Chapter 3
Physiological actuation systems

INTRODUCTION

This chapter deals with the actuator block of the human motor control scheme (figure
3.1). In muscle, information from the central nervous system is transformed to a
mechanical force output. Likewise, one can view muscle as a transformator of chemical
energy into mechanical energy and heat. The focus of this chapter is on the functional
characteristics of muscle, and less on the morphology and physiology. More
information on these aspects is found in the courses Human Movement Control and
Functionality of the Locomotor Apparatus.
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Figure3.1  Schematic block diagram of the human motor control system. Subject of
this chapter isthe muscular system.

OBJECTIVES

This chapter will show:

« some morphological and physiological aspects of muscle;

*  how these aspects relate to muscle function and properties;

e the common techniques to model muscle properties and function.

A Hill-type model includes a force-velocity relation, aforce-length relation and an
active state function. A cross-bridge model explains the contraction mechanism of a
muscle.

31 M uscle mor phology and physiology

There are three kinds of muscles: skeletal, heart and smooth muscles. Skeletal muscles
make up amajor part of the body; it is the prime mover of locomotion. Voluntary
nerves control it. When stimulated at a sufficiently high frequency, it can generate a
maximal tension, which remains (about) constant in time. In this case, the muscleis
tetanized: The activity of the contracting mechanism is thought to be maximal.

Heart muscleis also striated like skeletal muscle, but is never tetanized in its normal
function. Instead, it functions in single twitches. Each electrical stimulation pulse
evokes one twitch. Until a certain refraction period is passed, another electric
stimulation will not evoke a response.

Smooth muscles are not striated, and are not controlled by voluntary nerves. There are
many kinds of smooth muscles, for example surrounding blood vessels.

We will focus on skeletal muscles. Since aresting skeletal muscle has quite ordinary
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visco-elastic properties, the interesting part is the contraction. Muscles exert force
when activated by stimuli from a nerve or artificially by an electrode (Functional
Electrical Stimulation, FES). These stimuli start a chain reaction of chemical processes
that initiate a connection between the actin filament and opposite myosin filament.
Such a connection is addressed as a cross-bridge. The myo-filaments, actin and myosin,
are together the smallest functional unit of a muscle, the sarcomere (figure 3.2). Ina
muscle fiber alarge number of sarcomeres are arranged in series. The alignment of
sarcomeres in series observed in parallel arranged fibers attributes to the name of
striated muscle. Movement is initiated when the myo-filaments slide past one another.
A large number of muscle fibers arranged in parallel form a muscle belly. Through
aponeuroses (tendon-sheets) and tendons, the muscle fibers are attached to the bone
structure at origin and insertion. An aponeurosis is made of tendinous tissue at which
fibers are attached at an angle. At one end an aponeurosis turns into a tendon.
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Figure3.2 Muscle anatomy. Adapted from Gray's anatomy (Warwic and Willems,
1973).
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Figure3.3  Variety of muscle architectures. Adapted from Gray's anatomy (Warwic
and Willems, 1973).

The arrangement of the fibers with respect to the line of pull in muscle defines muscle
architecture. A schematic representation of a classification in architectural
characteristicsis given in figure 3.3. The most common muscle architectures are the
parallel fibered and the pennate muscles. In parallel fibered muscle is assumed that
fibers are arranged aong the line of pull of the muscle. In pennate muscle fibers are
relatively short compared to the muscle length and have an angle of operation with
respect to the muscle line of pull. That so many different muscle architectures exist
suggests a relation with the function of the muscle. It can be shown that a pennate
muscle, with the same fiber length and volume as a parallel fibered muscle, can exert a
larger force at the cost of a smaller contraction velocity.

The active components of a muscle cannot function without the presence of passive
mechanical structures. The fibers are arranged in a network of connective tissue, the
endomysium (figure 3.4). The muscle is organized in bundles of fibers, each bundle
containing over a hundred fibers and surrounded by the perimysium. Finally, the outer
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surface of the muscle is shielded by the epimysium. Together with tendon and
aponeurosis, the epimysium, perimysium and endomysium make up the passive, visco-
elastic properties of the muscle. Other structures in the muscle, such as blood and
lymph vessels, motor and sensor nerves, are not considered as contributing to the
mechanical behavior.

A muscle fiber isasingle céll, ranging in length from afew millimetersto several
centimeters, and in diameter from 10 to 100 um. Unlike other cells, it has multiple
nuclei, resulting from afusion of myoblasts in the embryonic phase.
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Figure3.4  Location of the connective tissues epimysium, perimysium and
endomysium (adapted from Gielen, 1998)
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Figure3.5 Sructure of the muscle fiber or cell. Adapted from Ganong (1981).

The cytoplasm of the fiber contains myofibrils that convert chemical (metabolic)
energy into mechanical energy, and a sarcotubular system needed for the rel ease of
Ca’" ionsinto the muscle cell (figure 3.5). The sarcoplasmatic reticulum buffers the
Ca’* ions and the transversal tubuli (two for each sarcomere) provide the transmission
of the action potential from the cell membrane to the sarcoplasmatic reticulum
surrounding the myafibrils. A large number of mitochondrions provide the required
energy.
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The chemical reaction that performs the contraction of muscle takes place between the
actin and myosin molecules of a sarcomere. The energy is provided by ATP
(adenosinetriphosphate) and controlled by Ca* ions. The Ca®* ions act as a catalyser:
without them, the reaction would be very slow at body temperature.
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Figure3.6  Sructure of a sarcomere. The heads of the myosin (bottom right) may
bind to the troponin sites on the actin filament (top right) to form cross-
bridges.
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Figure3.7  diding filament model: When the troponin molecules are activated by
the Ca®* ions, the myosin can attach to the actin. The myosinhead
swivels, producing a power stroke. When detached, the myosin is reset
for the next cycle.

Under influence of Ca®*, the heads of the myosin attach to the troponin sites of the
actin molecule to form cross-bridges (figures 3.6 and 3.7). The myosinhead then rotates
about 45°; Forceis generated or, in the absence of an external force, the filaments will
slide aong each other. With ATP the connection is detached, and the myosinhead is
reset in its original position. This detachment costs energy. The myosinhead is then
ready for the next cycle.

The force output of a sarcomere is regulated by the Ca’*-concentration. An action
potential (moving electrical impulse that locally depolarizes the cell membrane) arrives
from the nervous system and moves along the fiber membrane with aspeed of 1t0 5
m/s. The tubular system transports the action potential into the muscle fiber and
depolarizes the sarcoplasmatic reticulum. This has the effect that the sarcoplasmatic
reticulum becomes permeable for Ca?*, the Ca?" is released into the fibrils. The Ca?" is
continuously pumped back into the sarcoplasmatic reticulum. So, the action potential
resultsin a short increase of Ca?*-concentration, depending on the fiber type (figure
3.8). For fast fibers this twitch lasts shorter than for slow fibers. When the frequency of
the action potentials increases, single twitches are added until no rippleisvisible
anymore. The constant Ca®*-concentration in the so-called tetanized state resultsin a
constant force outpuit.

The muscle fibers are organized in motor units with about 100 fibers not clustered but
distributed over the muscle volume. Each motor unit is excitated by a single motor
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neuron. When alow force output is required, the small motor units, containing a
relatively small number of slow fibers, are excitated first. At larger force levels, larger
motor units are excitated as well, until finally the largest motor units containing the
fastest fibers are used. This mechanism is called the size principle and reduces fatigue
in natural contractions. Fatigue is also minimized by motor unit rotation: After a certain
stimulation time, an activated motor unit is allowed some rest and replaced by another
motor unit. So, muscle force output can be increased by increasing the activation
frequency and by increasing the number of active motor units.
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Figure3.8  Ca®'-concentration for a single action potential (left) for a pulse train at
different frequencies (right).

3.2 Functional characteristics of a sarcomere
321 FORCE-VELOCITY RELATION

The functional characteristics of muscle are based on experiments performed by A.V.
Hill (1938). He related the force output F of afully tetanized muscle to the contraction
velocity v:

(v+b)(F +a) =b(F, +a) (3.1

Where a, b and Fq are constants. Roughly, if we ignore the constants a and b on the
left-hand side, equation 4.1 states that the rate of work done, or the rate of energy
conversion from chemical reaction, is a constant. This seems reasonable for in the
tetanized condition.

Usually, the force-velocity equation is put in a dimensionless form g(v):

1-(v/vg)
=Fp———=F v
O Tr v v,) 0 LO(v)
c=Fy/a (32
Vo =b[t

Where c is a shape factor and v, the maximal contraction velocity of the sarcomere
when not loaded. It is often assumed that ¢ and v, are constant for a certain muscle,
only depending on the fiber type and rest-length |,. For fast fibers, c=0.1 and v, =8|, per
second, for slow fibers c=1 and v, =2I, per second. However, in equation 3.2 is shown
that ¢ and vq both depend on the tetanic force F,.
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Figure3.9 Force-velocity curve: Experimental data from Hill (1938) with the fitted
equation 3.1.
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Figure3.10 The (isometric) force-length curve for frog skeletal muscle fibers. The

relative positions of the actin and myosin filaments for Ato D are shown
at the bottom. From Gordon et al. (1966).

322 FORCE-LENGTH RELATION

The number of cross-bridges that can be formed depend on the amount of overlap of
the actin and myosin filaments (figure 3.10). Therefor, the force Fy in equation 4.6
depends on the length of the sarcomere. The maximum overlap occurs between B and
Cinfigure 3.10. The part between O and B is called the ascending limb and between C
and D the descending limb of the force-length curve. The force-length relation is
usually expressed as a dimensionless function f(1):

Fo = Foax LF (1) 33)

Where Fpo is the maximal isometric force at optimum sarcomere length and | is the
actual sarcomere length. F. is considered proportional to the fiber cross-areawith a
constant fiber stress (estimated by different authors between 10 and 100 N/cm?).

The total force output of the sarcomereis then:
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F = Fone OF (1) (V) (34)

Note that this equation is valid for atetanized fiber only. It is assumed that the length
and contraction velocity of the sarcomere are independent, thisis not necessarily true.

3.3 Muscle models

Numerous models are developed to describe aspects of muscle functioning, with the
purpose to describe or predict how muscle behaves under certain conditions. Asthe
knowledge of muscle and the numerical capacities increase, these models tend to
increase in complexity aswell. However, it is often more fruitful to apply assimple as
possible models for each specific problem to develop a clear insight in the underlying
mechanisms. For example, to study the effect of the pennation angle on muscle force,
planimetric models seem appropriate (Huijing and Woittiez, 1984). To describe the
relation between neural activation and the resulting joint rotation, the model should at
least describe the force-length and force-vel ocity characteristics (Winters and Stark,
1985). When the shape of the muscle or the interaction between fibersis considered,
finite element-like models are unavoidable (van der Linden, 1998).

We will focus on the second type of model, which seems most appropriate to be
applied in human motion control. There are basically two different models developed: a
Hill-type model that describes muscle function on a macroscopic level, based on
empirical relations; and a cross-bridge model that explains muscle behavior on a
microscopic level.

331 GENERAL CONCEPTS

When expanding the block diagram of figure 3.1, one should note that several muscles
might apply atorque at the same joint, each with a specific moment arm. Also passive
structures such as ligaments apply atorque at the joint. It is assumed that the segments
model (chapter 2) is extended with a muscle attachment model that defines the
anatomical origins, insertions and functional moment arms of muscles and other
structures (e.g. Brand et al., 1982).

The muscle model should describe the properties of the sarcomere, i.e. the force-length
and force-velocity characteristics (contraction dynamics), and amodel to relate the
neural input to the muscle activation (activation dynamics). It is assumed these are
independent. The muscle and skeletal system block in figure 3.1 then expands to the
structure of figure 3.11.
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Figure3.11 Expansion fromfigure 3.1 of the muscle and skeletal system part of the
human motor control system. Input is the neural activation u(t), output a
movement represented by 6. Muscle contraction dynamics depends on
muscle length and vel ocity, the muscle moment armr is used to
determine the joint moment of force M from the muscle force F.
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332 HILL-TYPE MODELS

The original model developed by Hill is shown in figure 3.12. The muscleis
considered as alarge sarcomere (contractile element CE) with some additional passive
visco-€lastic properties to contribute for tendon and aponeuroses (series element SE) or
the connective tissues epimysium, perimysium and endomysium (parallel element PE).
It should be no surprise that the equations describing this muscle are based on the
equationsin section 2:

Fn‘us = FSE + I:PE

E
Fg =—= 35
€ e (35)

Fee = Finac [0() OF (1) [O(V)

Where the pennation angle a isincluded to account for the pennation effects and q(t) is
the so-called active state function (see below).
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Figure 3.12 Hill muscle model with active propertiesin the contractile element and
passive propertiesin the series and parallel element.

3.3.21 Force-velocity relation

The force-velocity relation g(v) is extended to account for all muscle loading situations:
The original relation derived by Hill isvalid for concentric contractions (i.e. shortening
muscle, the muscle generates mechanical energy) only. For eccentric contractions (i.e.
lengthening muscle, the muscle dissipates energy) is found that the muscle force can be
1.2 to 1.8 times larger than the isometric force (figure 3.13). The actual shape of the
force-velocity relation is defined by a number of muscle-dependent parameters.

It is obvious that the mechanical power output has an optimal value between zero and
maximal velocity. At zero velocity (isometric contraction) the mechanical power output
is zero. This does not mean that no chemical energy is required, as can easily be
verified by carrying aweight.
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Figure 3.13 The muscle force velocity relation and mechanical power output. From

McMahon (1984)
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Figure3.14 Force-length relation for two muscles under isometric conditions. From
McMahon (1984).

3.3.22 Forcelengthrelation

In the force-length relation, two contributions can be identified (figure 3.14): The
passive behavior from the parallel element and the active behavior from the contractile
element. The total muscle force is the summation of these two. The passive muscle
forceis measured by stretching a not-activated muscle. Above a certain length, usually
therest length of the muscle, aforce is developed. Below the rest length the muscle
does not resist compression. The passive force may depend on the stretching vel ocity
(i.e. visco-dlastic instead of elastic), although thisis not aways included in the model.
The total muscle force is measured for afully tetanized muscle under isometric
conditions (otherwise the force-vel ocity relation would also contribute). From the total
and the passive curve the active force-length relation is determined. In principle, thisis
not a correct procedure, since the passive properties may depend on the activation of
the muscle: The muscle geometry in both states is different. The active forceis
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smoother than for a single sarcomere (see figure 3.10), because the local effects of
numerous sarcomeres are averaged for the entire muscle. The active force-length
relation is often described by a set of polynomials or an exponential function. It should
be noted that the relative contribution of the passive force to the total force might
depend on the geometry of the muscle (figure 3.14).
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Figure3.14 Superposition of two twitches with decreasing time-intervals. Note the
time delays for excitation and the Ca* -concentration.

3.3.2.3 Active state function

One needs the active state function to describe other than fully tetanized muscle. It
relates the neural input u(t) to the muscle activation q(t) and is normalized between
zero and one. The most simple relation would be alinear one: q(t)=u(t). A force output
of half the maximal force would then require aneural input of 0.5. Thisimplicitly
assumesthat at each force level the muscle istetanized, which is of course not correct.
A single twitch could not be modeled with it (see aso figure 3.15).

Winters and Stark (1985) proposed to model the active state with two first-order
differential equations:

dN

T m + N, =u(t);

Wov=N -
Tard P =Ny (36)
q®) = h@)

Thefirst equation describes the excitation dynamics: The relation from the neural input
to the excitation N, of the sarcoplasmatic reticulum. The from this process resulting
time delay 1, is about 30 ms and is shown in figure 3.15 as the time difference between
S, and the start of the twitch. The second equation describes the Ca?*-concentration in
the sarcomere ( as a function of the excitation. Asit takes more time to pump the Ca*
back into the sarcoplasmatic reticulum than to insert it into the sarcomere, the time
constant for activation 1, is shorter than for deactivation 14, with magnitudes of about
10 and 50 ms respectively (see figure 3.15). The last equation describes how the Ca?*-
concentration relates to the force output of the fiber. It is often assumed that thisisa
linear relation.
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3.3.24 Passive properties

The parallel element is already discussed with the force-length relation. The series
element shows the same type of behavior, but with other parameters. Usually an
exponentia function is assumed to describe this behavior.

3.3.25 Discussion

Hill-type models are very useful to make alink between the neural system and a
resulting force production on and movement of a body segment. However, it is difficult
to assess the validity of these models. The model is the result of single, well-defined
experiments; the overall performance may deviate from the processes occurring in
nature. Some points require attention:

« Itisimplicitly assume that the time, muscle length and muscle velocity are
independent in the formulation of the contractile force (equation 3.5). Most likely
these are not, asis discussed before. It is known that the force output is contraction
history dependent (Meijer, 1998) and effects like fatigue are not considered.

»  Theequations for the different elements of the muscle are dependent on alarge
number of parameters, such as maximal force, maximal contraction velocity, and
optimal muscle length. These parameters are not well known for human muscle,
and most of the time based on animal experiments. Also, an isolated muscle may
behave different from amusclein vivo.

e Theparameters are not really constant, otherwise exercise and training would not
help. Muscleis aliving tissue that adapts to the required performance.

»  Hill-type models are not linked to the microscopic mechanisms within a muscle;
they are the result of experimental curve fitting.

e Thedescending limb of the force-length relation can show a negative slope. In a
numerical model this relates to a negative stiffness, which may become
numerically unstable. Inred life this negative stiffnessis unlikely to occur. One
should keep in mind that the force-length relation is the result of alarge number of
isometric experiments. For the purpose of modeling these separate points are fitted
with acurve.

333 CROSS-BRIDGE MODELS

Huxley (1957) developed the first cross-bridge model to explain on a molecular level
how a muscle produces force. The cross-bridge model isin fact a replacement for the
contractile element in figure 3.12 or for the contraction dynamics block in figure 3.11.
It assumes that the cross-bridge can be in one of two different states (figure 3.16):
Attached or detached!. A function f(x) describes the rate with which detached cross-
bridges can attach, a function g(x) describes the rate of the reverse process. Asthisisa
cyclic process, these rates are equivalent to the probabilities that cross-bridges attach or
detach.

The functions f and g depend on a distance x, which is the distance that a myosin
molecule is stretched. The myosinhead may attach to the troponin sites on the actin
filament (see also figure 3.6). It is assumed that a certain range of stretch lengthsis
available (O<x<h) for attachment at unoccupied troponin sites, and with increasing x the
probability of an attachment f increases. Outside this range the cross-bridges can only
detach. For anegative x, i.e. a compressed myosin filament, the probability of
detachment g is so large that almost immediately detachment occurs. The force asingle
cross-bridge can deliver is assumed proportional with stretch length x.

Suppose N is the total number of available cross-bridges, and nis the number of

1 L ater models included more, intermediate states to explain more aspects of muscle
behavior.
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attached cross-bridges with stretching length x and at timet. Alternatively, n(x,t) can be
viewed as the distribution (over x) of attached cross-bridges at time t. The rate of
change of n(x,t) intimeis proportional to the attachment rate times the number of
detached cross-bridges minus the detachment rate times the number of attached cross-
bridges:

dn(x,t) _on dn

——t ==+ v—1=F(X)}{N —n(x,1)} = g(X)n(x,t 3.7

I Frrw (){ (x.1)} = g(x)n(x,t) (37

Where v equals the contraction velocity of the sarcomere. All cross-bridges are acting
in parallel, so the total sarcomere force equals the sum of all cross-bridge forces:

Fee =k }x Ch(x,t) Celx (3.8)

Where k is the stiffness modulus of a single cross-bridge. With known sarcomere
dimensions and initial conditions the partial differential equation (3.7) can be
integrated, although this requires considerable numerical effort. The cross-bridge
model predicts the force-vel ocity curve well: For eccentric contractions, arelatively
large number of cross-bridgesis at alarge stretch length x, thus increasing the force.
For concentric contractions x is relatively small, resulting in alower force.

Although the cross-bridge models explain how muscle force is developed, they are
rather complex for application in large-scale muscle models. Simulation times would
be very large. It should also be noted that the shape of the functionsf and g is rather
arbitrary, other functions could be found that behave equally well. The model explains
the force-vel ocity relation; the force-length relation has to be added more or less
artificially. Also, the activation dynamics that has to be added is more complex. On the
other hand, the method can be extended in a natural way to include the chemical
(metabolic) energy release.
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Figure3.16 Cross-bridge model with the molecular mechanism (a) and cross-bridge
states (b).
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