force of the plantar flexors had risen to the max-
imum value. Thereafter, the load stamp was released. Data
recording (encoder) and processing was analogous to con-
centric contractions described above.

For calf muscle stimulation the sciatic nerve of the left
hind limb was used. For this purpose a skin incision was
made in the lateral upper leg. The sciatic nerve was carefully
prepared and attached to a platinum electrode pair immersed
by Ringer solution in order to avoid desiccating the nerve.
Bipolar stimulation of the sciatic nerve was used for supra-
maximal muscle contraction (voltage-constant rectangular
pulses, 150 Hz repetition frequency, 100µs impulse width;
Physiostimulator, Hugo Sachs Elektronik, Germany). During
the experiments stimulation nerve and electrodes were super-
fused with warmed physiological saline (37◦C). In order to
avoid an influence of force output measured on the calca-
neus by ankle torque due to a simultaneous contraction of
the muscle antagonists the distal tendons of tibialis anterior
and extensor digitorum longus were sectioned. After the sur-
gical preparation had been completed general anesthesia was
changed by exchange of isoflurane inhalation against intra-
venous thiobarbital infusion (12.5 mg/(kg[body weight]h)).
Furthermore, an epidural blockade was done after lumbar
puncture below the fourth lumbar vertebra by instillation of
0.5–1.0 ml of the local anesthetic bupivacaine hydrochloride
(Fa. Curasan, Germany). Exact setting of the transmission
blockade was verified by an immediate tonus loss of the hind
limb muscles. Then, the piglet was allowed to rest for approx-
imately 30 min until the beginning of the measurement series
of different muscle contractions.

2.1.2 Experimental protocol

First, a series of isometric force measurements at different
muscle length with 2 s stimulation and 2 min resting period
(adjusting the next muscle length) was carried out. Based on
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Table 1 Mean anatomical muscle parameters (compare Fig. 2) from
five (n = 5) normal weight 1 day old piglets (mean body weight
≈ 1,500 g; see (Wank et al. 2000) for estimated muscle mass, pen-
nation angle, and fibre type I; see (Wank 2000) for length of muscle

belly, aponeurosis length, fibre geometry, pennation angle, fibre length,
and tendon length; see (Wank et al. 2006) for estimated muscle mass
and fibre type II)

GL GM SOL FDS

Estimated muscle mass (g) 2.0 2.5 1.0 1.0

Length of muscle belly (m) 0.044 ± 0.004 0.04 ± 0.004 0.044 ± 0.004 0.045 ± 0.005

Aponeurosis length (m) 0.033 ± 0.003 0.028 ± 0.003 0.006 ± 0.001 0.039 ± 0.004

Fibre geometry Unipennate Unipennate Fusiform Bipennate

Pennation angle (◦) 18 ± 4 15 ± 4 4 ± 1 13 ± 3

Fibre length (m) 0.012 ± 0.003 0.013 ± 0.003 0.039 ± 0.004 0.008 ± 0.002

Tendon length (m) 0.015 ± 0.002 0.018 ± 0.003 0.014 ± 0.003 0.056 ± 0.006

Fibre type I (slow twitch) (%) 8.2 ± 5.9 8.5 ± 4.6 5.3 ± 3.2 25.0 ± 5.4

Fibre type II (fast twitch) (%) 91.8 ± 5.9 91.5 ± 4.6 94.7 ± 3.2 75.0 ± 5.4

these data the mean anatomical length of the muscle–tendon
complex (MTC) l0 of the plantar flexors was estimated. l0 is
of significance for the validation of the muscle model (see
beginning of Sects. 3.1, 3.1.4 and 4.1). Thereafter, a series
of (initially unloaded) concentric contractions was analysed.
At first, the initial muscle length was adjusted correspond-
ing to muscle strain at 100 g load. Contractions with loads of
100, 200, 300, 400, 600, 800, 1,000, 1,400 and 1,800 g were
recorded twice for each load (1 s stimulation duration, 2 min
resting period). In the same way quick-release contractions
were investigated—as well twice for each load and 2 min rest
after each trial. In contrast to concentric mode the stimula-
tion duration at quick-release mode was 1.5 s (1 s isometric
pre-contraction and 0.5 s after release). For checking fatigue
effects at the end of each series an isometric contraction at the
mean anatomical muscle length l0 was recorded again after
concentric and quick-release series. The maximum isometric
force of the reference trials were generally above 95% of the
initial value from the first series.

2.2 Simulation

For the simulation study we mapped the experimental setup
(Sect. 2.1) to a mechanical model, including one lumped
muscle–tendon complex (MTC) fixed to the inertial system
pulling on the centre of mass of a rigid body (Fig. 3). The
loading masses ranged from 100 to 1,800 g. The whole model
was implemented in a simulation package simsys developed
in our department (Krieg 1992; Günther and Ruder 2003)
based on the Shampine and Gordon (1975) integration algo-
rithm and a linear equation solver from Numerical Recipes
(Press et al. 1994). We simulated the three experimental
situations with the identical code by switching one input

Fig. 3 The structure of the lumped model MTC (actual length: lm).
lm is the sum of the length of the contractile element (CE) lCE plus
the length of the serial element (SE; serial elastic element: SEE) lSE.
The length of the parallel element (PE; parallel elastic element: PEE)
equals lCE. The standard Hill-type muscle model is drawn with solid
black lines. Optionally added damping components (DPE and DSE) are
greyed out. The experimental procedure for the three different con-
traction modes differs in switching the trigger T (isometric: T locked;
concentric: T released; quick-release: T release after full activation).
The MTC-length lm was varied during isometric contractions, the load-
ing mass during concentric and quick-release contractions. g means the
gravitational acceleration vector
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q0  q  1

q̇ =
1

⌧q

⇣
STIM� STIM · (1� �q) · (q � q0)� �q · (q � q0)

⌘

⌧q : Zeitkonstante für ansteigende Aktivierung

�q : Verhältnis zwischen Zeitkonstante für ansteigende und  
abfallende Aktivierung

0  STIM  1 : aktuelle, neuronale Stimulation des kontraktilen  
Elements

mit

Zajac FE (1989) Muscle and tendon: properties, models, scaling, and application to biomechanics and motor control. In: Bourne JR (ed) CRC critical reviews in 
biomedical engineering, vol 17. CRC Press, Boca Raton, pp 359–411  
Hatze H (1977) A myocybernetic control model of skeletal muscle. Biol Cybern 25:103–119  
Hatze H (1981) Myocybernetic control models of skeletal muscle — characteristics and applications. University of South Africa Press, Pretoria

:  Aktivierung der Muskulatur, Ca2+ - Konzentration
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Table 1 Mean anatomical muscle parameters (compare Fig. 2) from
five (n = 5) normal weight 1 day old piglets (mean body weight
≈ 1,500 g; see (Wank et al. 2000) for estimated muscle mass, pen-
nation angle, and fibre type I; see (Wank 2000) for length of muscle

belly, aponeurosis length, fibre geometry, pennation angle, fibre length,
and tendon length; see (Wank et al. 2006) for estimated muscle mass
and fibre type II)

GL GM SOL FDS

Estimated muscle mass (g) 2.0 2.5 1.0 1.0

Length of muscle belly (m) 0.044 ± 0.004 0.04 ± 0.004 0.044 ± 0.004 0.045 ± 0.005

Aponeurosis length (m) 0.033 ± 0.003 0.028 ± 0.003 0.006 ± 0.001 0.039 ± 0.004

Fibre geometry Unipennate Unipennate Fusiform Bipennate

Pennation angle (◦) 18 ± 4 15 ± 4 4 ± 1 13 ± 3

Fibre length (m) 0.012 ± 0.003 0.013 ± 0.003 0.039 ± 0.004 0.008 ± 0.002

Tendon length (m) 0.015 ± 0.002 0.018 ± 0.003 0.014 ± 0.003 0.056 ± 0.006

Fibre type I (slow twitch) (%) 8.2 ± 5.9 8.5 ± 4.6 5.3 ± 3.2 25.0 ± 5.4

Fibre type II (fast twitch) (%) 91.8 ± 5.9 91.5 ± 4.6 94.7 ± 3.2 75.0 ± 5.4

these data the mean anatomical length of the muscle–tendon
complex (MTC) l0 of the plantar flexors was estimated. l0 is
of significance for the validation of the muscle model (see
beginning of Sects. 3.1, 3.1.4 and 4.1). Thereafter, a series
of (initially unloaded) concentric contractions was analysed.
At first, the initial muscle length was adjusted correspond-
ing to muscle strain at 100 g load. Contractions with loads of
100, 200, 300, 400, 600, 800, 1,000, 1,400 and 1,800 g were
recorded twice for each load (1 s stimulation duration, 2 min
resting period). In the same way quick-release contractions
were investigated—as well twice for each load and 2 min rest
after each trial. In contrast to concentric mode the stimula-
tion duration at quick-release mode was 1.5 s (1 s isometric
pre-contraction and 0.5 s after release). For checking fatigue
effects at the end of each series an isometric contraction at the
mean anatomical muscle length l0 was recorded again after
concentric and quick-release series. The maximum isometric
force of the reference trials were generally above 95% of the
initial value from the first series.

2.2 Simulation

For the simulation study we mapped the experimental setup
(Sect. 2.1) to a mechanical model, including one lumped
muscle–tendon complex (MTC) fixed to the inertial system
pulling on the centre of mass of a rigid body (Fig. 3). The
loading masses ranged from 100 to 1,800 g. The whole model
was implemented in a simulation package simsys developed
in our department (Krieg 1992; Günther and Ruder 2003)
based on the Shampine and Gordon (1975) integration algo-
rithm and a linear equation solver from Numerical Recipes
(Press et al. 1994). We simulated the three experimental
situations with the identical code by switching one input

Fig. 3 The structure of the lumped model MTC (actual length: lm).
lm is the sum of the length of the contractile element (CE) lCE plus
the length of the serial element (SE; serial elastic element: SEE) lSE.
The length of the parallel element (PE; parallel elastic element: PEE)
equals lCE. The standard Hill-type muscle model is drawn with solid
black lines. Optionally added damping components (DPE and DSE) are
greyed out. The experimental procedure for the three different con-
traction modes differs in switching the trigger T (isometric: T locked;
concentric: T released; quick-release: T release after full activation).
The MTC-length lm was varied during isometric contractions, the load-
ing mass during concentric and quick-release contractions. g means the
gravitational acceleration vector
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Fmtc = Fmtc(l̇mtc)
nach Hill (1938)

FSEE(lmtc, lCE) =

unter Berücksichtigung des 
Kraftgleichgewichts

FPEE(lCE)+
FCE(lCE , l̇CE , q)

l̇CE = l̇CE(lmtc, lCE , q)

FSDE(lmtc, lCE)+

ergibt
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FSEE + FSDE = FPEE + FCE

F
SDE

= d
SE,max

(l
CE

, q) · FCE

(l
CE

, l̇
CE

, q)

F
max

· l̇
SE

mit
d
SE,max

(l
CE

, q) = D
SE

· F
max

·A
rel,0

l
CE,opt

·B
rel,0
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Fig. 4 The force–length relation of the SEE. Four independent
parameters are used: lSEE,0 (rest length), ∆USEE,nll (relative stretch
at non-linear-linear transition), ∆FSEE,0 (both force at the transition
and force increase in the linear part), and ∆USEE,l (relative additional
stretch in the linear part providing a force increase of ∆FSEE,0). The
transition between the initial non-linear and the linear region is located
at lSEE,nll = (1+∆USEE,nll) lSEE,0, the exponent for the initial non-lin-
ear relation is νSEE,nll = ∆USEE,nll/∆USEE,l. The parameters are given
in Table 2

literature are ambigous (Proske and Morgan 1987; van Ingen
Schenau 1984) as to whether tendon material shows such
a transition. Therefore, the force FSEE acting in the serial
elastic element (SEE) writes

FSEE(lSE)

=

⎧
⎨

⎩

0, lSE < lSEE,0
KSEE,nl (lSE−lSEE,0)

νSEE , lSE < lSEE,nll
∆FSEE,0+KSEE,l (lSE−lSEE,nll), lSE ≥ lSEE,nll

(4)

where lSE = lm − lCE is the length of the serial element (SE)
and

lSEE,nll = (1 + ∆USEE,nll) lSEE,0

νSEE = ∆USEE,nll/∆USEE,l

KSEE,nl = ∆FSEE,0/(∆USEE,nll lSEE,0)
νSEE

KSEE,l = ∆FSEE,0/(∆USEE,l lSEE,0)

represent the parameters introduced in Eq. 4, which in turn
are derived from the input parameters lSEE,0 (rest length),
∆USEE,nll (relative stretch at non-linear-linear transition),
∆FSEE,0 (both force at the transition and force increase in
the linear part), and ∆USEE,l (relative additional stretch in
the linear part providing a force increase of ∆FSEE,0).

Second, the length dependency of the isometric force

Fisom(lCE) = exp
{∣∣∣∣

lCE/ lCE,opt − 1
∆Wlimb

∣∣∣∣
νCE,limb

}
(5)

e.g., also suggested by Hatze (1977, 1981) replaced a para-
bolic characteristic. Here, lCE,opt is the optimal fibre length,
∆Wlimb means the width of the normalised bell curve in
the respective limb (ascending or descending: Fig. 5) and
νCE,limb its exponent (Hatze 1981: νCE=2).

Third, we took into account that experimental findings
show that the Hill parameters determining the contraction
dynamics (Eq. 2) in fact do depend on length lC E and acti-
vation q. Thus, Eq. 2 writes explicitly

l̇CE = Brel(lCE, q)lCE,opt

(

1− q Fisom(lCE) + Arel(lCE, q)
FCE
Fmax

+ Arel(lCE, q)

)

(6)

setting up Arel(lCE, q) = Arel,0 L Arel(lCE) Q Arel(q) and
Brel(lCE, q) = Brel,0 L Brel(lCE) Q Brel(q) as product func-
tions. Following (Gordon et al. 1966; Julian 1971; Stern
1974; van Soest and Bobbert 1993) the length dependency
of the maximum contraction velocity (at zero load)

vmax(lCE, q) = −l̇CE(FCE = 0)

= Brel(lCE, q)

Arel(lCE, q)
lCE,optq Fisom(lCE) (7)

is assumed as

L Arel(lCE) =
{

1, lCE < lCE,opt
Fisom(lCE), lCE ≥ lCE,opt

(8)

L Brel(lCE) = 1. (9)

Re-interpreting the experimental data from Petrofsky and
Phillips (1981) and Chow and Darling (1999), we replaced
the dependency of the Hill “constants” on the activation q
used by van Soest and Bobbert (1993)

Q Arel(q) = q (10)

Q Brel(q) =
{

q/0.3, q < 0.3
1, q ≥ 0.3

(11)

by

Q Arel(q) = 1
4
(1 + 3 q) (12)

Q Brel(q) = 1
7
(3 + 4 q). (13)

As a minor fourth modification, we allowed the characteristic
of the parallel elastic element (PEE) for a variable exponent
νPEE

FPEE(lCE)=
{

0, lCE < lPEE,0
KPEE (lCE − lPEE,0)

νPEE , lCE ≥ lPEE,0
(14)

with KPEE = FPEE
Fmax

(lCE,opt (∆Wlimb=des+1−LPEE,0))νPEE and
lPEE,0 = LPEE,0 lCE,opt with the three free parameters FPEE,
LPEE,0 and νPEE (Table 2).
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Fig. 4 The force–length relation of the SEE. Four independent
parameters are used: lSEE,0 (rest length), ∆USEE,nll (relative stretch
at non-linear-linear transition), ∆FSEE,0 (both force at the transition
and force increase in the linear part), and ∆USEE,l (relative additional
stretch in the linear part providing a force increase of ∆FSEE,0). The
transition between the initial non-linear and the linear region is located
at lSEE,nll = (1+∆USEE,nll) lSEE,0, the exponent for the initial non-lin-
ear relation is νSEE,nll = ∆USEE,nll/∆USEE,l. The parameters are given
in Table 2

literature are ambigous (Proske and Morgan 1987; van Ingen
Schenau 1984) as to whether tendon material shows such
a transition. Therefore, the force FSEE acting in the serial
elastic element (SEE) writes

FSEE(lSE)

=

⎧
⎨

⎩

0, lSE < lSEE,0
KSEE,nl (lSE−lSEE,0)

νSEE , lSE < lSEE,nll
∆FSEE,0+KSEE,l (lSE−lSEE,nll), lSE ≥ lSEE,nll

(4)

where lSE = lm − lCE is the length of the serial element (SE)
and

lSEE,nll = (1 + ∆USEE,nll) lSEE,0

νSEE = ∆USEE,nll/∆USEE,l

KSEE,nl = ∆FSEE,0/(∆USEE,nll lSEE,0)
νSEE

KSEE,l = ∆FSEE,0/(∆USEE,l lSEE,0)

represent the parameters introduced in Eq. 4, which in turn
are derived from the input parameters lSEE,0 (rest length),
∆USEE,nll (relative stretch at non-linear-linear transition),
∆FSEE,0 (both force at the transition and force increase in
the linear part), and ∆USEE,l (relative additional stretch in
the linear part providing a force increase of ∆FSEE,0).

Second, the length dependency of the isometric force

Fisom(lCE) = exp
{∣∣∣∣

lCE/ lCE,opt − 1
∆Wlimb

∣∣∣∣
νCE,limb

}
(5)

e.g., also suggested by Hatze (1977, 1981) replaced a para-
bolic characteristic. Here, lCE,opt is the optimal fibre length,
∆Wlimb means the width of the normalised bell curve in
the respective limb (ascending or descending: Fig. 5) and
νCE,limb its exponent (Hatze 1981: νCE=2).

Third, we took into account that experimental findings
show that the Hill parameters determining the contraction
dynamics (Eq. 2) in fact do depend on length lC E and acti-
vation q. Thus, Eq. 2 writes explicitly

l̇CE = Brel(lCE, q)lCE,opt

(

1− q Fisom(lCE) + Arel(lCE, q)
FCE
Fmax

+ Arel(lCE, q)

)

(6)

setting up Arel(lCE, q) = Arel,0 L Arel(lCE) Q Arel(q) and
Brel(lCE, q) = Brel,0 L Brel(lCE) Q Brel(q) as product func-
tions. Following (Gordon et al. 1966; Julian 1971; Stern
1974; van Soest and Bobbert 1993) the length dependency
of the maximum contraction velocity (at zero load)

vmax(lCE, q) = −l̇CE(FCE = 0)

= Brel(lCE, q)

Arel(lCE, q)
lCE,optq Fisom(lCE) (7)

is assumed as

L Arel(lCE) =
{

1, lCE < lCE,opt
Fisom(lCE), lCE ≥ lCE,opt

(8)

L Brel(lCE) = 1. (9)

Re-interpreting the experimental data from Petrofsky and
Phillips (1981) and Chow and Darling (1999), we replaced
the dependency of the Hill “constants” on the activation q
used by van Soest and Bobbert (1993)

Q Arel(q) = q (10)

Q Brel(q) =
{

q/0.3, q < 0.3
1, q ≥ 0.3

(11)

by

Q Arel(q) = 1
4
(1 + 3 q) (12)

Q Brel(q) = 1
7
(3 + 4 q). (13)

As a minor fourth modification, we allowed the characteristic
of the parallel elastic element (PEE) for a variable exponent
νPEE

FPEE(lCE)=
{

0, lCE < lPEE,0
KPEE (lCE − lPEE,0)

νPEE , lCE ≥ lPEE,0
(14)

with KPEE = FPEE
Fmax

(lCE,opt (∆Wlimb=des+1−LPEE,0))νPEE and
lPEE,0 = LPEE,0 lCE,opt with the three free parameters FPEE,
LPEE,0 and νPEE (Table 2).
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Fig. 4 The force–length relation of the SEE. Four independent
parameters are used: lSEE,0 (rest length), ∆USEE,nll (relative stretch
at non-linear-linear transition), ∆FSEE,0 (both force at the transition
and force increase in the linear part), and ∆USEE,l (relative additional
stretch in the linear part providing a force increase of ∆FSEE,0). The
transition between the initial non-linear and the linear region is located
at lSEE,nll = (1+∆USEE,nll) lSEE,0, the exponent for the initial non-lin-
ear relation is νSEE,nll = ∆USEE,nll/∆USEE,l. The parameters are given
in Table 2

literature are ambigous (Proske and Morgan 1987; van Ingen
Schenau 1984) as to whether tendon material shows such
a transition. Therefore, the force FSEE acting in the serial
elastic element (SEE) writes

FSEE(lSE)

=

⎧
⎨

⎩

0, lSE < lSEE,0
KSEE,nl (lSE−lSEE,0)

νSEE , lSE < lSEE,nll
∆FSEE,0+KSEE,l (lSE−lSEE,nll), lSE ≥ lSEE,nll

(4)

where lSE = lm − lCE is the length of the serial element (SE)
and

lSEE,nll = (1 + ∆USEE,nll) lSEE,0

νSEE = ∆USEE,nll/∆USEE,l

KSEE,nl = ∆FSEE,0/(∆USEE,nll lSEE,0)
νSEE

KSEE,l = ∆FSEE,0/(∆USEE,l lSEE,0)

represent the parameters introduced in Eq. 4, which in turn
are derived from the input parameters lSEE,0 (rest length),
∆USEE,nll (relative stretch at non-linear-linear transition),
∆FSEE,0 (both force at the transition and force increase in
the linear part), and ∆USEE,l (relative additional stretch in
the linear part providing a force increase of ∆FSEE,0).

Second, the length dependency of the isometric force

Fisom(lCE) = exp
{∣∣∣∣

lCE/ lCE,opt − 1
∆Wlimb

∣∣∣∣
νCE,limb

}
(5)

e.g., also suggested by Hatze (1977, 1981) replaced a para-
bolic characteristic. Here, lCE,opt is the optimal fibre length,
∆Wlimb means the width of the normalised bell curve in
the respective limb (ascending or descending: Fig. 5) and
νCE,limb its exponent (Hatze 1981: νCE=2).

Third, we took into account that experimental findings
show that the Hill parameters determining the contraction
dynamics (Eq. 2) in fact do depend on length lC E and acti-
vation q. Thus, Eq. 2 writes explicitly

l̇CE = Brel(lCE, q)lCE,opt

(

1− q Fisom(lCE) + Arel(lCE, q)
FCE
Fmax

+ Arel(lCE, q)

)

(6)

setting up Arel(lCE, q) = Arel,0 L Arel(lCE) Q Arel(q) and
Brel(lCE, q) = Brel,0 L Brel(lCE) Q Brel(q) as product func-
tions. Following (Gordon et al. 1966; Julian 1971; Stern
1974; van Soest and Bobbert 1993) the length dependency
of the maximum contraction velocity (at zero load)

vmax(lCE, q) = −l̇CE(FCE = 0)

= Brel(lCE, q)

Arel(lCE, q)
lCE,optq Fisom(lCE) (7)

is assumed as

L Arel(lCE) =
{

1, lCE < lCE,opt
Fisom(lCE), lCE ≥ lCE,opt

(8)

L Brel(lCE) = 1. (9)

Re-interpreting the experimental data from Petrofsky and
Phillips (1981) and Chow and Darling (1999), we replaced
the dependency of the Hill “constants” on the activation q
used by van Soest and Bobbert (1993)

Q Arel(q) = q (10)

Q Brel(q) =
{

q/0.3, q < 0.3
1, q ≥ 0.3

(11)

by

Q Arel(q) = 1
4
(1 + 3 q) (12)

Q Brel(q) = 1
7
(3 + 4 q). (13)

As a minor fourth modification, we allowed the characteristic
of the parallel elastic element (PEE) for a variable exponent
νPEE

FPEE(lCE)=
{

0, lCE < lPEE,0
KPEE (lCE − lPEE,0)

νPEE , lCE ≥ lPEE,0
(14)

with KPEE = FPEE
Fmax

(lCE,opt (∆Wlimb=des+1−LPEE,0))νPEE and
lPEE,0 = LPEE,0 lCE,opt with the three free parameters FPEE,
LPEE,0 and νPEE (Table 2).
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Gordon und Mitarbeiter 1966 gelöst, indem sie in einem kleinen Abschnitt der
Faser die Sarkomerlänge regelten und die Kraft dieser geregelten Länge zuwiesen
(segment length clamping). Aus dieser Studie heraus entstand die Kraft-Längen
Relation des Muskels, die aus sechs Teilen besteht. (1) Die Muskelkraft ist null
ab der Länge 3.65 µm, (2) der lineare Abfall von 2.2 µm bis 3.65 µm (absteigen-
der Ast) zeigt auf, dass die Kraft proportional zur Überlappung der Filamente
ist. (3) Im so genannten Plateaubereich von 2.0 µm bis 2.2 µm ist die Kraft
konstant, was darauf hinweist, dass keine weitere Zunahme der Überlappung
stattfindet. (4) Unterhalb des Plateaus von 2.0 µm (aufsteigender Ast) sinkt
die Kraft linear zuerst schwach, (5) ab 1.65 µm stärker und verschwindet un-
terhalb 1.3 µm gänzlich (6). Der Grund für die vorerst schwache Abnahme mag
sein, dass gegenüber liegende Aktinfilamente an ihren Enden zusammentreffen
und eine Doppelüberlappung erzeugen, also eine eher hindernde Konfiguration
annehmen. Des Weiteren wird angenommen, dass der starke Abfall durch das
Anstossen der Myosinfilamente an der Z-Scheibe zu erklären ist.

Abbildung 2.36: Kraft-Längen-Relation nach Gordon et al. (1966). Die Re-
lation kann anhand sechs linearer Funktionen beschrieben werden. Bis (0) ver-
schwindet die Kraft. Bei (0 - A) ist sie stark wachsend, und bei (A - B) etwas
schwächer. Diese beiden Bereiche werden aufsteigender Ast genannt. (B - C)
wird Plateau Bereich genannt. Zwischen (C - D) nimmt die Kraft bei zuneh-
mender Länge ab (negative Steifheit!), weshalb dieser Bereich absteigender Ast
genannt wird. Im Bereich grösser (D) ist die Kraft null. Als Kraft ist allgemein
die aktiv generierte Kraft ohne passive Komponente gemeint. Adaptiert von
Gordon et al., 1966.

2.6.4 Mathematische Formulierung der Gleitfilamenttheorie

Die Anzahl der möglichen Bindungen in einem Sarkomer sei gross. Dabei
sei n(x, t) die Wahrscheinlichkeitsdichte, im Bereich [x, x + dx) eine Bindung
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Fig. 8 CE-length during isometric contractions. The CE-lengths from
simulations in Fig. 7 (ST I M = 0, q = q0 before 0.1 s, ST I M = 1
afterwards) are plotted versus time (solid lines) with the fixed ratio
lm/ lm,0. The optimal CE-length lCE,opt is shown for comparison

MTC-lengths for our isometric simulations directly from the
experimental protocol. In analogy to the concentric
contraction, this provides a further indication for the CE-
length representing the average length of the muscle fibres.
For maximum shortening in the isometric contraction mode
we find lm,0−0.85 lm,0 ≈ lCE,opt −lCE(0.85 lm,0)≈0.01 m ≈
2/3 lCE,opt (Fig. 8). Note that in the fully activated muscle the
respective steady-state lCE(lm,0) is significantly lower than
lCE,opt (≈ 30% shorter, Fig. 8) which is due to the stiffness of
the SEE-lengthening by about 5 mm when loaded from pas-
sive force of 1.5 N to almost Fmax at the preset MTC-length
lm,0. The MTC-length where the fully activated muscle pro-
duces maximum isometric force (i.e., lCE = lCE,opt) turns
out to be 1.07 . . . 1.08 lm,0. For lm = 1.1 lm,0 the fully acti-
vated CE ends up just slightly above (1 mm) the optimal CE-
length at lCE ≈ 1.07 lCE,opt. Therefore, our analysis results
in a highly asymmetric isometric force–length relation of
the CE with a flat plateau [see Fig. 9 and compare (Rode
et al. 2006]: the width for a CE force FCE above 0.99 Fmax
is ≈ 0.15 lCE,opt = 0.00225 m.

3.1.5 Hill “parameters” Arel and Brel

The ratio of the Hill “parameters” Arel and Brel determines the
maximum contraction velocity vmax (Eq. 7), the magnitude
of Arel, respectively Brel fixes the curvature of the CE force–
velocity hyperbola (Hill 1938). The evident slow rise in force
of the fully activated model muscle during isometric con-
tractions for MTC-lengths between lm = 0.88 . . . 1.06 lm,0
(Fig. 7) originates from the curvature resulting from concen-
tric contraction analysis (Table 2). Quadruplicating Arel and
Brel means reducing the curvature to values similar to those
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Fig. 9 The normalised isometric force–length relation of the CE. The
abscissa is the CE-length lCE normalised to the optimal CE-length
lCE,opt. The solid black line depicts the active maximum (q = 1) iso-
metric force (normalised to Fmax) Fisom(lCE) of the CE. The dotted line
represents the respectively normalised passive force–length curve of the
PEE. At a given lCE Fisom(lCE) q Fmax + FPEE(lCE) (plus optionally the
damping force of the PE) is equal to the force in the SE. The thick dashed
line represents the respective normalised isometric force–length relation
of the fully activated CE (q = 1). For CE-lengths higher than lCE,opt
the PEE increasingly takes over the load from the CE. According to our
analysis the CE is not elongated to lengths higher than approximately
lCE = 1.1 lCE,opt in the steady state during isometric contractions (com-
pare Fig. 8 at lm = 1.1 lm,0). For comparison two alternative modelled
force–length relations of the CE are plotted: a quadratic parabola (van
Soest and Bobbert 1993) and an approximation of the local relation of
one sarcomere (Hatze 1977, 1981)

used for human jumping simulations (van Soest and Bobbert
1993). The model rise times within isometric contractions are
then increased partly in accordance to physiology (Fig. 10).
However, this curvature is only appropriate for MTC-lengths
less than lm = lm,0. Hence, our muscle model does not fully
map all dependencies of the Hill parameters on internal states,
despite having implemented well established (van Soest and
Bobbert 1993) dependencies Arel(lCE, q) and Brel(lCE, q).
This is still valid for varied Fisom(lCE) and Brel(q) functions.
Additionally, as in quick-release and concentric contractions
potential history effects are visible in the experimental curves
of isometric contractions (non-steady force “plateaus”).
Furthermore, the influence of the curvature of the CE force–
velocity hyperbola on the isometric contraction rise times
is at least as significant as the time constant of the activa-
tion dynamics τq . The extracted characteristics of SEE, PEE,
and Fisom(lCE) remain the same irrespective of the influence
of the CE force–velocity relation on the internal dynamics
during isometric contractions.

Introducing Brel(q) according to Eq. 13 instead of follow-
ing (van Soest and Bobbert 1993) Eq. 11 only becomes essen-
tial in movements requiring low activation levels. Within this
study such muscle states only occur transiently in the early
phases of isometric contractions.
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FSEE(lm, lCE) + dSE(l̇m − l̇CE)

= FPEE(lCE) + FCE(lCE, l̇CE, q). (21)

Following the same transformational steps as in Sect. 2.2.4,
we get again a quadratic equation (Eq. 18) for l̇CE with the
coefficients now writing

C2 = dSE

C1 = −(dSE (l̇m + lCE,opt Brel(lCE, q))

+FSEE(lm, lCE) − FPEE(lCE) + Fmax Arel(lCE, q))

C0 = lCE,opt Brel(lCE, q) (dSE l̇m + FSEE(lm, lCE)

−FPEE(lCE) − Fmax q Fisom). (22)

In contrast to Eq. 19 now the solution coefficients in Eq. 22
depend on the known contraction velocity of the MTC l̇m. We
found that stable concentric contractions were only possible
using the same solution branch (negative sign) as in Eq. 20.

2.2.6 Force-dependent serial (SE)-damping

By using the constant SE-damping coefficient from
Sect. 2.2.5 for a range of loading masses, we found that
a SE-damping coefficient depending on the loading situ-
ation further improves the model validity. Therefore, as a
third damping mechanism, we implemented a force-depen-
dent SE-damping. Hence, Eq. 3 becomes

FSEE(lm, lCE) + dSE,max(lCE, q)

×
(

(1 − RSE)
FCE(lCE, l̇CE, q)

Fmax
+ RSE

)
(l̇m − l̇CE)

= FPEE(lCE) + FCE(lCE, l̇CE, q) (23)

with dSE,max(lCE, q) = DSE
Fmax Arel,0

lCE,opt Brel,0
(i.e., here a con-

stant as the simplest case) where 0 ≤ DSE, RSE ≤ 1 are
dimensionless constant parameters. In case RSE = 1 the
force-dependency vanishes and we get constant SE-damp-
ing. Again a quadratic equation in l̇CE has to be solved and
the coefficients emerge as

C2 = dSE,max(lCE, q) (RSE − Arel (1 − RSE))

C1 = −(C2 l̇m + D0 + FSEE(lm, lCE) − FPEE(lCE)

+Fmax Arel(lCE, q))

C0 = D0 l̇m + lCE,opt Brel(lCE, q)

× (FSEE(lm, lCE) − FPEE(lCE) − Fmax q Fisom(lCE))

(24)

introducing D0 = lCE,opt Brel(lCE, q) dSE,max(lCE, q)(RSE+
(1 − RSE) q Fisom(lCE)) as an abbreviation.

3 Results

Applying the simulation method (Sect. 2.2), we obtained the
muscle parameters by fitting the simulation results to an array
of 23 muscle output relations (force–time, force–velocity,
velocity–time). Hereby, we had to vary approximately 20
parameters and the 23 initial conditions to match the respec-
tive measured relations in parallel. We solved this problem
by trial and error.

First, we equated the length parameter lCE,opt with the fibre
length (Table 1) knowing that the pennation angles were less
than 20◦ (Zajac 1989). Then, we set lSEE,0 to the difference
between the anatomical length of the MTC (≈ 0.06 m) and
lCE,opt. The maximum isometric force Fmax was estimated
from isometric contractions. These parameters represent the
basic physiology of the four main muscles of the hind limb
analysed in the experiment described in Sect. 2.1.

The identification of all other parameters (listed in Table 2)
is described in the following Sect. 3.1. Based on the resulting
validated muscle model, in Sect. 3.2, we derive consequences
for muscle modelling and predict internal properties of the
muscle.

3.1 Choice of the muscle parameters: model validity

In this section we present the comparison of the simulation
with the experiment. Thereby, we follow the main steps dur-
ing the process of the parameter identification for the three
contraction modes of the contractile element. In the exper-
iment the typical initial MTC-length for quick-release and
concentric contractions is where the passive muscle shows
approximately 1/30 of maximum isometric force resistance.
Empirically, the MTC also shows maximum isometric force
output around this typical initial MTC-length (therefore
named mean anatomical MTC-length l0, here ≈ 0.06 m),
i.e., in the model at about lSEE,0 + lCE,opt. To be as consistent
as possible with both the mean anatomical MTC-length l0
and the experimental results of all three contraction modes,
we finally used lm,0 = 0.0615 m ≈ l0 as typical MTC-length
in the model.

3.1.1 Quick-release experiment

In the quick-release contraction mode the MTC contraction
is clearly dominated by the stiffness of the SEE in the vicinity
of the operation point of maximum isometric force Fmax. Pre-
suming realistic starting values of the Hill parameters (e.g.,
Arel,0 = 0.2, Brel,0 = 2.0 1

s ) from literature we get a stiffness
KSEE,l(FSEE ≈ Fmax) = 12 kN/m (Table 2). Figure 5 shows
the force–velocity relation of contractions under different
loads. The experimental (crossed lines) and the simulation
(solid lines) results are plotted for comparison as will be done
also for the concentric and isometric contraction mode later.
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Table 1 Mean anatomical muscle parameters (compare Fig. 2) from
five (n = 5) normal weight 1 day old piglets (mean body weight
≈ 1,500 g; see (Wank et al. 2000) for estimated muscle mass, pen-
nation angle, and fibre type I; see (Wank 2000) for length of muscle

belly, aponeurosis length, fibre geometry, pennation angle, fibre length,
and tendon length; see (Wank et al. 2006) for estimated muscle mass
and fibre type II)

GL GM SOL FDS

Estimated muscle mass (g) 2.0 2.5 1.0 1.0

Length of muscle belly (m) 0.044 ± 0.004 0.04 ± 0.004 0.044 ± 0.004 0.045 ± 0.005

Aponeurosis length (m) 0.033 ± 0.003 0.028 ± 0.003 0.006 ± 0.001 0.039 ± 0.004

Fibre geometry Unipennate Unipennate Fusiform Bipennate

Pennation angle (◦) 18 ± 4 15 ± 4 4 ± 1 13 ± 3

Fibre length (m) 0.012 ± 0.003 0.013 ± 0.003 0.039 ± 0.004 0.008 ± 0.002

Tendon length (m) 0.015 ± 0.002 0.018 ± 0.003 0.014 ± 0.003 0.056 ± 0.006

Fibre type I (slow twitch) (%) 8.2 ± 5.9 8.5 ± 4.6 5.3 ± 3.2 25.0 ± 5.4

Fibre type II (fast twitch) (%) 91.8 ± 5.9 91.5 ± 4.6 94.7 ± 3.2 75.0 ± 5.4

these data the mean anatomical length of the muscle–tendon
complex (MTC) l0 of the plantar flexors was estimated. l0 is
of significance for the validation of the muscle model (see
beginning of Sects. 3.1, 3.1.4 and 4.1). Thereafter, a series
of (initially unloaded) concentric contractions was analysed.
At first, the initial muscle length was adjusted correspond-
ing to muscle strain at 100 g load. Contractions with loads of
100, 200, 300, 400, 600, 800, 1,000, 1,400 and 1,800 g were
recorded twice for each load (1 s stimulation duration, 2 min
resting period). In the same way quick-release contractions
were investigated—as well twice for each load and 2 min rest
after each trial. In contrast to concentric mode the stimula-
tion duration at quick-release mode was 1.5 s (1 s isometric
pre-contraction and 0.5 s after release). For checking fatigue
effects at the end of each series an isometric contraction at the
mean anatomical muscle length l0 was recorded again after
concentric and quick-release series. The maximum isometric
force of the reference trials were generally above 95% of the
initial value from the first series.

2.2 Simulation

For the simulation study we mapped the experimental setup
(Sect. 2.1) to a mechanical model, including one lumped
muscle–tendon complex (MTC) fixed to the inertial system
pulling on the centre of mass of a rigid body (Fig. 3). The
loading masses ranged from 100 to 1,800 g. The whole model
was implemented in a simulation package simsys developed
in our department (Krieg 1992; Günther and Ruder 2003)
based on the Shampine and Gordon (1975) integration algo-
rithm and a linear equation solver from Numerical Recipes
(Press et al. 1994). We simulated the three experimental
situations with the identical code by switching one input

Fig. 3 The structure of the lumped model MTC (actual length: lm).
lm is the sum of the length of the contractile element (CE) lCE plus
the length of the serial element (SE; serial elastic element: SEE) lSE.
The length of the parallel element (PE; parallel elastic element: PEE)
equals lCE. The standard Hill-type muscle model is drawn with solid
black lines. Optionally added damping components (DPE and DSE) are
greyed out. The experimental procedure for the three different con-
traction modes differs in switching the trigger T (isometric: T locked;
concentric: T released; quick-release: T release after full activation).
The MTC-length lm was varied during isometric contractions, the load-
ing mass during concentric and quick-release contractions. g means the
gravitational acceleration vector
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Table 1 Mean anatomical muscle parameters (compare Fig. 2) from
five (n = 5) normal weight 1 day old piglets (mean body weight
≈ 1,500 g; see (Wank et al. 2000) for estimated muscle mass, pen-
nation angle, and fibre type I; see (Wank 2000) for length of muscle

belly, aponeurosis length, fibre geometry, pennation angle, fibre length,
and tendon length; see (Wank et al. 2006) for estimated muscle mass
and fibre type II)

GL GM SOL FDS

Estimated muscle mass (g) 2.0 2.5 1.0 1.0

Length of muscle belly (m) 0.044 ± 0.004 0.04 ± 0.004 0.044 ± 0.004 0.045 ± 0.005

Aponeurosis length (m) 0.033 ± 0.003 0.028 ± 0.003 0.006 ± 0.001 0.039 ± 0.004

Fibre geometry Unipennate Unipennate Fusiform Bipennate

Pennation angle (◦) 18 ± 4 15 ± 4 4 ± 1 13 ± 3

Fibre length (m) 0.012 ± 0.003 0.013 ± 0.003 0.039 ± 0.004 0.008 ± 0.002

Tendon length (m) 0.015 ± 0.002 0.018 ± 0.003 0.014 ± 0.003 0.056 ± 0.006

Fibre type I (slow twitch) (%) 8.2 ± 5.9 8.5 ± 4.6 5.3 ± 3.2 25.0 ± 5.4

Fibre type II (fast twitch) (%) 91.8 ± 5.9 91.5 ± 4.6 94.7 ± 3.2 75.0 ± 5.4

these data the mean anatomical length of the muscle–tendon
complex (MTC) l0 of the plantar flexors was estimated. l0 is
of significance for the validation of the muscle model (see
beginning of Sects. 3.1, 3.1.4 and 4.1). Thereafter, a series
of (initially unloaded) concentric contractions was analysed.
At first, the initial muscle length was adjusted correspond-
ing to muscle strain at 100 g load. Contractions with loads of
100, 200, 300, 400, 600, 800, 1,000, 1,400 and 1,800 g were
recorded twice for each load (1 s stimulation duration, 2 min
resting period). In the same way quick-release contractions
were investigated—as well twice for each load and 2 min rest
after each trial. In contrast to concentric mode the stimula-
tion duration at quick-release mode was 1.5 s (1 s isometric
pre-contraction and 0.5 s after release). For checking fatigue
effects at the end of each series an isometric contraction at the
mean anatomical muscle length l0 was recorded again after
concentric and quick-release series. The maximum isometric
force of the reference trials were generally above 95% of the
initial value from the first series.

2.2 Simulation

For the simulation study we mapped the experimental setup
(Sect. 2.1) to a mechanical model, including one lumped
muscle–tendon complex (MTC) fixed to the inertial system
pulling on the centre of mass of a rigid body (Fig. 3). The
loading masses ranged from 100 to 1,800 g. The whole model
was implemented in a simulation package simsys developed
in our department (Krieg 1992; Günther and Ruder 2003)
based on the Shampine and Gordon (1975) integration algo-
rithm and a linear equation solver from Numerical Recipes
(Press et al. 1994). We simulated the three experimental
situations with the identical code by switching one input

Fig. 3 The structure of the lumped model MTC (actual length: lm).
lm is the sum of the length of the contractile element (CE) lCE plus
the length of the serial element (SE; serial elastic element: SEE) lSE.
The length of the parallel element (PE; parallel elastic element: PEE)
equals lCE. The standard Hill-type muscle model is drawn with solid
black lines. Optionally added damping components (DPE and DSE) are
greyed out. The experimental procedure for the three different con-
traction modes differs in switching the trigger T (isometric: T locked;
concentric: T released; quick-release: T release after full activation).
The MTC-length lm was varied during isometric contractions, the load-
ing mass during concentric and quick-release contractions. g means the
gravitational acceleration vector
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Fig. 1 The setup of plantar
flexor muscle contraction (top
isometric, bottom concentric and
quick-release) experiments for a
piglet. The skeleton is carefully
fixed in prone position keeping
the origins of the stimulated
muscles unchanged. This
allowed to measure the net
output of the four main
contributing muscle–tendon
complexes (MTCs) depicted in
Fig. 2

Fig. 2 Anatomical muscle structure of a piglet. Depicted muscles
are M. gastrocnemius medialis (GM), M. gastrocnemius lateralis (GL),
M. soleus (SOL) and M. flexor digitorum superficialis (FDS). The net
output of these four MTCs is measured (Fig. 1). Their anatomical param-
eters are listed in Table 1. The parameters of the lumped model MTC
(Fig. 3) reflecting the experimental situation are given in Table 2

stamp. To avoid different initial length of the muscle because
of varying loads, the initial length was fixed at resting muscle
length with a 100 g load. For this a clamp was adjusted on the
steel wire against a fixed bar. For analysis of quick-release
contractions according to Hill (1938) the load stamp could
be fixed using an electromagnet. In this mode of analysis the
load stamp was held in fixed position until 1.0 s after elec-
trically stimulating the muscle. Thus, it was ensured that the
isometric force of the plantar flexors had risen to the max-
imum value. Thereafter, the load stamp was released. Data
recording (encoder) and processing was analogous to con-
centric contractions described above.

For calf muscle stimulation the sciatic nerve of the left
hind limb was used. For this purpose a skin incision was
made in the lateral upper leg. The sciatic nerve was carefully
prepared and attached to a platinum electrode pair immersed
by Ringer solution in order to avoid desiccating the nerve.
Bipolar stimulation of the sciatic nerve was used for supra-
maximal muscle contraction (voltage-constant rectangular
pulses, 150 Hz repetition frequency, 100µs impulse width;
Physiostimulator, Hugo Sachs Elektronik, Germany). During
the experiments stimulation nerve and electrodes were super-
fused with warmed physiological saline (37◦C). In order to
avoid an influence of force output measured on the calca-
neus by ankle torque due to a simultaneous contraction of
the muscle antagonists the distal tendons of tibialis anterior
and extensor digitorum longus were sectioned. After the sur-
gical preparation had been completed general anesthesia was
changed by exchange of isoflurane inhalation against intra-
venous thiobarbital infusion (12.5 mg/(kg[body weight]h)).
Furthermore, an epidural blockade was done after lumbar
puncture below the fourth lumbar vertebra by instillation of
0.5–1.0 ml of the local anesthetic bupivacaine hydrochloride
(Fa. Curasan, Germany). Exact setting of the transmission
blockade was verified by an immediate tonus loss of the hind
limb muscles. Then, the piglet was allowed to rest for approx-
imately 30 min until the beginning of the measurement series
of different muscle contractions.

2.1.2 Experimental protocol

First, a series of isometric force measurements at different
muscle length with 2 s stimulation and 2 min resting period
(adjusting the next muscle length) was carried out. Based on
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Table 2 Parameters of a lumped model MTC (GL, GM, SOL, FDS; compare Figs. 1, 2, 3) for a 1 day old piglet (body weight: 1,510 g) used in
all simulations

Activation dynamics (Zajac) τq (s) βq q0
1

40 1.0 0.0001

Isometric force Fmax(N) lCE,opt(m) ∆Wdes νCE,des ∆Wasc νCE,asc
30.0 0.015 0.14 3.0 0.57 4.0

Contraction dynamics (concentric: Hill)a Arel,0 Brel,0(
1
s )

0.1 1.0

Contraction dynamics (eccentric: van Soest) Secc Fecc
2.0 1.8

Parallel elastic elementb LPEE,0 νPEE FPEE
0.9 2.5 1.0

Serial elastic elementc lSEE,0(m) ∆USEE,nll ∆USEE,l ∆FSEE,0(N)
0.045 0.1825 0.073 60.0

Damping parameters dPE(Ns/m) dSE(Ns/m) DSE RSE
6.0 6.0 0.3 0.01

Dependent parameters:
a vmax,0 = Brel,0

Arel,0
lCE,opt = 0.15 m/s

b KPEE,nl = 3.86 × 107 N/m2.5

c νSEE = 2.5, KSEE,nl = 9.82 × 106 N/m2.5, KSEE,l (30 N) = 1.20 × 104 N/m, ∆USEE(30 N) = 0.138

parameter. All muscle parameters used in our simulations
are summarised in Table 2.

2.2.1 Starting point

In our muscle model both the activation dynamics and the
contraction dynamics of a muscle are described by each a
first order differential equation. According to Hatze (1977,
1981) and Zajac (1989) the muscle activation q represents the
Ca2+-concentration (biochemical state) of the muscle caused
by neural stimulation STIM (q and STIM defined relative
to their physiological maxima). Therefore, q scales the cur-
rent isometric force. The term “stimulation” (van Soest and
Bobbert 1993; Günther and Ruder 2003; Kistemaker et al.
2006) is applied in equivalence to the term “excitation” as
used by Zajac (1989) who promoted to model neural input
signals by just one parameter instead of two (Hatze 1977,
1981).

Specifically, we modified the activation dynamics
described by Zajac (1989) with respect to a non-zero min-
imum value q0 (Hatze 1977, 1981) for the activation q0 ≤
q ≤ 1 (Günther and Ruder 2003):

q̇ = 1
τq

(
STIM − STIM (1−βq) (q−q0)−βq (q−q0)

)
. (1)

Hereby, τq means the time constant for rising activation, βq
the ratio between τq and the time constant for falling activa-
tion (Zajac 1989), and 0 ≤ STIM ≤ 1 the current stimulation
of the contractile element (CE). Hatze (1977) formulated a
more complex function q̇ = q̇(lCE, q) (lCE: length of the con-
tractile element, see Fig. 3), which was used by van Soest and

Bobbert (1993) in jumping simulations. Our starting point for
modelling the contraction dynamics was formulated by van
Soest and Bobbert (1993)

l̇CE = l̇CE(lm, lCE, q) (2)

who derived it from the empirical relation Fm = Fm(l̇m)

[“Hill equation”, Hill (1938)]. Here, lm means the length of
the model MTC (index m) and Fm its force. In the following
F will generally be used as force symbol. The internal struc-
ture of the muscle model is depicted in Fig. 3. The contrac-
tion dynamics (Eq. 2) then directly follows from interpret-
ing the “Hill equation” as the dynamic characteristic of the
contractile element force development by solving the force
equilibrium

FSEE(lm, lCE) = FPEE(lCE) + FCE(lCE, l̇CE, q) (3)

for the contraction velocity l̇CE of the contractile element.
Thereby, SEE represents the serial elastic element and PEE
the parallel elastic element.

2.2.2 Exchanged model functions

Based on the aforementioned starting point (van Soest and
Bobbert 1993), we replaced three features within the contrac-
tion dynamics of muscle model by more detailed functional
dependencies. First of all, refining the approach of a non-
linear SEE-characteristic (van Soest and Bobbert 1993), we
allowed the SEE for a continuously differentiable transition
between an initial non-linear region and a constant stiffness
at higher loads (Fig. 4). This is due to the fact that data from
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Fig. 1 The setup of plantar
flexor muscle contraction (top
isometric, bottom concentric and
quick-release) experiments for a
piglet. The skeleton is carefully
fixed in prone position keeping
the origins of the stimulated
muscles unchanged. This
allowed to measure the net
output of the four main
contributing muscle–tendon
complexes (MTCs) depicted in
Fig. 2

Fig. 2 Anatomical muscle structure of a piglet. Depicted muscles
are M. gastrocnemius medialis (GM), M. gastrocnemius lateralis (GL),
M. soleus (SOL) and M. flexor digitorum superficialis (FDS). The net
output of these four MTCs is measured (Fig. 1). Their anatomical param-
eters are listed in Table 1. The parameters of the lumped model MTC
(Fig. 3) reflecting the experimental situation are given in Table 2

stamp. To avoid different initial length of the muscle because
of varying loads, the initial length was fixed at resting muscle
length with a 100 g load. For this a clamp was adjusted on the
steel wire against a fixed bar. For analysis of quick-release
contractions according to Hill (1938) the load stamp could
be fixed using an electromagnet. In this mode of analysis the
load stamp was held in fixed position until 1.0 s after elec-
trically stimulating the muscle. Thus, it was ensured that the
isometric force of the plantar flexors had risen to the max-
imum value. Thereafter, the load stamp was released. Data
recording (encoder) and processing was analogous to con-
centric contractions described above.

For calf muscle stimulation the sciatic nerve of the left
hind limb was used. For this purpose a skin incision was
made in the lateral upper leg. The sciatic nerve was carefully
prepared and attached to a platinum electrode pair immersed
by Ringer solution in order to avoid desiccating the nerve.
Bipolar stimulation of the sciatic nerve was used for supra-
maximal muscle contraction (voltage-constant rectangular
pulses, 150 Hz repetition frequency, 100µs impulse width;
Physiostimulator, Hugo Sachs Elektronik, Germany). During
the experiments stimulation nerve and electrodes were super-
fused with warmed physiological saline (37◦C). In order to
avoid an influence of force output measured on the calca-
neus by ankle torque due to a simultaneous contraction of
the muscle antagonists the distal tendons of tibialis anterior
and extensor digitorum longus were sectioned. After the sur-
gical preparation had been completed general anesthesia was
changed by exchange of isoflurane inhalation against intra-
venous thiobarbital infusion (12.5 mg/(kg[body weight]h)).
Furthermore, an epidural blockade was done after lumbar
puncture below the fourth lumbar vertebra by instillation of
0.5–1.0 ml of the local anesthetic bupivacaine hydrochloride
(Fa. Curasan, Germany). Exact setting of the transmission
blockade was verified by an immediate tonus loss of the hind
limb muscles. Then, the piglet was allowed to rest for approx-
imately 30 min until the beginning of the measurement series
of different muscle contractions.

2.1.2 Experimental protocol

First, a series of isometric force measurements at different
muscle length with 2 s stimulation and 2 min resting period
(adjusting the next muscle length) was carried out. Based on
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Fig. 5 Quick-release contraction mode. The MTC contracts along
the load-dependent force–velocity relation starting (release) at zero
velocity. Depicted are the following: (i) the measured force–velocity
relations of the MTC (crossed lines) for different loads (in g; addition-
ally, the time passed since release in ms), (ii) the associated simulation
results (thin solid lines), (iii) the concentric force–velocity relation of
the model CE for q = 1 and lCE = 2

3 lCE,opt (thick solid line), (iv) two
arrows representing the portions of contraction velocity of the CE (vCE)
and the SE (vSE) in one exemplary contraction situation (1,000 g load
≈ 20 ms after release where the MTC produces ≈ 7 N output at a con-
traction velocity of ≈ 0.12 m/s), and the results of the following two
parameter fits. Hill parameters fitted to the points of maximum mea-
sured contraction velocities (upper dotted line through big crosses) are
Fmax = 30.0 N, Arel = 0.125, Brel = 5.75 1

s (i.e., vmax = 0.690 m/s).
For comparison the maximum velocities of the MTC during concen-
tric contractions (see Fig. 6) are plotted (lower dotted line through big
crosses) and the respective fitted Hill parameters are Fmax = 32.9 N,
Arel = 0.131, Brel = 1.25 1

s (i.e., vmax = 0.143 m/s). Note that all sim-
ulations (release at lm,0 ≈ l0 with a fully activated CE at lCE ≈ 2

3 lCE,opt:
compare Fig. 8) start from ≈ 25 N force level according to the mea-
sured 1,000 g relation (almost perfect concurrence of simulation and
experiment). For a possible explanation of non-systematic phenomena
in the initial experimental curves see Sect. 3.1.1

Additionally, in Fig. 5 the experimental curves are plotted
somehow beyond the maximum velocity, the respective time
passed since release is indicated, and the simulation results
are drawn accordingly. The percentage of the SE-contrac-
tion in the MTC contraction velocity can be directly seen
in Fig. 5. Choosing a force level (both arrows: ≈ 7 N), we
find that the respective current SE-velocity (vSE) is given by
the difference between the depicted MTC-velocity and the
CE-velocity (vCE) plotted for the initial state of the quick-
release contraction (thick solid line, q = 1, lCE ≈ 2

3 lCE,opt).
The determined stiffness is little sensitive to the variability
of the Hill parameters known from literature. In contrast,
the concentric contraction is far more sensitive to Arel,0 and
Brel,0 than to SEE-stiffness. These parameters are, therefore,
obtained from fitting concentric contraction simulations to
experimental data as presented in the next paragraph. Few
iteration steps are necessary to fit both quick-release and
concentric contractions to identify a consistent set of Arel,0,
Brel,0 and KSEE,l(FSEE ≈ Fmax). Our model contains no

representation of potential history effects within the passive
structures (PE, SE) at t = tstart in the experimental setup,
which may have been absent for the muscle preparation of
the 1,000 g contraction. Therefore, we chose the initial mus-
cle length lm = 0.0603 m to be in accordance with the 1,000 g
preparation assuming there the least influence of such a prep-
aration effect and consequently showing best concurrence of
simulation and experiment.

3.1.2 Concentric contraction

Figure 6 depicts the velocity–time relation of concentric con-
tractions with different loading masses for exactly the same
MTC as analysed in the quick-release contraction mode in the
preceding Sect. 3.1.1. As criteria for parameter adjustment,
we used the amplitude and the timing of the maxima and the
frequency of the superimposed oscillation. Initial conditions
were lm ≈ 0.97 lm,0 = 0.0597 m and lCE ≈ 0.93 lCE,opt =
0.0140 m. The load starts to move when the muscle force
exceeds gravity which happens in the simulation at an acti-
vation level of q ≈ 0.5 for 100 g and q ≈ 0.99 for 1,800 g.
We observe maximum MTC-velocity amplitudes e.g., for
the lowest analysed load (100 g) of 0.11 m/s which is about
25% lower than the maximum CE velocity vmax,0 (Table 2).
Within the displayed time interval of 160 ms internally the
CE shortens to lCE ≈ 1/3 lCE,opt (100 g: ∆lCE = 0.0087 m)
and lCE ≈ 2/3 lCE,opt (1,800 g: ∆lCE = 0.0041 m). In con-
trast, externally the MTC shortens ten times more for 100 g
(∆lm = 0.0082 m) than for 1,800 g (∆lm = 0.0008 m). The
CE contraction kinematics must closely map the real muscle
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sured contraction velocities (upper dotted line through big crosses) are
Fmax = 30.0 N, Arel = 0.125, Brel = 5.75 1

s (i.e., vmax = 0.690 m/s).
For comparison the maximum velocities of the MTC during concen-
tric contractions (see Fig. 6) are plotted (lower dotted line through big
crosses) and the respective fitted Hill parameters are Fmax = 32.9 N,
Arel = 0.131, Brel = 1.25 1
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sured 1,000 g relation (almost perfect concurrence of simulation and
experiment). For a possible explanation of non-systematic phenomena
in the initial experimental curves see Sect. 3.1.1

Additionally, in Fig. 5 the experimental curves are plotted
somehow beyond the maximum velocity, the respective time
passed since release is indicated, and the simulation results
are drawn accordingly. The percentage of the SE-contrac-
tion in the MTC contraction velocity can be directly seen
in Fig. 5. Choosing a force level (both arrows: ≈ 7 N), we
find that the respective current SE-velocity (vSE) is given by
the difference between the depicted MTC-velocity and the
CE-velocity (vCE) plotted for the initial state of the quick-
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The determined stiffness is little sensitive to the variability
of the Hill parameters known from literature. In contrast,
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Brel,0 than to SEE-stiffness. These parameters are, therefore,
obtained from fitting concentric contraction simulations to
experimental data as presented in the next paragraph. Few
iteration steps are necessary to fit both quick-release and
concentric contractions to identify a consistent set of Arel,0,
Brel,0 and KSEE,l(FSEE ≈ Fmax). Our model contains no

representation of potential history effects within the passive
structures (PE, SE) at t = tstart in the experimental setup,
which may have been absent for the muscle preparation of
the 1,000 g contraction. Therefore, we chose the initial mus-
cle length lm = 0.0603 m to be in accordance with the 1,000 g
preparation assuming there the least influence of such a prep-
aration effect and consequently showing best concurrence of
simulation and experiment.

3.1.2 Concentric contraction

Figure 6 depicts the velocity–time relation of concentric con-
tractions with different loading masses for exactly the same
MTC as analysed in the quick-release contraction mode in the
preceding Sect. 3.1.1. As criteria for parameter adjustment,
we used the amplitude and the timing of the maxima and the
frequency of the superimposed oscillation. Initial conditions
were lm ≈ 0.97 lm,0 = 0.0597 m and lCE ≈ 0.93 lCE,opt =
0.0140 m. The load starts to move when the muscle force
exceeds gravity which happens in the simulation at an acti-
vation level of q ≈ 0.5 for 100 g and q ≈ 0.99 for 1,800 g.
We observe maximum MTC-velocity amplitudes e.g., for
the lowest analysed load (100 g) of 0.11 m/s which is about
25% lower than the maximum CE velocity vmax,0 (Table 2).
Within the displayed time interval of 160 ms internally the
CE shortens to lCE ≈ 1/3 lCE,opt (100 g: ∆lCE = 0.0087 m)
and lCE ≈ 2/3 lCE,opt (1,800 g: ∆lCE = 0.0041 m). In con-
trast, externally the MTC shortens ten times more for 100 g
(∆lm = 0.0082 m) than for 1,800 g (∆lm = 0.0008 m). The
CE contraction kinematics must closely map the real muscle
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shifted to the time where the load leaves its support (0.0 s), i.e., when
muscle force exceeds gravity. In that instant, despite being fully stim-
ulated (ST I M = 1, according to the experimental situation) the CE
is not fully activated for 100 g (q ≈ 0.54), however, it is for 1,800 g
(q > 0.999)
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fibre kinematics given a realistic SEE-stiffness in the model
and knowing that both model MTC kinematics matches the
real MTC kinematics and model MTC-length equals real
MTC-length.

Figure 6 also demonstrates that superimposed damped
oscillations depending on the load occur in both the exper-
iment and the simulation. They become more accentuated
if SE-damping is neglected (compare Sect. 3.2.3 below).
The associated frequencies range from 19.0 Hz (100 g) to
10.9 Hz (1,800 g) and are well predicted by the simulation.
The mean force level during contraction corresponds to the
external load and determines via the non-linearity of the SEE-
characteristic the respective force-dependent stiffness of the
MTC. Both our analysis of isometric contractions (see next
Sect. 3.1.3) and literature account for such a non-linearity.
Here, the SEE-stiffnesses range from 1.5 kN/m (100 g) to
9 kN/m (1,800 g). The measured and predicted frequencies
of the observed oscillations comply very well with the eigen-
frequencies of a linear spring-mass system composed of the
loading mass and an SEE-spring linearised around the opera-
tion point of the typical load (100 g:19.5 Hz, 1,800 g:11.2 Hz).
We conclude that the observed eigenoscillation is that of a
loading mass versus the connection point between SEE and
CE serving as a virtual suspension point of the spring(SEE)-
mass(load) system.

In general, the experimental plots show load-dependent
latencies for reaching the maximum contraction velocity
which are significantly lower in our model. Additionally, a
non-systematic variability of these latencies is manifest in the
experimental data. Both these findings and too low velocities
in the model at greater shortening of the CE (t > 100 ms)
are in accordance with the indications from the quick-release
contraction mode (potential history effects) suggestive of the
lack of an internal dissipative degree of freedom within the
muscle model. History characteristics of a real muscle might
explain a dependency of the measured data on the preparation
process.

3.1.3 Isometric contraction

Having found a basic estimate of the stiffness of the SEE
the isometric contraction mode constitutes the basis for find-
ing the parameters of the PEE and substantiates the non-lin-
ear characteristic of the SEE. The (passive) muscle forces
in the de-activated muscle for different MTC-lengths are
transparent in Fig. 7 before stimulation at t = 1.0 s. This
MTC force–length relation is determined by the SEE and
PEE composed in series and shows an exponent of non-line-
arity of ≈ 2.3 . . . 2.7. To reduce complexity and in assump-
tion of comparable material properties, we chose a non-linear
exponent of νSEE,PEE = 2.5 for both elastic elements. Fur-
thermore, the quick-release experiments govern the linear

 0

 10

 20

 30

 40

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

FO
R

C
E

 [N
]

TIME [s]

0.85

0.88

0.91

0.94

0.97

1.0

1.03

1.06

1.08
1.1

1.0

1.03

1.06

1.08

1.1

EXPERIMENT
SIMULATION

Fig. 7 Isometric contraction mode. Force output of the MTC is plotted
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given): experimental curves as dash-dotted and simulation as solid lines.
Full stimulation of the previously passive muscle starts at 0.1 s (simu-
lation: ST I M = 1), it ends at about 1.1 s

stiffness of the SEE around the operating point of maximum
isometric force. From this, the choice of the non-linear coeffi-
cient of the SEE characteristic is restricted. Keeping strictly
to the experimental elongation steps, it is possible to find a
ratio between the characteristic coefficients of SEE and PEE
in the model by reproducing the passive MTC force–length
relation. A fine-tuning of this relationship could be achieved
by a slight variation of the SEE–PEE coefficient ratio and
the rest length of the PEE (parameter: LPEE,0). Additional
information for the LPEE,0 choice first came from the fact
that the MTC already shows a low but significant passive
resistive force at 0.97l0 (0.3 N, not resolved in Fig. 7). Sec-
ond, there are indications from literature (Granzier and Labeit
2006) that there are elastic structures located within the sar-
comere taking over passive forces already slightly below the
force–length plateau region. The best choice of the ratio
of the non-linear coefficients of the SEE–PEE compound
was KPEE,nl ≈ 4KSEE,nl with LPEE,0 = 0.90. Consistently,
the mentioned pre-attunement of the SEE-stiffness KSEE,nl
results in simulated concentric contraction dynamics close
to the experimental findings (Sect. 3.1.2 above), presuming
realistic starting values of the Hill constants from literature.
Having specified the elastic parameters of SEE and PEE, the
maximum force levels of the fully stimulated muscle at varied
fixed lengths determine the four parameters ∆Wlimb, νCE,limb
of both the ascending and descending limb of the isometric
force–length relation of our contractile element (CE).

3.1.4 Muscle length and length dependency
of the isometric force

Based on the fact that model MTC-length is equal to real
MTC-length (within few millimeters) we extract the preset
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