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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. 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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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.
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Huxley-type model describing 
myosin head movement

Presets force and chemical state

Include molecular friction, 
chemical kinetics and a stochastic 
component

Predicts change of muscle 
coordinate (angle of myosin heads)

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
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and b̂, oriented along the motor domain and the LCD, re-
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  Skeletal muscle‘s mechanics

Günther, M, Schmitt, S. 2010. A macroscopic ansatz to deduce the 
Hill relation. Journal of Theoretical Biology, 263(4), 407–18.

Efficiency = mech. energy output / mech. energy input
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  Skeletal muscle‘s thermodynamics

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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Design - from biological to artificial muscle ?
Klute et al. (2002)

Klute, Czerniecki, and Hannaford / Artificial Muscles 299

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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A1:  Structure + first principle: 

A2:  Choice of a simple force law:
                                                                                  with

A3:  Internal degree of freedom:

  Analytical model

FM = FSE = FAE + FPDE

Günther, M, Schmitt, S. 2010. A macroscopic ansatz to deduce the 
Hill relation. Journal of Theoretical Biology, 263(4), 407–18.
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After some mathematics we get:

with

A1:  Structure + first principle: 

A2:  Choice of a simple force law:
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A3:  Internal degree of freedom:
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	 Hyperbolic force velocity relation
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Enthalpy rate = energy balance including heat rates

  Is biological muscle the better actuator?
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What to do with this knowledge?

Build computer models of the biological system, which then can be activated 
and validated, realistically!
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	 Our view on the biological motor ...
Elementary 

biological drive
Günther, Schmitt, Wank (2007). High-

frequency  oscillations as a 
consequence of neglected serial 

damping in Hill-type muscle 
models. Biological Cybernetics, 97(1), 

63-79.. 

Muscle
Hill-type muscle model: 

Skeletal apparatus
Model of the mechanical system: 

Pandy (2001)

Motor control
(Equilibrium-Point-Theory, EPT):

2.1 Biomechanisches Muskelmodell nach Hill

CE

PE

SE

lce lse

Sk
ele

tt Skelett

Abbildung 2.1.: Muskelmodell nach Hill: Kontraktiles Element CE, passives parallel-
elastisches Element PE und das ebenfalls passive seriell-elastische Ele-
ment SE. Alle Elemente haben ein nichtlineares Verhalten.

2.1.1. Aktivierungdynamik nach Zajak

Die Aktivierungsdynamik nach Zajak wird durch eine Di⇣erentialgleichung 1.Odnung
beschrieben.

q̇(t) + ( 1
⇥act

· (� + (1 � �) · STIM(t))) · (q(t) � q0) = 1
⇥act

· STIM(t) (2.1)

Die Aktivität des Muskels wird durch 0 ⇤ q ⇤ 1 beschrieben, und gibt die relati-
ve Anzahl Myosin-Aktin-Verbindungen, zur maximalen Anzahl bei einer vollständigen
Überlappung, an [7]. STIM ist ebenfalls eine Größe zwischen 0 und 1 und stellt den neu-
ronalen Input durch das zentrale Nervensystem dar (vergleichbar einem EMG-Signal).
Da 0 < � < 1 liegt bei dieser Aktivierungsdynamik ein PT1- Verhalten, mit einer vom
Eingang STIM abhängigen Zeitkonstante, vor. Die Zeitkonstante 1

⇥act
· (� + (1 � �)

ist am schnellesten, sobald der Eingang STIM = 1 ist, nämlich 1
⇥ . Wenn STIM = 0

bekommt man die langsamste Zeitkonstante �
⇥ . Somit stellt � das Verhältnis der Akti-
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Modelling and simulation - our approach
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	 Modelling and simulation - motor control

multiple EBDs (single joint drives)

more complex drives              
(multi joint drives)

well tuned control (all drives)

movement tasks (daily living, ...)

disturbances (uneven ground, 
impact forces, ...)
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	 Modelling and simulation of human lumbar spine
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450 degrees of freedom
48 mechanical dofs

202 Muscle-tendon complex (active, Hill-type)
58 non-linear ligaments
5 intervertebral discs (non-linear, coupled)

Muscles: Anatomy and physiology (Bogduk, 1992a,b, 1998;  
               Hansen, 2006; Christophy, 2012)

Anatomy of skeleton: m, 68kg, 1,78m (NASA, 1978)
Ligaments: Anatomy (Panjabi, 1982), physiology (Chazal, 1985)
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Motions in Man and Machine

A joint task for two groups:
(1) Computer simulation of an arm movement
(2) 3-d movement analysis of an arm movement

                            Project work will be to do (1) and (2) 
                            and compare simulation and experiment
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	 The Human Movement Simulation Lab

Alexandra Bayer
Michael Günther
Daniel Häufle
Tille Rupp
Syn Schmitt
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