Volume 17, Issue 4 (19.87) 359

MUSCLE AND TENDON: PROPERTIES, MODELS, SCALING,
AND APPLICATION TO BIOMECHANICS AND MOTOR
CONTROL

Author: Felix E. Zajac
Mechanical Engineering Department
Stanford University
Stanford, California; and
Rehabilitation Research and Development Center
Veterans Administration
Pale Alto, California

Referee: Gerald L. Gotilieb

Department of Physiology
Ruszh Medical Center
Chicago, llinois

I. INTRODUCTION

When the body performs a motor task, the central nervous system (CNS) excites muscles
that subsequently develop forces that are transmitted by tendons to the skeleton to effect the
task. Thus, muscles and tendons are the interface between the CNS and the articulated body
segments. An understanding of the properties of this interface is important to scientists who
interpret kinesiological events in the context of coordination of the body, and to engineers
who design prosthetic, orthotic, and functional neuromuscular stimulation systems o restore
lost or impaired motor function. In all cases, a model of muscle and tendon is used, either
explicitly or implicitly.

When movement of the body is analyzed to extract principles of CNS control, often the
muscie and tendon model used in the analysis is not explicitly stated. Nevertheless, a model
is assumed, even if only implicitly. For example, to assess the contribution of a muscle to
movement, conjectures are made based on estimates of muscle force. These estimates, per-
haps only qualitative, are at times based on recordings of the electromyographic (EMG) ac-
tivity in the muscie. Fundamentally, only the level of EMG activity is used 10 estimate
muscie force and then, through comparison with other EMG signals, the role of each muscle
in the movement is assessed. In other cases, the force length (fl) and force velocity (fv)
Properties of muscle, as weil as the EMG activity, are qualitatively considered in the estima-
tion of force. Only rarely have the excitation-contraction (EC) properties of muscle or the
elastic properties of tendon been included in analyses of force generation.

At other times, models have been explicitly defined, posed mathematically, and used to
study coordination and to estimate muscle forces during the motor task, for example, during
walking,!-5 jumping,®10 kicking,!' eye movement,’*'S and flexion-extension motor tasks. !5
18 The approaches to modeling have ranged from the “reductionist” approach (i.e., models
should be based on the microscopic properties of the tissue) to the “black-box™ approach
(i.e., models only need to be based on an input-output [I/O] description of the tissue). Recent
reviews and articles have addressed the utility of each,'%3 and to some extent this article does
also,

Naturally, the model of muscle and tendon to be invoked should depend on the objective.
If the fundamental physical and chemical (micro) properties of muscle and tendon are to be
understood, then the reductionist approach is clearly justified,?*25 i.e., to emphasize the
study of an elemental unit of muscle or tendon tissue. If the IO (macro) properties of the
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tissue are needed, and if the structure and function of the tissue are compietely unknown,
then the black-box approach is justified.26-28 When the structure and function of the tissue are
sufficiently specified to define a basis for the macroproperties, then this basis becomes a
model for the tissue. The objective then is to identify the parameters of the model. This re-
view synthesizes knowiedge of the micro- and macroproperties of muscle and tendon, defines
a basis (or medel) for the properties of each. and specifies the parameters or which the inte-
grated properties of the musculotendon actuator depend.

Virtually all investigators who study intermuscular coordination use a variation of the
classical model of muscle developed in the first half of this century by Hill,? Wilkie,’® and
Ritchie and Wilkie.?! This model has withstood the test of time and is especially noteworthy
to studies where the dynamical properties of many muscles must be modeled simultaneously.
The model reviewed and developed here is based on a Hill-type model.

Though Hill recognized early that tendon elasticity affects the force generated by mus-
cle,2%3 the importance of these effects on movement is only now being thoroughly stud-
ied.3340 This review emphasizes how to assess the role of the tendon in movement through
the understanding of how tendon and muscle interact.

Specifically reviewed are s
1.  The intra- and intercellular organization of muscle and its relation to tendon
2.  The EC property of muscle (i.e., activation dynamics)

3. The relation among a Hill-type model and the force-length, force-velociry, and stiffness
properties of muscle

4.  The elastic properties of tendon

5.  The properties of muscle and tendon that are generic, and the muscle- and tendon-spe-
cific scaling parameters

Specific emphasis is placed on showing:

—

Why muscle and tendon work together as one entity (the musculotendon actuator)

2.  How the contractility of the muscle and the elasticity of the tendon interact to specify
the contraction process of the actuator (the musculoiendon contraction dynamics)

3. How to synthesize muscle and tendon properties to form a one-parameter model that is
generic among all actuators

4.  How the one parameter, which is the ratio of tendon length at rest to muscle fiber
length at rest. affects the static and dynamic properties of an actuator, specifies the ra-
tio of elastic energy stored in tenden to muscle, and determines whether activation or
musculotendon contraction dynamics is rate-limiting

5. How the one parameter affects the frequency response of an actuator, where force is its
output, and either actuator length or muscle activation is its input

6.  How the frequency response of an actuator can be used to assess whether it behaves as
a spring, a dashpot, or a CNS-controlled force generator during a moter task, such as
walking '

7. How muscle- and tendon-specific parameters scale the properties of the generic actuator

8.  Why muscle fiber pennation is expected to only rarely affect the output properties of
muscle

II. PROPERTIES AND MODELS OF MUSCLE

A. FUNCTIONAL ARRANGEMENT (ARCHITECTURE) OF MUSCLE
TISSUE

1. Architecture Among and Within Muscle Fibers
Muscle can be considered to be a collection of equally long fibers (cells) in parallel, where
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FIGURE 1, Relation among muscie fibers and tendon in a pennated muscle. Muscle fibers (lightly shaded
region) lie in parailel. have the same length, and are oriented at some angle @ to the tendon axis of puil.
Functionaily, tendon can be considered to consist of an internal portion (i.e., the aponeurosis of muscle origin
and inscrtion; darkly shaded region) and an externai ponion. As muscle fibers shorten, muscle is assumed to
maintain isovolume, tendon to move only along its axis, and fibers to become tore pennated (i.e., o
increases). Notice that the fiber and tendon shortening are not colinear (compare the “arrows™).

all fibers are oriented either in the direction of the tendon (i.e., a parallel-fibered muscle) or at
an acute angle o > 0 to the tendon (i.e., a pennated muscle; see Figure 1). Though the rela-
tion between muscle fibers and tendon will be described for only pennated muscles, the oper-
ational characteristics of a parallel-fibered muscle of volume V can be found from the charac-
teristics of a pennated muscle of volume V, when o = 0 is assumed 4|44 The fibers of a
pennated muscle are connected to the aponeurosis of the muscle (i.e., the darkly shaded re-
gion in Figure 1), which is also called the “internal”™ portion of the tendon because its prop-
erties appear identical to the properties of the “external’ portion of the tendon (i.e., the un-
filled region in Figure 1).37-344 The function of the arrangement of fibers shown in Figure |
seems to capture the essence of the function of even more complex architecture (e.g., bi- and
muitipennate muscles).*! Justification for this model has been reviewed elsewhere. 3546
However, recent data alert us once again to the fact that muscle fibers may not run from in-
ternal tendon to internal tendon, as muscle fascicles do, but instead may terminate in the
muscle fascicles.*’4% A muscle fascicle may contain, then, an interdigitated network of
fibers, which contain contractile filaments as well as noncontractile, tapered fiber strands. In
this review, I assume that muscle fiber length is equal to muscle fascicular length because it
is fascicular length that is commonly reported. The assumption can trivially be relaxed,
however, if actual muscle fiber lengths are known.

To understand musculotendon mechanics, the effect of pennation on musculotendon func-
tion can be ascertained from the arrangement shown in Figure 1 by assuming that muscle is
isovolumic and the distance between the aponeurosis of origin and insertion is constant (see
Section IV . H).4i45 Specifically, the major effect is that o, the orientation of muscle fibers
to tendon, increases as fibers shorten. Thus, muscle fibers shorten in a direction that is not
colinear with the direction in which tendon stretches (Figure 1; compare the arrows). Though
this planar representation may also convey the notion that the longitudinal forces in tendon
act to rotate muscle fibers, such effects on moving the body segments are believed to be ei-
ther nonexistent or secondary to the effects caused by the longitudinal forces.*¢ Because only
very highly pennated muscies affect musculotendon function (see Section IV.H), this review
emphasizes other properties of actuators.

A muscle fiber of length LM can be considered to be a set of homogeneous sarcomeres of
equal length LS that are neurally excited simultaneously to generate the in-series force F
{Figure 2). Thick and thin myofilaments (see Figure 2) are the elements of the sarcomere
that constitute the basis for the sliding filament and cross-bridge theories of muscle contrac-
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sarcomeres

FIGURE 2. Muscle fiber and sarcomere structure. Each fiber {length L™) consists of a series of sarcomeres.
Each sarcomere has the same length L® and experiences the same force F. Myosin myofilaments (dark lines)
overlap with actin myofilaments (thin lines). and cross-bridges (not shown) are formed when the sarcomere is
activated. Through cross-bridge energetics and the sliding of filamenis, the fiber can develop force and shonen.

FIGURE 3. Schema of the collective function of motor units of one muscle. Each motor unit is functionally
disjoint from the others, including the set of muscle fibers innervated by each motor-nerve axon. The action-
potential discharge pattern of each axon i (u;(t} for axon /) ¢xcites the muscle fibers of that motor unit i and
generates the collective force F Y of the fibers (calied the force owtput from motor unit i).

tion.?42647 In this review, the effects of intersarcomere dynamics®5! and muscle fiber ac-
tion-potential propagation on the dynamics of force generation? are considered secondary.

2. Organization of Muscle Fibers into Functional Units (Motor Units)

A motor unit is defined to be a nerve axon (along with its parent motoneuron in the
CNS) and the set of muscle fibers innervated by this axon and its branches.? Since a motor
unit is thus the smallest functional unit associated with the generation of muscle force, is-
sues related to how the CNS controls net muscle force through the control of individual mo-
tor units have been scrutinized (e.g., trade-offs in generating more force by exciting already
active motor units more frequently or by recruiting inactive motor units).53-5% More impor-
tant to the issues under discussion here are the physiological, histochemical, and biochemical
properties of motor units. An almost incontestable conclusion from the many motor unit
studies®¢ is that the imervated muscle fibers of a motor unit have homogeneous proper-
nies.

A muscle can thus be represented by n motor units being controlled by n nerve axons
originating from the CNS, each with its own control u;(t) (see Figure 3). The muscle fibers
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FIGURE 4. Muscie tissue dynamics. CNS excitation of muscle tissue (newral excitation, u(t)) acis through

activation dynamics (EC coupling) to generate an intemal muscle tissue state (muscle activation, a(t)}, which is
associated with the Ca** activation of the contractile process. Through muscle contraciion dvnamics, this

activation energizes the cross-bridges and muscie force FM(1) is developed.

of each motor unit i collectively develop a motor unit force F.', which is almost always
assumed to sum with the other motor unit forces to produce the net muscle force FM,

Motor units (or muscle fibers, or muscle tissue) are referred to, for example, as “slow
contracting” or “fast contracting”, and, as implied. the different motor unit types have distin-
guishable properties.3-57 Relevant to this review is whether the dimensionless relationships
to be developed are generic between slow- and fast-contracting muscle tissue. Indeed, such
issues are discussed when appropriate. Many other important issues regarding the different
properties of slow- and fast-muscle tissue are ignored in this review (e.g., fatigue and
metabolic energetics).49-53.58.39

3. Muscle Tissue and Scaling

Because of the arrangement of sarcomeres and fibers within a motor unit and their homo-
geneity in structure, function, and excitation, the properties of a motor unit can be expressed
in many ways, all connoting the same information. That is, reference can be made to the
functional properties of either a sarcomere, a fiber, or a motor unit. Further, if homogeneity
among the motor units of the same type is assumed, then that collection of muscle tissue
has properties equivalent to any of its fibers, or to any of its sarcomeres, when
scaled_224140.60 Thys the following discussion will at times refer to the properties of muscie
tissue as though the experiments were performed on a “whole™ muscle consisting of many
motor units or muscle fibers (and sometimes they are). )

Emphasis is placed on the generic relations that specify muscle tissue function, and how
muscle size scales these relations. For example, the fl and fv properties of a muscle are as-
sumed to be just scaled-up versions of the properties of muscle fibers, which are in tum as-
sumed to be scaled-up versions of properties of sarcomeres.

B. CONTRACTION DYNAMICS OF MUSCLE TISSUE

The dynamics of muscle tissue can be divided into activation dynamics and contraction
dynamics. Activation dynamics corresponds to the transformation of neural (or artificial) ex-
citation to activation of the contractile apparatus, and muscle contraction dynamics to the
transformation of activation 10 muscie force (see Figure 4). Contraction dynamics is dis-
cussed in this section.

1. Force-Length Property

The steady-state (static) property of muscle tissue is defined by its isometric fl curve, and
this property can be studied when activation a(t) and fiber length L™ are constant. Full
activation (i.e., a(t) = 1) will occur when muscle tissue has been maximally excited (i.e., u(t)
= 1) for a long time. The reason muscle must be excited for a long time for a(t) = 1 is that
activation transients must subside and steady-state must ensue (see Figure 4, activation
dynamics). Conversely, muscle fissue that has been neither neurally- nor electrically-excited
for a long time is said to be inactivated, or passive (i.e., u(t) = a(t) = 0).

Both passive and fully activated muscle tissue develop a steady force when held isometric
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(see Figure 5A).4957.61.62 The difference in force developed when muscle is activated and
when muscle is passive is called active muscle force {Figure 5A, acm ¢e). The region where
active muscle force is generated is (nominally) Q. 5L <M< SL., , where L:’ is the length
at which active muscle force peaks (i.e., FM = Fr when [M = Lu, L:.‘ is called musclie fiber
resting length or optimal muscle fiber length) 41-43.51.62.63 Notice that the shortest length at
which passive muscle tissue develops force is (nominally) L.'.5” Though the passive tension
of muscle {(i.e., a collection of fibers) has been thought to be due to interfiber connective
tissue (e.g., endomysium, perimysium, and epimysium),#%.61.6465 recent data suggest that the
resting tension of muscle arises instead from intrafiber (myofibrillar) elasticity.% The reason
previous data may have led to the conclusion that passive tension is due to interfiber elastic-
ity is that this data had been coilected from musculotendon tissue, not from muscle tissue in
isolation. That is, since not ail of the tendon had been removed from these preparations, the
me:hodology used to infer that passive tension in muscle fibers develops at lengths less than
LY, which is the basis for the conclusion, may have been flawed (see Section IV.C).

The f] property of less than fully activated muscle tissue can be considered to be a scaled
version of the fully activated one (compare Figure 5B with Figure 5A).!6-22 Less than full
activation of muscle tissue can occur when some or all of the fibers are less than fully ex-
cited. One way this can occur naturaily is when some motor units are inactive. Another way
is when activated motor units are neurally excited by low-frequency pulse trains; the activa-
tion of these units will then, on average, be less than one (e.g., a motor unit is less than
fully activated during a twitch).>” The scaling of the fl curve by activation is consistent with
the almost universal assumption that forces generated by muscle fibers (units) in parallel
sum (e.g., see Figure 3; however, see Partridge and Benton?3) and that forces generated
within a fiber also sum (i.e., cross-bridges are independent and their forces sum).2549
However, some studies suggest that the zero-force intercept at low muscle fiber lengths de-

pends on activation.5”8 The passive fl curve has always been assumed to be unaffected by
a(t) (see Figures 5A and B).

2. Force Velocity Property

When fully activated muscle tissue is subjected 1o a constant pull {tension), it first short-
ens and then stops (1.e., muscle tissue undergoes an isotonic contraction). The length at
which shortening terminates corresponds to the length at which such a force can be sustained
in steady-state (i.e., as specified by the isometric f1 relation when a(t) = 1).6%7 From a set of
length trajectories, obtained by subjecting muscle to dxfferent tensions, an empirical fv rela-
tion can be constructed for any length L™, where 0.5LY < LM < 1. sLY (e.g., see Figure
5C).2™ The fact that the observed length trajectories can be described well by integrating
the inverted velocity-force expressions™.7! supports the use of a force- length—velocxty-relatlon
(an flv relation) to model muscle behavior. Finally, at optimal fiber length L, , amaximum
shortening velocity (vy,) can be defined from the fv relation (see Figure 5C).2? At this
velocity v,, , muscie cannot sustain any tension, even when fully actwated

When empirical fv relations are constructed for lengths LM < LY, the velocity at which no
tension can be sustained (i.e., the velocity-axis intercept) is found by extrapolation to be less
than v,,.%%72 However, the sliding-filament theory for muscle contraction (i.e., our
understandmg of muscle function at the micro level) predicts that the veloc:ty-axls intercept
should be independent of sarcomere length, at least for lengths LM > LY 242549 The theory
also predicts that vy, , at the single-fiber level, should be independent of activation, which can
be controlled ir vitro by changing the Ca ion concentration. Some experiments on single
fibers suggest, however, that the velocity-axis mtercept is length or activation dependent,
especially when LM and a(t) deviate greatly from Ly and 1, respectively (e.g., see Figure
5D).7>77 The issue of the invariance of the velocity-axis intercept to LM and a(1) is not only
unresolved, but hard to resolve becanse a perfect no-load condition (i.e., FM = 0) is difficult
to achieve, and the sensitivity of velocity to force is high near FM = 0.
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However, the issue of the invariance of the velocity-axis intercept to LM and a(t) may be a
moot one to muscle-coordination studies. To date. it does not seem to make any difference
which assumption is invoked. Many investigators who model muscie to study muscle coor-
dination choose to assume that the velocity-axis intercept is constant;2!-2278 others assume
that the intercept decreases with length and activation.!216.7 One reason for the indifference
is that muscle neither produces any power output at zero force nor exists in a state near zero
force for very long (otherwise full joint excursion would be very quickly reached). Thus, en-
ergy output when muscle operates near the zero-force state is low. Thus, though a topic of
concem to micro-level theories of muscle contraction, this issue may just be functionally
unimportant at the muscle-coordination level.

The shape of the fv curve determines the mechanical power output (F™ . —vM) that active
muscle delivers. During shortening, muscle delivers power (power output is positive), with
peak power output occurring when muscle shortens at ~0.3v,.294° When a motor task re-
quires net propulsion, clearly some muscles must shorten some of the time during the task.
However, many tasks require the net absorption of potential and kinetic energy of the body
segments (e.g., during descending stairs and deceierating to a complete stop). The only way
body-segmental energy can be dissipated is by energy absorption by muscle, assuming that
frictional losses at the joints, in tendons, and elsewhere in the body, as well as at the contact
surfaces between the body and external objects (e.g., the stairs), are negligible. Thus muscle
must lengthen while under tension to absorb power. But if muscle fibers lengthen too fast,
they can be injured.®0

Thus, the shape of the fv curve during lengthening is also important to computer simula-
tion of movement. Unfortunately, there are only a few studies where higher-than-peak iso-
metric force has been applied to muscle tissue. Isotonic experiments show that the greater
the applied tension is, the faster the muscle lengthens (see Figure 5C), though the ultimate
tension a muscle can sustain is limited to 1.1 to 1.8Fy 8183

To summarize, virtually all computer models of muscle used in studies of muscle coordi-
nation employ the same-shaped fv curve (e.g., see Figure 5C). Common assumptions are
that (1) the fv relation scales with length and activation in one of two ways (i.e, either the
velocity-axis intercept remains constant under all conditions or decreases with a(t) and LM
{e.g., see Figure 5D}); (2) no discontinuity in slope at Fy exists, even though experiments
and cross-bridge theory suggest one;242%8! and (3) the fv curve at any instant is unaffected by
preceding events, even though it is known that prestretched muscle tissue subsequently
shortens faster.34-86 At the moment, therefore, it scems that other issues influence our
understanding of muscle coordination more than our knowledge of the exact shape of either
the shortening or lengthening regions of the fv curve.

3. Mechanical (Hill-Type) Model of Contraction Dynamics

A conceptual, Hill-type model is that the contractile properties of muscle tissue can be
represented by a flv relation controlled by muscle activation (see Figure 6). Basically, both a
passive element (PE) and an in-parallel contractile element (CE) are assumed to contribute to
muscle force FM. Importantly, the force FE is assumed to depend only on the current length
LM, velocity vM, and activation a(t), and is assumed to be specified by some expression com-
patible with the notions discussed above (e.g., see Figure 5). Commonly, Hill’s equation?®
is modified and used as the expression,!%2! though nothing precludes the use of other
expressions.”? Sometimes a muscle elastic element, distinguishable from tendon elasticity,
is included in series with the CE (dotted line in Figure 6).3

The motivation to separate muscle elasticity from tendon elasticity is that estimates of
energy stored in muscle cross-bridges compared with energy stored in tendon is desired in
studies of the biomechanics of movement.?*-3 Energy is putatively stored in cross-bridges
because active muscle tissue exhibits stiffness that presumably arises from the cross-
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FIGURE 6. Hill-type model for contraction dynamics of muscle tissue (inset). Total muscle force FM is the sum
of passive force F'E and active force F°E. Structures putatively responsible for these forces are calied the passive
element (PE) and the contractile element (CE). Force FEE depends on muscle fider length L™ and velocity v™, and
the state of activation of the muscle fibers a(1). Some models include a muscle series elastic element (SEE). The
length of the CE is the sum of the lengths of the y sarcomeres of a muscle fiber (ic., L%} and differs from muscle
fiber fength LM by the length of the SEE.

bridges.2387-89 However, in all but short-tendon actuators, the energy stored in cross-bridges
is expected to be very small compared with the summed energy stored in the external and in-
ternal parts of tendon (see Section IV.I and Alexander and Bennet-Clark,* Rack et al.,3® and
Rack and Westbury3®). Thus, for many actuators, tendon compliance dominales and muscle
series elastic element (SEE) can be neglected (see solid line in Figure 6).

Another reason for disregarding muscle SEE. as shown in Figure 6, is that situations an-
tithetical to the basic notion of sarcomeres and fibers acting in concert would otherwise arise.
For example, with a muscle SEE, muscle fiber length would not be proportional to sarcom-
ere length, and the static properties of fibers would not be scaled versions of the static prop-
erties of sarcomeres. Notice from Figure 6 that sarcomere length L3, multiplied by the num-
ber of sarcomeres v, corresponds to the length of the CE (YL5), and fiber length corresponds
to LM. Thus, the length of a muscle fiber and its sarcomeres are not proportional because of
the stretch in the muscle SEE. Consequently, the fl relation of a fiber is no longer a length-
scaled version of the fl relation of a sarcomere. The muscle fiber fl relation will instead bea
distortion of the sarcomere f1 relation.3!

Furthermore, with a muscle SEE, muscle fiber velocity will not be a scaled version of
sarcomere velocity. For example, consider the case when muscle fibers are isometric and ini-
tially at rest. Muscle force will then gradually rise to its isometric value on full activation
because sarcomere length, as evident by CE length (YLS), becomes shorter as the muscle
SEE stretches (see Figure 6). Thus, muscle fibers will be isometric (i.e., muscle fiber length
will be constant), yet sarcomeres will shorten (i.e., the CE will shorten).

With a muscle SEE, muscle fiber velocity could even be directionally opposite to sar-
comere velocity should muscle force change rapidly (say, decrease fast) and muscle fiber ve-
locity change slowly (in this case, shorten slowly). Hypothetically, then, because of the
rapid decrease in force, the muscle SEE would shorten faster than the slowly shortening
mauscle fibers, causing the sarcomeres (i.e., the CE) to lengthen. To have sarcomere and
muscie fiber velocity directionally opposite is incompatible with our notion of sarcomere-to-
fiber scaling and with the sliding-filament theory.24.2549 I my opinion, the obstruction of
the association of the elements in Figure 6 with anatomically defined components (e.g., sar-
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comere length and velocity with muscle fiber length and velocity, respectively) is a major
deterrent to the inclusion of a muscle SEE in a muscle model.

Muscle SEE, when associated with cross-bridge stiffness, can thus be neglected com-
pletely, with little inaccuracy, except when coordination studies involve short-tendon actua-
tors (see Equation 31 for how much inaccuracy occurs, and Section IV.B for how to define
“short-tendon actuators”). However, for completeness, cross-bridge compliance could be
summed with tendon compliance into one element in series with, but external to, the struc-
tures shown in the boxes in Figure 6,!0:12:2270.7% If mygcle and tendon were to constitute a
linear system, the I/O properties of such an actuator could be made indistinguishable from
the I/O properties of one having its muscie SEE as shown by the dotted line in Figure 6.40:50

Regardless, muscle stiffness will have to be modeled when short-tendon actuators are
subjected to quick stretches. The reason is that force transients will very much depend on
muscle stiffness. However, the modeling of stiffness per se,*' or movements in which quick
transients play an important part (e.g., the coordination of muscles at heel-strike during run-
ning), will probably demand more complex models than a Hill-type model (see Section V).

Finally, should thin myofilaments or Z-lines be shown to be extensible,?? contrary to
current belief 2788 the inclusion of a myscle SEE, as shown in Figure 6, would be justified.
In this case, the length of the CE would be associated with the length of the thick filaments,

and the length of the SEE would be associated with the summed length of the thin filaments
and Z-lines.

C. ACTIVATION DYNAMICS OF MUSCLE TISSUE
1. Excitation-Contraction Coupling (EC)

The information content of the neural excitation to a motor unit is contained in the se-
quence of motor unit discharges. Since the innervated muscle fibers discharge in virtual syn-
chrony with one another and with the discharges of the distal (muscle) end of the nerve fiber
and its branches, this excitation of neural and muscular tissue can be referred to as
“neuromuscular excitation”, or simply neural excitation (see Figure 4). Similarly, the neural
excitation of any set of simultaneously activated muscle fibers, where a lumped parameter
model is used to model the collective dynamics of the fibers, is specified by the discharge
sequence of the fibers.

Neural excitation (see Figure 4, u(t)) is coupled to the contractile machinery through an
intermediate variable, which is called muscle activation (see Figure 4, a(t)), or just activa-
tion, but otherwise is identical to Hill’s original notion of an “active state™.2932 EC cou-
pling is mediated by calcium dynamics.2593% The kinetics associated with the intracellular
processes of calcium activation and deactivation of the contractile machinery are often ap-
proximated by first-order dynamics to simulate the dominant (slowest) first-order chemical-
kinetic reactions of EC coupling.’>-%7 Important characteristics of activation (EC) dynamics
are that the rate constant for activation is greater than for deactivation, and activation has

54

Virtuaily all models used to study body-segmental coordination assume that activation
dynamics is uncoupled from the subsequent force-generating process (i.e., muscle contraction
dynamics). However, some studies in vitro suggest that EC coupling and cross-bridge me-
chanics are coupled, though the issue is far from resolved and the conditions defining such
coupling are unclear.58-93.98 For simplicity, I assume, as others have, that activation and
muscle contraction dynamics are uncoupled (see Figure 4),

2. Association of Activation with Isometric Force

The recording of isometric active-muscle force is a way of measuring muscle activation to
a specific neural excitation. In a model devoid of a muscle SEE, the muscie time-varying ac-
tive force FCE(t) is a function of only a(t), LM(t), and vM(t) (see Figure 6). In an isometric
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contraction, LM = constant and v™ = 0. FEE(t) is thus given only by the time-varying input
a(t). Since a(1) is assumed to scale the isometric, active muscle fl curve (see Figures 5A and
5B, solid lines), and LM is constant, the muscle active force FE(t) is proportional to activa-
tion a(t) in an isometric contraction.

However, if a model should include a muscle SEE, FE(t) would lag a(t), though it can be
shown that if the properties of the muscle SEE should be chosen to correspond to the stiff-
ness of the cross-bridges, this lag would be small relative to the lag caused by activation dy-
namics (unpublished results). Stated differently, I believe activation dynamics is the rate-
limiting step in force development in preparations devoid of tendon and muscle aponeurosis
elasticity (e.g., in isolated muscle fiber preparations); however, when such elasticity does
exist, as in situ, activation dynamics may no longer be rate-limiting (see Section IV.G).

Given the correspondence between isometric force and activation, it follows that muscle
activation is a complex function of the sequence of neural pulses. The reason is that the
twitch depends in a complex way on the past history of excitation (e.g., as evident by post-
tetanic potentiation and depression, and the manner in which force develops to a train of
pulses).’79%-1%1 However, nonlinear models of EC coupling based on calcium dynamics can
modei many of these properties.95-102 :

Finally, though activation of muscle can be associated with isometric muscle force, iso-
metric experiments on muscles are often, in reality, isometric experiments on the musculo-
tendon actuator (i.e., the length of muscle pfus tendon is held constant, rather than the length
of muscle alone). In this case, the force recorded does not represent the activation of the
muscle, but, because of muscle fiber shortening, instead represents a low-pass filtering of the
activation (see Section IV).

D. SINGLE-INPUT, SINGLE-OUTPUT (SISO) MODEL OF MUSCLE

Ideally, a model of muscle should account for the individual characteristics of motor units.
After all, it is the discharges of single motoneurons that excite individual motor units that
collectively generate the muscle force (see Figure 3). No such complex representation of
muscle has been used in models designed to study coordination, nor is such complexity
justificd at the moment (see below). In fact, very little experimental work has been done to
test the concept that the forces developed from individual motor units should sum to produce
muscle force (see Figure 3).!® Similarly, very few models have been developed to study the
integrated muscle force-generating capability of motor units that are simultaneously con-
trolled (excited) by desynchronized neural puise trains. it is even unusual to find models that
predict the collective force-output from muscle that is composed of different type motor
units, all of which are maximally excited (i.e., a(t) = 1). For example, the concepts noted
above and expressed in Figures 3, 5, and 6 suggest, trivially, that the net isometric muscle
force curve should be the sum of the individual motor unit fl curves. Unexpectedly, perhaps,
is the prediction that the net fv curve for muscle should have more curvature than the fv
curve of any one unit, if muscle tissue should be divided into motor units having different
maximum shortening velocities (unpublished analysis). Though this prediction may not be
well recognized, it has usefulness to the lumped-parameter modeling of muscle, which is
discussed next.

1. Rationale for a SISO Muscle Model

Most muscle models used in computer studies of coordination have one input, which rep-
resents the collective excitation of muscle, and one output (muscle force or, equivalently,
tendon force). Many of these models assume that the overall system can be adequately repre-
sented by second-order dynamics, i.e., a first-order dynamical process, associated with activa-
tion dynamics, cascaded and decoupled from another first-order dynamical process, associated
with contraction dynamics. Thus, the net neural excitation u(t) acts through the first-order
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activation dynamics to produce a net activation a(t) (see Figures 4 and 7), which sets a spe-
cific flv relation for muscle (see Figures 5 and 6). This flv relation. together with tendon
clasticity, establishes a first-order musculotendon dynamical process (see Section IV). Since
a muscle SEE is excluded in the specific formulation to be used in this review, tendon must
be included for contraction dynamics to be first-order (thus the name musculotendon contrac-
tion dynamics). If muscle should be assumed to have a SEE, a first-order contraction-dynam-
ics process would be associated with muscle, even in the absence of tendon. If both a muscle
SEE and a tendon should be included in a model, contraction dynamics would again be first-
order and the term musculotendon contraction dynamics would still be meaningful.
The major reasons for using a SISO model are

1. The dynamics to describe a motor task quickly becomes high dimensional. For a sec-
ond-order model of muscle, the number of state variables is (2m + 2n), where m =
number of muscles and n = number of degrees-of-freedom of the mechanical system
being used to modei coordination. The interpretation of data from computer simula-
tions having this number of state variables is challenging enough intellectually, and
the computational time required to solve such models is long when (m + n) is large.

2. The state variables associated with forces developed by muscles (i.e., FM or, equiva-
lently, tendon force) can be compared to forces computed from experimental data, For
example, the net moment about a joint produced from the forces of actuators crossing
that joint can be estimated from inverse dynamical analysis of experimental biome-
chanical data.!% This net muscle moment can be compared to the net moment derived
from a computer simulation of the task, which must contain both a model for the force
developed by each of the actuators as well as a model of each of their moment arms
(i.e.. a model of the musculoskeletal geometry).105

3. The state variable associated with muscle activation a(t) and the neural-excitation input
signal u(t) can also be related to experimental data. For example. experimental records
of EMG can be processed for comparison with muscle input and activation signals (see
Figure 7). The envelopes of the rectified EMG and of the filtered, rectified EMG can be
compared with u(t) and a(t), respectively.!7-19.7.106 Simple first-order dynamics can be
used to represent this EMG-to-activation process, including a bilinear differential equa-

tionl06
ddatt + [;l: (B +[1- B]“(t))] -alt) = (;l-:-) - u(t)

0<P=const. <1 O]

Notice that the rate constant (l—- B + (1 — Bu(r)]) associated with this first-order
dynamics is linear in the amoufit of excitation u(t), and increases when u(t) > 0, since
0 < B < 1. Therefore, in fully excited muscle (u(t) = 1), activation dynamics is
assumed to be at its fastest, having its highest rate constant of 1/T,.,, and at its slowest
when u(t) = 0, when its rate constant is only B/, Therefore, f is the parameter that
specifies the ratio of these two rate constants. Or, equivalently, this model assumes
that the time constant for buildup in activation of a fully excited muscle (i.e., T, is
less than the time-constant for full relaxation of activation (i.e., T,./B., defined as Tae.
act)y and B is the parameter setting the ratio of these two time-constants (i.e., B=

Taci/ Tdear). Thus, the time constants for buildup and relaxation of activation can be de-
fined:

Tace = fime-constant when muscle is fully excited (u(t) = 1)

Tgeacr = Tacr/B = time-constant when muscle is deactivated (u() =0) O <P<1} (2)
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Since activation and isometric tension are proportional (see above), one consequence of
this model is that active isometric force rises faster during excitation than it falls dur-
ing relaxation, a property of muscle that is well documented,!2-16.17.30-32.49,57.70.79.95-
97,102

4.  Even if the computational challenge is overcome, and modeling the constituent motor
units of muscle becomes intellectually desirable, techniques are unavailable to consis-
tently record unitary activity from many single-motor units during movement. Thus,
though unitary activity via computer models can be generated, comparisons with ex-
perimental data are impossible. Even the intermediate modeling step of grouping mo-
tor units into, say, two sets, a slow-contracting set and a fast-contracting set, does not
seem worthwhile, since the same experimental limitation applies.

Some models have dissociated the firing-rate control of a muscle from recruitment con-
trol.22:107 In a SISO model, these two controls are indistinguishable. Nevertheless, since the
EMG is monotone with each control (see Figure 7), the SISO model is at least consistent
with each (i.e., when u(t) increases in the model, the implication is that either already active
motor units discharge faster, or more motor units are recruited, or both). And given that both
the discharge rate and the recruitment of motor units increase with excitatory drive to the
motoneuronal pool, 33198 a single control u(t) (i.e., the EMG) can meaningfully be construed
as the net neural control signal to the muscle. Finally, if separate controls for firing rate and
recruitment should be invoked in models, there would agair be conceptual limitations; there
is neither a way to process the EMG nor a way to process unitary activity 1o arrive at either
a net firing rate or a net recruitment level without making many assumptions as to the un-
derlying unitary events. Thus, I believe the added complexity cannot be justified at this time.

The comments above presume that the muscle model wiil be used to study human
coordination. However, techniques have been developed to record unitary events in animals
during movement,'?” and there may well be a greater need for more complex models than
implied above. If the need for more complex muscle models should arise, the favorable im-
plication would be that coordination of animal movemnent would be better comprehended than
it is now.

2. Muscle Material Properties and Secaling

In medeling many muscles to study coordination, as in the modeling of any large-scale
system, trade-offs between simplicity and complexity in the model structure and between few
and many parameters must be made. To comprehend how muscles affect coordination of body
segments, a sizable number of body segments and muscles must be swdied. For practicality
and so that interactions among the body segments and muscles can be emphasized in a study
rather than the secondary and tertiary properties of any one muscle, it is desirable to develop
a generic muscle model that can be scaled by few parameters to represent a specific muscle.

From the above discussion, it seems reasonable to formulate a generic SISO model based
on the following material properties of muscle:

A dimensionless force-length curve of passive muscle {see Figure 8A)

A dimensionless force-length curve of active muscle (see Figure 8A)

A dimensionless force-velocity curve (see Figure 8B)

A dimensionless first-order activation-dynamics equation (e.g., derived from Equation
I; see below)

With this formulation, the muscle-specific parameters needed to scale the above material
properties to generate the structural and the dynamic properties of a2 muscle are
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FIGURE 8. Material properties of muscle tissue. (A) The generic, static properties of passive muscie (the
PE) and acrive muscle (the CE) are given by their dimensionless f curves. ™ and L™ are force FM and fiber
length L™ normalized by peak force F‘,‘ and optimal fiber length L:’. respectively. (B) The generic. dynamic
property of muscle (the CE) is given by its dimensionless fv relation. Note that ¥ is v normalized by the
maximum shortening velocity v, of the muscle (i.e., v™ = vMv, =MLY/t since «, = LM.; 7_ is calied the
time-scaling parameter). ’

Peak isometric active force (F:')

Optimal muscle fiber iength (LY

3. Ogtimal muscie fiber pennation angle (o) where @, is the fiber pennation when LM =
Iy

B

4.  Maximum shortening velocity v,,, normalized by LY (:c—)

where
L, Yo
tcglj,"

is called the normalized maximum shortening velocity and

T.=Liwv, 3)

is called the time-scaling parameter, in units of seconds.

Implicit to this formulation is that Fr and LY scale ail force and length quantities,
respectively (e.g., the passive and active fl curves). Basically, all models and experimental
paradigms invoke this assumption. Thus, the force- and length-retated material properties of
muscie are believed to be identical among slow and fast muscle tissue;”1'? however, force
per unit area may depend on tissue type (see below).

Also implicit to the formulation is that T, scales time, i.e., a dimensionless time can be

defined from Equation 3:
=(LlY).
T= (‘tc) t C))

Thus, the velocity axis of the fv curve is assumed to be scaled by the maximum shortening
velocity of muscle (i.e., by Lrl'cc = Vp, see Equation 3), and the force axis by Fr . which are
assumptions that are almost always invoked because of the plethora of supporting
experimental data.234957 Even though it is well known that fast and slow muscle tissue have
differently shaped fv curves (i.e., fast muscle tissue has less curvature),57-111-114 the
formulation above assumes identically shaped fv curves for all muscle tissue types (see
Figure 8A). Given that the focus is on the development of a SISO model, that most muscles
are mixed,'!3-16 and that model simplicity is desired, I believe this assumption fosters the
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acquisition of insight into the dynamical properties of muscles and musculotendon actuators.
The assumption can always be relaxed.'s

In the above formulation, all muscles are assumned to have the same activation dynamics.
Therefore, all muscles are assumed to have the same constitutive, dimensionless first-order
activation dynamics equation. One possible equation can be derived by first defining dimen-
sionless activation and deactivation time constants, analogous to those in Equation 2.

Tar = Tao/ T = dimensionless activation time constant
T deact = Tdeact/ Tc = Tae/P = dimensioniess deactivation time constant (3
and then substituting Equations 5 and 4 into Equation 1:

act Tacr

0 <P = const. <1 ()]

dam , [:‘-- (B + 11 -] u(r))] () = (L) u(o)

Notice from Equations 2 and 5 that B is the ratio of the activation time constant to the deac-
tivation time constant. regardless of whether the time constants are expressed in units of
time or are dimensionless (i.e., B = T,c/Tgeact = Tact/ Taeacr)

So, the question becomes, Is it reasonable to assume that activation dynamics is muscle-
independent except for time scaling? I beiieve the answer is yes. But before presenting the
rationale, recognize that a direct consequence of this assumption is that isometric muscle-
force trajectories are being assumed to be muscle-tissue-type independent, except for scaling
in force and time. The rationale is based on the fact that activation dynamics of slow and fast
muscle tissue differ in time scaling by about the same amount as their 1 values. That is, it
is known that the normalized maximum shortening velocities (i.e., v,,,IL':) of slow and fast
muscle tissue differ by about 2 to 3 times.7-111.113.114.117.118 The activation dynamics of
these tissues also differ by about 2 to 3 times, as is evident by both the twitch contraction
time and the time constant for isometric force development during maximal excita-
tion,53.56:57.114.118-120 ‘Therefore, an approximation to modeling activation dynamics of slow
muscle tissue is to model it exactly as one does fast muscle, except for a scaling in time.
The scaling factor is given by the ratio of their normalized maximum shortening velocities
or, equivalently, by the ratio of their 1_ values.

Can the number of muscle-specific parameters be reduced further? Fy and L are not
candidates, since they differ greatly, at least among limb muscles in animals and
humans.#121-125 It should be noted that the physiological cross-sectional area (AM) of muscle
(i.e., total area normal to the longitudinal axis of the muscle fibers) is used at times to
estimate Fr.125 When AM is used to estimate Fy, a value for muscle stress is assumed. And
indeed, muscle stress, or “specific tension™ (F.‘,‘l {fAM), may vary among slow and fast muscle
tissue, though the topic is controversial #!:5356.57.119.126 However, muscle stress does not
have to be employed to formulate a muscle model (e.g., as shown here), since force, not AM,
is the quantity of interest. If muscle stress should be used, I believe values from single-fiber
experiments (ca. 350 kPa)'!2!1%127 would be more rcliable than values from whole,
multifibered muscle preparations because in the latter (1) some fibers may be inactivated, (2)
pennation causes less (tendon) force to be measured than the muscle develops (see Section
IV.H), and (3) the experimental paradigm for estimating peak isometric muscle force is
flawed when tendon (either internal or external} is inciuded in the preparation (see Section
Iv.C).

The optimal muscle fiber pennation angle o, is a candidate for elimination. oo, is less
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than 15° in most of those human muscles in which it has been measured, and these amounts
of pennation are expected to barely affect the static and dynamical properties of the musculo-
tendon actuator (see Section IV.H).*'-3 For clarity, unless otherwise noted, the discussion
below assumes o, = 0.

When each of many mixed fiber-type muscles is to be described by a S/S0 model, it may
be reasonable to assume that normalized maximum shortening velocity (1/1¢ = v/Lt) is
muscle-independent. Assuming that fibers do not develop compressive forces (however, see
Edman™), the reason 1. can be assumed to be muscle-independent is that a fully activated
mixed muscle will exert tension until the maximum shortening velocity of the fastest
muscle fiber is reached.'?® When modeling mixed muscles, therefore, it seems reasonable to
assume that the velocity-axis intercept at a(t) = 1 corresponds to the maximum shortening
velocity v,, of fast muscle tissue. which at 37°C is about 10L. - 5-1,57.111-114,118.128.129 Thyg
1/1c = 10571, ort. = 0.1 - 5, can be assumed for all mixed muscles.

To conclude, for mixed muscles only two rather than four muscle-specific parameters are
needed to determine the static and dynamical properties of a specific muscle: F? peak
isometric active muscle force and LY, optimal muscle fiber length, since o, = 0 and T, = 0.1

* s. For highly pennated muscles, another parameter is required: ¢t,, optimal muscle fiber
pennation angle. And still another for muscles with very different normalized maximum
shortening velocities: 1., the time-scaling parameter (reciprocal of the normalized maximum
shortening velocity of a muscle (see Equation 3).

III. PROPERTIES AND MODELS OF TENDONS

A. PROPERTIES OF TENDONS

Tendon, as defined in this review, consists of a portion extemal to muscle (i.e., the exter-
nal tendon), and a portion intemal to muscle (i.e., the aponeurosis of the muscle, called the
internal tendon) (see Figure 1). Data suggest that the same strain is experienced throughout
internal and external tendon.>?*® (Tendon strain €7 is deﬁned by the amount of tendon stretch
relative to its resting, or slack length, i.e., e7 = LT/L. = (LT - L )/L,, where L, is the
length on elongation at which tendon just begins to develop force. L} is called tendon slack
length in this review.) It is also convenient 10 assume that the material (stress-strain)
properties of external and internal tendon are the same. 37 (Tendon stress o7 is defined by
the ratio of tendon force FT to tendon cross-sectional area AT, i.e., 67 = FT/AT.) For all parts
of a tendon to experience the same strain, therefore, each must experience the same stress.
For stress to be the same throughout the internal tendon, the cross-sectional area of the
internal tendon must increase with proximity to the external tendon, assuming internal
tendon force increases with proximity to the external tendon (refer to Figure 1). If all these
assumptions should be fulfilled, then the aponeurosis, to which each muscle fiber attaches,
would stretch by the same amount. Thus all muscle fibers would change length by the same
amount. Many of these assumptions on the relation between muscle fibers and tendon have
not been experimentally verified.

Though tendon properties are complex.!30 one important property relevant to coordination
studies is its stress-strain relation (o7 vs. €T curve) (see Figure 9A). The tendon tangent
modulus of elasticity (i.e.. the slope of the tendon stress-strain curve, do7/deT) increases with
strain at low strains (the toe region), and then is constant (the linear region) at higher strains
until failure, which occurs at about 10% strain and 100 MPa.!**133 Data from many studies
show directly, or suggest to me through analysis, that (1) the tendon tangent modulus in the
linear region is (nominally) 1.2 GPa (range: 0.6 to 1.7 GPa), and (2) the linear region begins
when tendon is stretched to 2% (range: 1.5 to 4%), or stressed to 16 MPa (range: 5 to 30
MPa).3%.131-142 However, the stress-strain response can be both short and long time-history
dependent. 130143 For instance, tendon must be stretched to consecutively longer lengths dur-
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ing the first few cycles of application of repetitive cyclic loads in order to develop a small
stress (e.g., 1 MPa),'#* and exercise can increase the tendon tangent modulus in the toe re-
gion.!3137 On the other hand, the tendon stress-strain response appears to be independent of
strain rate during locomotion. }34.138.140.142 Finglly when tendon shortens at physiological
rates, it loses 6 to 11% of its energy. 38142

B. MODELS OF TENDON

Tendon is assumed to be elastic or viscoelastic in almost all models used to study coordi-
nation, and, in some, its elasticity (or the combined elasticity of muscle and tendon) is as-
sumed to be linear as well.!5-145-147 [n the model developed here, tendon is assumed to be
elastic, though if it should be assumed 1o be viscoelastic, musculotendon dynamics would
still remain second-order, and the analysis techniques employed below would also remain ap-
plicable. In many models tendon elasticity is combined with the elasticity of muscle (i.e.,
muscle SEE), and this overall musculotendon elasticity is defined and referred to as the SEE
(see Section IL.B). Expressions and parameters used to specify this overall musculotendon
elasticity are typically based on studies of “whole muscle”, where some or all of the muscle
aponeurosis is included in the “muscle” preparation and, at times, some or all of the external
tendon as well 29-31.70.90.111.148-150 A5 didcussed earlier, I prefer to ascribe all series elasticity
to (internal and external) tendon.

To model many tendons having unknown force-length (FT vs. L) curves, I favor the scal-
ing of a generic force-strain curve (FT vs. €7 curve) by two parameters specific_to an in-
dividual musculotendon actuator (i.e., peak active muscle force F} and
Li). A generic force-strain curve can be formulated by making two assumptions. First, a
nominal, tendon-independent stress-strain relation is assumed based on the material properties
of tendon (see above and Figure 9A). Second, the strain in tendon when its force equals peak
isometric muscle force Fo (call this strain £1) is assumed to be musculotendon-independent.
The corresponding tendon stress will also be musculotendon-independent {call this stress o)
(see Figure 9A; ™ = o. = 32 MPa when €7 = £, = 0.033, which occurs when FT = F2). An
implication of these two assumptions is that the ratio of tendon cross-sectional area 1o
muscle physiological cross-sectional area is musculotendon-independent. Unfortunately, there
are only scant data in direct support of this suggestion, 123.151.152

Once €, is assumed and &, is specified, the generic force-strain (F vs. €7) curve can be
found from the stress-strain curve of tendon by using g, to normalize stress (compare Figure
9A with Figure 9B). It is helpful to recognize that (1) normalized tendon stress o7 is equal to
normalized tendon force F7 (see Figure 9B) and (2) tendon strain €” is a normalized quantity
related to a normalized tendon length (i.e., e"=[LT- LI]/LI = [LT/L:] — 1. Thus, the generic
force-strain (F7 vs. €7) curve is dimensionless and equals the normalized stress-strain (G7 vs.
€T) curve (see Figure 9B). To obtain the fl curve of a specific tendon from the generic force-
strainTcurve, ¥7 is scaled by Fs, since FT = FT. Fy, and €7 is scaled by L., since L7 = (€7 +
1)-L..

The obvious question is what shqruld £, and Gy, be? Data from many studies suggest that
an appropriate (nominal) value for €, is 3.3% (range: 2 to 9%), corresponding to a nominal
value for G, of 32 MPa (range: 14 to 84 MPa)3.363%.142.153-155 The values of G, = 32 MPa
and &, = 3.3% also seem reasonable given the following perspective. Since the highest force
expected in tendon is 1.3 to 1.8F, (ie, corresponding to a fully activated muscle that is
being stretched), and since tendon fails at about 112 MPa and 10% strain, these values for

T T . . . . .
o, and €, give a safety factor of 1.9 to 2.7 times for tendon failure (i.e., tendon fails,
nominally, when its force is 3.5F%; see Figure 9B).'52 However, tendon properties, and
specifically the stress and strain corresponding to Fo. may well differ among actuators,
especiaily since tendon does rupture.!5¢ Nevertheless, the approach to the following analysis
would still be valid; only a trivial parameter change would have to be invoked to make
tendon more or iess compliant.
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Because tendon is very compliant at low stress. estimates of tendon strain at low siress
are poor and contribute to the poor estimates of £r, as evident by the wide range in E: given
above. For instance, as mentioned above, the strain at which stress is barely detectable
increases on repetitive loading of the tendon.'** Since there will be very little energy stored
at these strains where stress is barely detectable (i.e., at strains up t0 3%). my preference is
to account for these uncertainties in strain by assuming that they are just uncertainties in
estimation of tendon length at rest (i.e., terdon slack length L}). With this approach, the
stress-strain curve can be specified with much more confidence (e.g.. see Figure 5A), and the
dimensionless force-strain relation (e.g., see Figure 9B) may have more validity.

In summary, assuming that the stress-strain property is tendon-independent, as well as the
strain in tendon when its force is Fo. then only one parameter is specific to each tendon.
That parameter is the length on elongation at which it just begins to develop force (i.c.,
tendon slack length, L1). Obviously, models could more accurately replicate the detailed and
specific properties of each tendon if more complexity in model structure and more tendon-
specific parameters were allowed. For simplicity, I feel that a constrained model of tendon is
currently warranted when many tendons need to be modeled (e.g., in studies of coordination).

To conclude, tendon can be defined by a generic dimensionless force- {or dimensionless
stress-} strain curve that is musculotendon-independent (see Figure 9B). Only two parameters
are needed to scale this curve to obtain the force-length curve (F vs. LT curve) of a specific
tendon: L., tendon slack length and Fy. peak isometric active-muscle force. Notice that only
one of these parameters is tendon-specific (LI); the other (F':) is muscle-specific.

IV. PROPERTIES AND MODELS OF MUSCULOTENDON
ACTUATORS

A. THE MUSCULOTENDON ACTUATOR: WHY MUSCLE AND
TENDON FUNCTION AS ONE ENTITY

Though muscle and tendon can be studied in isolation and their individual properties
found, muscie and tendon function together. It is their integrated function that defines the
properties of the musculotendon actuator. Indeed, the interaction of muscle and tendon has
long been known. For example, muscle physiologists, including Hill, recognized that the
determination of the properties of the contractile apparatus of muscle-tissue requires either
the elimination of the series elasticity from the preparation (regardless of whether the
elasticity resides in muscle, tendon, or the experimental apparatus) or, if series elasticity
cannot be eliminated experimentally, its effect to be “subtracted” from the observations. 293!

Not only do muscle and tendon work together as an actuator (see Figure 10A), but they
work together with the dynamics of the body segments. The reason interaction with the body
segments occurs is that the force generating capability of an actuator is affected by its length
LMT and velocity vMT, which depend on the position and motion of the body segments. And
body-segmental kinematics, in turn, depend on the force FT of each actuator. Thus muscle,
tendon, and body segments constitute a coupled, muitiple-input multiple-output (MIMO)
feedback system (see Figure 10A).

This section will focus on only the properties of the musculotendon actuator: the proper-
ties of the complete MIMO system are not reviewed. Furthermore. tendon interacts with
only the contraction process of the muscle tissue (e.g., see Figures 4 and 6); tendon has no
interaction with the muscle activation process (see Figures 4 and 7) because activation is as-
sumed to be uncoupled from the subsequent mechanical events. The combined function of
tendon and muscle contractility is specified by their integrated dynamics (see Figure 10B}.
Notice that musculotendon length EMT, velocity vMT, and force FT affect only musculotendon
contraction dynamics (see Figure 10B). Thus, musculotendon contraction dynamics will be
emphasized and analyzed separately from activation dynamics.
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FIGURE 10. Block diagram 1o show the intcraction of tendon and muscle in the
generation of tendon force FT. Tendon force equals muscle force FM because muscle fibers
are assumed to be fusiform. (A) Diagram to show that musculoiendon actuators work
together with the body segments as a sysiem to generate the forces that propel the body.
(B) The dynamics of an actuator are composed of ectivation dynamics and musculotendon

contraction dynamics. Notice that activation and musculotendon contraction are assumetd
to be uncoupled. and that actuator length LM” and velocity v™* affect only musculotendon
contraction dynamics. Musculotendon contraction represents the integrated dynamical
process of muscle and tendon working together. (C} Musculotendon contraction

dynamics is given by the interaction of muscle contraction dymamics and tendon
compliance. Notice that muscle contraction is influenced by muscle fiber length L™ and

velocity v™ (i.e., the fiv relation of muscle). Fiber length and velocity do not have a fixed
relatienship to actuator length L™T (origin 10 insertion distance) and velocity v*T because
tendon has compliance and changes length as force changes. The trajectory of force
output FT(1) is given by the input trajectories LMT(r), v*7(t), and a(t), where a(1) is given by
the neural input trajectory u(t) (sec activation dynamics in B).
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The understanding of musculotendon contraction demands knowledge of how tendon com-
pliance affects the dynamics. When tendon compliance is high, force output causes signifi-
cant feedback onto the muscle fiber force-generating process (see Figure 10C). Notice that
feedback exists because muscle fiber length LM and velocity v™ are not mere reflections of
actuator length LMT and velocity vM™, but instead differ by the length of tendon LT and its ve-
locity v'. For example, suppose a musculotendon actuator should be lengthened by ALM™ and
held there. In a compliant tendon actuator, muscle fibers would have to lengthen only a lirtle
in comparison to ALMT. The reason is that the highly compliant tendon would stretch a lot,
and this stretch, not muscle stretch, would accommodate the stretch imposed on the actuator.

Highly compliant tendons, through the effects of tendon length and velocity (see Figure
10C), can also cause the velocity of the musculotendon actuator vMT to be opposite in direc-
tion 1o the velocity of its muscle fibers vM. That is, at times, the origin-to-insertion distance
of an actuator can lengthen while its muscle fibers shorten, or shorten while its muscle
fibers lengthen. The exact conditions mitigating opposition between muscle fiber and actua-
tor motion are important because a mechanism commonly hypothesized for efficient force
production is that activated muscle fibers stretch before they shorten 84.85.157-159 However,
muscle fiber length is rarely measured directly; instead, musculotendon length is measured.
Thus the assumption that changes in muscle fiber length mimic changes in musculotendon
length may be invalid, especially for highly compliant actuators, and demands careful
scrutiny.’8

The question is, of course. when should tendon compliance be considered high? A generic,
dimensionless model of the actuator facilitates answering this question because dimension-
less musculotendon parameters, which define the properties of the actuator. can be found.

B. THE DIMENSIONLESS MUSCULOTENDON ACTUATOR:
FORMULATION AND DEFINITION OF ITS PARAMETER

From the tendon mode) and the SISO-muscle model developed previously, an individual
actuator can be modeled by specifying five parameters: one tendon-specific parameter (tendon
slack length [LI]). and four muscle-specific parameters (peak isometric muscle force [F:'],
optimal muscle-fiber length (L:,' ), optimal muscle-fiber pennation angle ({o,]), and the time-
scaling parameter derived from the maximum shortening velocity of muscle (5 )2

Since three physical quantities are associated with actuator dynamics (force, length, and
time), a dimensionless model generic among all actuators can be formulated. Choosing Fy,
LY, and 7, as scaling parameters for force, length, and time, respectively, and assuming that
pennation is zero for simplicity, the model has only one parameter. This one dimensionless
param_g}er isTterLdon slack length, normalized by optimal muscle fiber length. and is defined
tobe L,=L,/L.

In such a dimensionless formulation, therefore, the dimensionless properties of any
actuator are given by only the ratio of tendon slack length to muscle fiber length ! To find
the absolute properties of a specific actuator, the dimensionless properties are scaled by Fo.
LY, and 7.. Since activation dynamics is assumed to be unaffected by muscle fiber length or
tendon slack leng'tP. ! has no effect on activation dynamics. The emphasis below is
therefore on how L, affects musculotendon contraction dynamics.

What are realistic values of this ratio 17 An estimate of actuator i can be obtained from
measurement of the length of its muscle-fibers (L:‘) and its origin-to-insention distance {i.e.,
Lf," + L:). Table 1 lists LT for some human and cat lower-extremity muscles. Notice that in
both human and cat muscies the trend is for i1 to be smaller in proximal muscles, and that
cat muscles generally have lower ratios than human muscles. However, for other species,
specifically animals with long extremities, 40153 1 will be higher than even the values
listed in Table 1 for human muscles. Using data of human upper-extremity muscle fiber
lengths, 123424  estimate the heads of the biceps and triceps muscles to have ratios between |
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TABLE 1 T
Tendon Slack Length to Muscle Fiber Length Ratio (L) for Human and
Cat Lower-Extremity Muscles

}_-[umTan' z Ca%"
(Ly =LY (L] =LyLYY

Plantarflexors

Soleus 11 2

Gastrocnemius 9 3

Others 7 6
Dorsiflexors 3 2
Quadriceps

Vast 3 3

Rectus femoris 5 4
Hamstrings

Semitendinosus 2 1

Semimembranosus/biceps (long) 7
Hip uniarticular muscles 0.2¢ 1

Muscle fiber lengths (L:‘) were obtained from Bobbert et al.? Alexander and Vemon,** Wickiewicz et al 1?2
and Huijing.'5®

Muscie fiber lengths were obtained from Rack and Westbury,”® Walmsley and Proske,”! Sacks and Roy,!?!
and Roy et al.'é'*

L, was calculated by subtracting L:' from the origin-to-insertion distance of the musculotendon actuator,
estimated from apatomical measurements.

9 These ratios of I were obtained from Hoy et al.'é!

b

<

and 2, and the long forearm muscles, which extend and flex the wrist and fingers, to have
ratios between 3 and 8. Thus the trend for proximal muscles to have lower tendon slack-
length to muscle fiber-length ratios (f:) seems also to exist in the upper extremity.

Since an actuator that has a ratio of .7 = 1 functions very differently than one having a
ratio of f: = 10 (see below), stiff and compliant actuators can be defined. Because tendon s
elastic, tendon compliance is proportional to tendon slack length. Thus, an actuator can be
said to be highly compliant when it has a i1 so large as to significantly affect its properties
(e.g., il = 10). Simiiarlx, a very stiff actuator i$ one with a 7 so small as to have no
significant effect (e.g., L =1). Importantly, an actuator is not necessarily compliant just
because it has a compliant or long tendon. Whether an actuator is compliant depends on the
ratie of its tendon slack length to muscle fiber length (ﬂ). Though [ refer to actuators as
being compliant or stiff in the following discussion, and as having long or short tendons, I

am actually referring to actuators that have high or low ratios of tendon slack length to
muscle fiber length.

C. THE DIMENSIONLESS MUSCULOTENDON ACTUATOR: STATIC
PROPERTIES

How is the fl relation of the musculotendon actuator affected by the ratio of tendon slack
length to muscle fiber length L7 One important, though uninteresting effect is that the
actuator has 10 be longer than the length of muscle fibers by an amount equal to the tendon
slack length L7 in order to sustain force. Otherwise the tendon is slack and muscie fibers are
too short to generate force (i.e., for FT = F* > 0, LMT > L, + 0.5L%, Figure 5A, or,
equivalently, for F¥ = B > 0, IMT > L + 0.5, Figure 8A). Refer to Figure 11 for the
definitions of dimensionless lengths (e.g., LMT) and dimensionless forces (e.g., FY).

Of more interest is the amount by which an actuator must be stretched, beyond that
needed 1o stretch its muscle fibers, to accommodate an increase in force, Figure 12 shows
how tendon stretch (AT..‘) of a somewhat stiff actuator (i,T = 3) or a very compliant actuator
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Musculotendon Actuator

P Fr
———— ] Muscle Tendon ot
FM FT
¢ M 1 lT
o -
¢ M7 A
?MT

FIGURE 11. Definition of muscle, tendon, and musculotendon (actuator) forces,
lengths, and velocities. Muscle is assumed 10 be fusiform (@, = 0). All forces . FH
and lengths (LY, LT, LM) can be normalized by peak active muscle force F 2 and
optimal muscle fiber length (Ib, respectively, 1o form dimensionless forces PLFD
and lengths (LM LT, LMT). All velocities (v™, ¥*, vM7) can be made dimensionless by
normalizing with respect 1o the muscle maximum shortening velocity (vq = Lo /Q)
(e.g., ¥MF = dLMfdt = LMt - [TJL':] = yMT/y_). Parameters can also be made
dimensionless: the ratio of tendon sjack leagth o optimal fiber length is given byl
=LJALY, and peak active force FY and optimal fiber length L™ become one when
normalized.

(f: = 15) affects the shape of the actuator fl curve (i.c., ET vs. LMT curve), assuming the
muscle to be fully activated a(t) = 1. For the stff actuator, the muscle fl curve is distorted
little {sec Figure 12A), but the compliant actuator causes much distortion (see Figure 12B).
Notice that the range of lengths where the compliant actuator operates on the ascending
region of the fi curve of its muscle fibers is almost 2 times the range of the stiff actuator
(see Figure 12, compare “bars”). In fact, for the mode! being used here, the amount of stretch
in tendon when E7 = 1 (i.e., when FT = F}) is (s Figure 9B)

AfT=0033 . I F = 1orFF=F, M

Thus the actuator length range associated with muscle fibers operating on the ascending re-
gion of their fl curve is :

(aiw) = (atw), _ + (afv) . =05 R (0.033-10) ®)
F :0—=F¢ Fo—F

o :HF°
In absolute quantities, Equation 8 becomes

ALMT =05+ {0.033L] 9
( )FT: A ( ) &

o—F,

To conclude, because of tendon stretch, very long tendon actuators (€.g., LI = lSL':) need to
be streiched beyond what muscle fibers alone would have to be to accommodate peak
isomertric force Fy (see Figure 12 and Equation 9}.

Next 1 would like to caution readers that fl curves of “muscle tissue” reported in the
literature may often be erroneous. Before | explain how such errors can arise, remember how
experiments are performed to estimate the fl curve of a muscle. The muscle, with some or all
of its tendon attached. is held isometric and fully activated, and tendon force above the base-
line is measured. An isometric fl curve is constructed from such measurements. The curve so
constructed is the fully activated actuator fl curve. The actuator is then put at the same mus-
culotendon lengths as the fully activated actuator had been, and passive force is recorded. At
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each musculotendon length, the measured passive force is subtracted from the measured fully
activated force. The net force vs. the musculotendon length relation is called {putatively) the
fl curve of the muscle.

To show that the fl curve obtained in this way can indeed be a misrepresentation of the
“actual” fl curve of muscle, consider the following results of a simulation of such an exper-
iment, where the preparation is assumed to be a very long tendon actuator (i.e., [ = 16 see
Figure 13). The simulated, passive fl curve of the actuator (bold dotted line) is subtracted
from its fully activated fl curve (bold dashed line) to obtain the net force vs. the
musculotendon length curve (bold solid line, Estimated). Notice that this {putative) fl curve
of “active muscie” (bold solid line, Estimated) differs significantly from the actual fl curve of
mauscle used in the simulation (thin solid line, Actual). Importantly, peak muscle force is
underestimated (solid circles), and the range of active muscle force generation is
overestimated (compare the two bars). Also, the stretch minimally needed for the actuaior 10
develop passive force (i.e., ALMT = L:') is less than the stretch needed for the actuator o
develop peak active force (i.e., ALMT = 1.2LY), even though the simulation had muscle
generate passive force only at lengths longer than that needed for muscle to develop peak
active force.

The reason the estimated fl curve of the muscle fibers differs from the actual one is that
muscle fibers are not at the same length when passive- and activated-muscle force measure-
ments are made, even though the length of the musculotendon actuator is. The muscle fibers
are at different lengths because tendon is stretched by unequal amounts due to the different
forces in the tendon when the actuator is passive and activated. A correction for tendon
stretch is thus necessary to accurately estimate the active fl curve of the muscle.?3!
Unforwnately, the length of tendon free of the tendon clamp has rarely been reported; so cor-
rections and comparisons among studies will be difficult to interpret. The length of tendon
included in the preparation should be reported so that results of any given experiment can be
reproduced. Finally, since peak active muscle foree can be underestimated, muscle stress may
also be underestimated. Such low estimates may explain the difference in the muscle stresses
estimated from in vivo and in vitro muscle tissue experiments (see Section iLD).

These distortions will be most prominent when muscle is highly activated, as illustrated
above, because high forces are then developed. The influence of tendon on the static proper-
ties of actuators will be much less when muscle fibers are submaximally activated (i.e., a(t)
< 1) because the smaller forces in tendon will cause it to stretch less. Changes in muscle
fiber length will then better match changes in musculotendon length.

D. THE DIMENSIONLESS MUSCULOTENDON ACTUATOR: DYNAMIC
PROPERTIES, GENERAL CONSIDERATIONS, AND
DEVELOPMENT OF A LINEAR MODEL
Musculotendon actuator dynamics is second-order, and can be divided into two first-order
processes (see Figure 10}. Activation dynamics (one first-order process) has already been pre-
sented in dimensionless form (see Equation 6) and is unaffected by the ratio of tendon slack
jength to muscle fiber length (L. A dimensionless model for musculotendon contraction
dynamics (the other first-order process) is developed next.162
In this and the next two sections, emphasis is given to the effects of i7 on
musculotendon contraction dynamics and how models of this dynamics can be applied to
analyze the function of actuators during specific motor tasks. For example, does an actuator

behave as a spring in one motor task, as a dashpot in another, and as a CNS-controlled force
generator in still another?

1. Musculotendon Contraction Dynamics: Nonlinear Model
To assess actuator function in a motor task, a dimensioniess dynamical model is devel-
oped. To develop the model, the dimensionless rate of change in tendon force dFT/dt must be
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given in terms of the di_gneng'ionless stattbzﬂ variables, which are tendon force Fr= (f-" =FVF:1).
muscuhl'otendon {ength LMT (LM = LMY/L;), and musculotendon velocity YMT [GMT = gL MT/dt =
WMTi(L./1.)] (see Figure 11 for definitions). First, however. let absolute stiffness and

dimensionless stiffness of tendon be defined:

kT= : S = the absolute tendon stiffness. and

kT=kT- (L:‘/F': ) = the dimensionless tendon stiffness {10)

Notice that kT is proportional to k: by the ratio of optimal muscle fiber length to peak
isometric muscle force (i.e., by LY/FY. It is easy to show from Equation 10 and the

definition of FT and "L: that
~ (dFT) 1
K= (&?) . E (1 l)

Notice that dFT/deT is obtainable from the ¥ vs. €7 curve (see Figure 9B) and depends on F,
which is the physical (state) variable of interest. Thus, dimensionless tendon stiffness kT
depends on the current force ET. It also follows from Equation 11 that dimensionless tendon
compliance, defined as 1/, is proportional to [T and dimensionless tendon stiffness is
inversely proportional to L..

The key to expressing dimensionlessly the contraction dynamics of an actuator is to first
find the muscle fiber velocity for a given muscle force, fiber length. and activation using a
Hill-type model (see Section IL.B), then to sum this function for muscle fiber velocity with
tendon velocity. and finally to recognize that the summed velocity is the velocity of the ac-
tuator. Since the fiv relation of a muscle can be written as

W= f(LM, FM, a(1)) (12)

v=Dwr D= @+ A

L. = const
FT=F (13)
then with Equation 13 into Equation 12
W= £ (LM FT, a(t)) (14)

Recognizing that dFT/dt is proportional 1o tendon velocity ¥vT. which is the difference
between musculotendon velocity YT and muscle velocity v™ (see Figure 11), then

ol L — -
e kT - [vMT —vM] (15)

From Equations 14 and 15. musculotendon contraction dynamics can be expressed dimen-
sionlessly:

&k [ g, Facen] (1e)
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FIGURE 14. Block diagram of muscuiotendon contraction dynamics. Notice that activation
a(t), and musculotendon length L7, and velocity vMT are inpurs 10 the musculotendon
actuator. Force FT =P is the outpur.

In summary, Equation 16 is the contraction dynamics of the actuator expressed dimen-
sionlessly, and the ratio of tendon slack length to muscle fiber length L. is the only actuator-
specific parameter. Once ilis given, the dimensionless dynamics are specified. The acrual
dynamics of a specific actuator can be found by using F3, LY, T, and Lrl‘rc to scale all
dimensionless force, length, time, and velocity variables, respectively. (L:'.‘,f‘l:c is the
maximum shortening velocity of muscle. v, ; see Equation 3.)

The dimensioniess dynamics (i.e., Equation 16), when expressed as a block diagram (see
Figure 14), shows that actuator length and velocity (LM and VM) are inputs to the actuator,
just as muscle activation a(t) is. Thus, alt three inputs interact and affect force generation F.
Expectedly then, the actuator has at times been considered to act as a spring, where its force
output FT depends only on its length LM7, and at other times as a dashpot (or “viscous”
element), where its force output depends only on its velocity vMT, and still at other times as
an independent, CNS-controlled force generator. where its force output depends only on its
neural input u(T) (equivaleat to a(t), after accounting for activation dynamics).!63-164

To ascertain whether an actuator behaves like a spring, a dashpot, or an independent,
CNS-controlled forcs 1gem.:mtor, the dimensionless dynamics of the actuator must be known
(e.g., Equation 16), L, must be given, and the frequency content of the input signals must be
specified. However, only the frequency content of length L™7(t) and activation a(t) must be
known. The reason the frequency content of VMT(1) does not have to be specified is that it
has a one-to-one correspondence to the frequency content of f,’“"(t) since vMT{T) is the
dimensionless rate of change of LMT (i.e., dLMT/d1).

2. Musculotendon Contraction Dynamics: Linear Model

To show how dimensionless dynamics can be employed to assess whether an actuator op-
erates as a spring or a dashpot, for example, the dynamics given in Equation 16 will be sim-
plified. Of course, for exactness, computer simulation can be used in lieu of the following
analysis. Assume all muscle and tendon properties are linear (see Figure 15). Tendon streich
is assumed to be linear in tendon force (see Figure 15A), from which k=130 IL,T follows.
Muscle is assumed to have a fv curve that scales with a(t) (see Figure 15B).!% Reasons were
given in Section ILB for why the velocity-axis intercept can be assumed to scale with a(t).
Another one is based on the fact that in mixed muscles, and perhaps in homogeneous
muscles as well, when a(t) is low, only muscle fibers slower than the fastest are
recruited.33-165.166 Since mixed muscles are the focus of the examples discussed below, and
since slow fibers have a slower maximum shortening velocity than fast fibers, once again
scaling the velocity-axis intercept seems justified.

Each of two cases will be analyzed to show how dimensionless dynamics can be used to
assess whether an actuator functions as a spring or a dashpot. Muscle fiber movement is as-
sumed to be restricted to the flat region of its fl curve in case | and to the ascending region
in case 2 (see Figure 15C, dashed and solid lines. respectively). Also, in case 2, muscle fiber
length LM is assumed 1o scale the fv curve (see Figure 15D), i.e, when LM <1, the velocity-
and force-axis intercepts are assumed to be reduced proportionately with isometric force
{compare points [a} and [b}] in Figure 15C with lines [a] and {b] in Figure 15D).
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E. MUSCULOTENDON CONTRACTION DYNAMICS WHEN MUSCLE

OPERATES ON THE FLAT REGION OF ITS FL CURVE (CASE 1)
Actuator dynamics is first developed and analyzed, and then I will show how the dynamics
can be utilized to study, for example, the function of hip actuators during walking. To de-

velop the dimensionless dynamics when muscle operates on the flat region of its fl curve,
recognize from Figure 15 that

-VM=a(t)- ™ an
and with Equation 17 into 15 the dynamics becomes (since Fr=F™y:
d:'r—t+ (ET N a(v)] (18)

How an actuator operates can be found by expressing Equation 18 as a block diagram and
analyzing its frequency response (see Figure 16). Notice from Figure 16A and the left side of
Equation 18 that force develops with a lag with time constant 1/,

One way to view an actuator is as a force generator driven by errors in an activation-
controtled velocity set-point. Figure 16A shows that force output FT depends on the sum of
its lengthening velocity V¥T(1) and its activation a(t} or, equivalently, the difference between
its shortening velocity and its activation. As long as the shortening velocity and the
activation of an actuator differ, an error signal will be generated and, after a lag, force will
develop that is proportional to this difference.

Another way to view an actuator is as a low-pass filter to activation a(t) and a high-pass
filter to actuator length M7, with both filters having the same cut-off frequency W, (see
Figure 16B). For a frequency response analysis, recognize that VMT does not have to be
considered as an independent input, since it is specified once LMT is specified (i.e., VMT=d
IMTdr). Thus, when length LMT changes slowly, the actuator responds to musculotendon
velocity and acts as a dashpot, since actuator gain to length LMT increases with frequency
(see Figure 16B, left plot, @ < @ ). For high-frequency changes in length, the actuator
responds to musculotendon length and acts as a spring, since its gain is constant with
frequency (Figure 16B, left plot, ® > @,). Similarly, the actuator responds direcdy to its
activation when activation changes slowly, since its gain is then flat, and it responds to an
integrated activation signal otherwise, since actuator gain falls at high frequencies (see Figure
16B, right plot). The dimensionless cut-off frequency @, of an actuator can be used,
therefore, to assess how the actuator will respond to its inputs.

The dimensionless cut-off frequency of an actuator @, depends only on its tf{_idon slack
length to muscle fiber length ratio L. In fact, @, is inversely proportional to L, (ie.. @,
= kT =30/ L), see Figure 16B). Thus one parameter I, of an actuator specifies its cut-off
frequency @.. For example, in the human lower extremity, many uniarticular hip actuators
have short tendons (0.01 < "'L,T < 1.0) and operate on the flat region of their fl curves (see
Table 1).'5 Thus, these actuators have high, dimensionless cut-off frequencies (i.e., W >
30).

Once the dimensionless cut-off frequency @, of an actuator is estimated from its
parameter i1, its absolute cut-off frequency (®, in rad/s) can be found by recognizing that T,
scales frequency, since it scales time (i.e., ® = ®/T, and thus . = ®./t.). Thus, the
absolute cut-off frequency of an actuator having only fast muscle tissue is expected to be w=
®.,/0.1, since 1. = 0.1 s for fast muscle tissue (see Section IL.D). A mixed muscle fiber-type
actuator is also expected to have a cut-off frequency of ©; = /0.1, since the maximum
shortening velocity per unit length of a mixed muscile has been assumed to be equal io that
of fast muscle tissue (i.e., their T, values have been assumed to be identical). For example,
since ©, > 30 in human uniarticular hip muscles, and assuming the fiber composition of
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FIGURE 17. Block diagram of an actuator operating on the ascending region of the fl curve of its muscle
fibers (case 2). Notice that a(T) affects the forward gain to length [MT, as well as the time constant for force
development (through the effect of a(T) on the feedback gain).

these muscles is mixed, their absolute cut-off frequencies are expected to be high (ie., 0 =
®./0.1 > 300 rad/s). In contrast, should any of these actuators have only slow muscle tissue,
their cut-off frequencies would be 2 to 3 times lower.

Once the absolute cut-off frequency of an actuator is estimated, its ability to function as a
spring or a dashpot during a motor task can be assessed. For example, hip actuators may
well operate as dashpots during waiking. since hip angular motion at normal gait speeds has
a frequency content of less than 5 Hz (i.e.. ® < ~30 rad/s).'67-18% That is, actuator length
M7 is expecied to change relatively slowly because » < ~30 radfs, which is less than the
high-pass cut-off frequency @, for hip muscles (i.e., 00 > 300 rad/s). Also, because of their
high cut-off frequencies, hip actuators will respond guickly to changes in activation. Since
the lag from activation to force output will be negligible, the overall lag from neural input
to force output is probably dominated by the lag from neural input to activation (i.e., by the
lag caused by activation dynamics; see Section IV.E). Besides acting as dashpots during
walking, hip actuators could also be considered to act as velocity servos with the velocity
set-point of each actuator controlled by its activation (Figure 16A).

F. MUSCULOTENDON CONTRACTION DYNAMICS WHEN MUSCLE
OPERATES ON THE ASCENDING REGION OF ITS FL CURVE
(CASE 2)

The dynamics is once again developed and analyzed and then employed, for illustrative
purposes, to study the function of knee extensors during walking. To develop the dynamics
of an actuator when its muscle fibers operate on the ascending region of their fl curve,
recognize from Figure 15 that

—wM=IM-ar) - P (19)
and with Equations 13 and 19 into Equation 15 the dynamics become (since Fr=m

‘gﬂ—taf [k + 23] - Fr= & .{;m +2a@) I @I+ D) a(r)} 20)

A block diagram of the dynamics is shown in Figure 17. Notice that even when the char-
actenistics of muscle and tendon are linearized, the nonlinearity of the dynamics‘_is still evi-
dent, since a(t) affects both the rate constant for force development, which is [kKT + 2a(1)],
and the responsiveness of an actuator to its length LMT (i.e., gain = 2 a(1)). The rate constant
is affected by a(t) because the velocity-axis intercept of the fv curve (i.e., v;) is assumed to

be affected muitiplicatively by a(t) and L™, and EM is in tum proportional to FT by the



392 Critical Reviews in Biomedical Engineering

amount of tendon compliance (i.e., 1/ kT, see Equation 13). a(1) affects the responsiveness of
an actuator to its length LMT because a(t) is assumed to affect the slope of the fl curve of the
muscle fibers (e.g., Figure 5A and B).

A small-signal analysis can be performed to study how a(t) and LM affect force. Thus,
let a(t) ~ constant = A < | and IMT = constant = L. A block diagram and the frequency
response of an actuator 1o [T and a(t) are shown in Figure 18, where a(7), LMT and FT
now refer to small perturbations about an operating point.

An actuator operates as a spring at low and high frequencies, and as a dashpot in between
{i.e., as a dashpot when 2A < © < KT + 2A (see Figure 18A). Thus, to changes in length
{MT, an actuator has “lead-lag” characteristics. An actuator behaves as a spring at low
frequencies (i.e., © < 2A) because the fl relation of the muscle dominates the dynamics. and
at high frequencies (i.e., @ > k' + 2A) because tendon compliance dominates. In contrast,
an aciuator operating on the flat region of the fl curve of the muscle acts as a spring only at
high frequencies, when tendon compliance dominates (compare Figure 18A with Figure 16B
[1eft plot]).

The frequency band. where an actuator behaves as a dashpot, depends not only on the one
parameter f,f of the actuator (since kT.= 30/ ﬂ), but also on how much the actuator is
activated (i.e., the activation level A (see Figure 18A). Notice that the width of the frequency
band where the actuator acts as a dashpot (AD = @, - @ = KkT) is wider for stiff-tendon
actuaters (compare Figure 19A with Figure 19C). For stiff-tendon actuators at low
activation, this frequency band can be 2 decades wide (sce Figure 19A, dashed line). When
either stiff- or compliant-tendon actuators are highly activated, the band shifts somewhat to
higher frequencies, but, more importantly, the band narrows (compare dashed with solid lines
in Figure 19A and ).

To neural input (i.e., activation), an actuator acts again as a low-pass filter (compare
Figure 18B with Figure 16B {right plot]}). However. when an actuator operates on the
ascending region of its fl curve, it has a broader pass-band than when it operates on the flat
region (compare 0, = KT+ 2A in Figure 18B with ®.= k" in Figure 16B [right plot]). As
expected, a stiff-tendon actuator operating at any activation level has a more broad-band
frequency response than a compliant-tendon actuator (compare Figure 198 with Figure 19D).
Finally, the cut-off frequency of an actuator increases somewhat with activation, though its
gain is compromised (compare dashed and solid lines in Figures 19B and D). The frequency
response changes accompanying an increase in the average level of activation A are caused by
more effective negative feedback (see Figure 18B, block diagram). Feedback gain increases
because isometric muscle force, which is the variable driving the dynamics, fluctuates more
to a given perturbation in length because the muscle fl curve is steeper when muscle
activation is high.

Next I would like to use these dimensionless frequency response properties to show that
the vastus lateralis (VL) during human walking probably functions as a dashpot (i.e., as an
energy-dissipative element). In contrast to an actuator operating on the flat region of its fi
curve, when only its i, 1., and the frequency content of its motion are needed to determine
its function. the average activation level A of an actuator must also be specified when it
operates on the ascending region of its fl curve. First, the VL has a L] =3 (ie., k7 = 30 i
= 10) (see Table 1).!6! Second, since the VL is a mixed muscle, T, = 0.1 s can be assumed.
Third, for a nominal. natural walking cadence, and since the VL is active only during stance
(about 50% of the stride). during which the knee first flexes and then extends,!s® the VL
length LMT can be assumed to move at a frequency of ~2 Hz. Therefore, the VL operates at a
frequency of © = 13 rad/s or, equivalently, ® = o 1, = 1.3. Finally, the VL probably
operates submaximally on the ascending region of its fl curve, since walking does not
normally require maximum effort and the knee is near full extension during stance (i.e., the
knee flexes 20° from full extension).!61.168 Therefore, a low activation level A can be
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assumed {e.g., A = 0.1). Referring to Figure 19A (dashed line), and specifically to the point
corresponding to ® = 1.3, it follows that the VL acts within the band of frequencies where
it is sensitive to velocity. Thus, the VL is expected to damp the motion of the knee.

However, if the VL should be much weaker than nominal, then it would not dampen knee
motion as effectively because the frequency band where the VL would act as a dashpot would
shrink (e.g., Figure 19A, compare a(t) = 0.1 with a(t) = 1.0). Also, if the VL should either
be much slower. or have muscle fibers that are much shorter, or both, then it would operate
at relatively higher frequencies (i.e., @ would be higher). Again, the ability of the VL to
damp knee motion would be hindered. Since the effects of weak, slow, and short-fibered
muscles compound, some individuals may have to walk at a lower cadence to achieve the de-
sired damping effect from the VL.

G. IS ACTIVATION OR MUSCULOTENDON-CONTRACTION
DYNAMICS RATE-LIMITING?

To answer this question, the dimensionless time constant for buildup in activation from
the neural input ( T, in Equation 5}, which is associated with activation dynamics (see
Figure 10B), will be compared with the dimensionless time constant for buildup in force
from activation (called Ty, see below), which is associated with musculotendon contraction
dynanics (see Figure 10B). Should either of the two time constants be much larger than the
other, then the overall dynamics of the actuator (see Figure 10B) will be rate-limited by the
slowest dynamical process (i.e., the one with the longer time constant).

First, T, must be estimated. Based on data obtained from single fibers at 35°C,!1% T,
can be calculated from the buildup in isometric tetanic tension, since isometric muscie fiber
force corresponds to activation (see Section ILC). Thus, T, = 0.012 s. The rise and fall of
tetanic tension in isometric muscle depend on temperature, and when sensitivity to
temperature is considered, the rise and fall of tension found in single fibers are similar to
tension rise and fall in multifibered and whole-muscle rat and mouse prepara-
tions.113:119.171.172 The time constant T, = 0.012 s is, however, somewhat faster than that
used by others to model human muscle.!™ 1 belicve their estimates of T, are slower,
because low temperatures were used in the “muscle” preparations from which many of their
estimates are based. In addition, these experimenis on isometric mammalian “muscles” are
often, in reality, experiments on the isometric musculotendon actuator; thus the measured
force (i.e., the tendon force) is affected by both musculotendon contraction dynamics and
activation dynamics (e.g., see Figure 10B and C). That is, because of the inclusion of
external tendon or muscle aponeurosis in the preparation, muscle fibers are not isometric
even though the actuator is.

Assuming 1. = 0.1 s for fast muscle tissue, and activation inn slow muscle tissue is a

tirne-scaled version of fast-tissue dynamics (see Section 11.D), then the dimensionless activa-
tion time-constant is from Equation 5:

T, =0.12 an

Next, the dimensionless time constant for force buildup from activation (?m) must be

esti‘r'nated. It is given by the reciprocal of the dimensionless, low-pass cut-off frequency (i.e.,
1/ ®, in Figure 16, and 1/ @, in Figure 18). Therefore,

Tor = VKT = 11 /30 (22)

Thus the ratio of musculotendon time constant to activation time constant is

I _ 0317 23)

Ta
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FT
et Tendon

FIGURE20. Schema to show the relation among muscle fiber length L™ and force ™,
tendon length LT and force F', and musculotendon leagth L™*. Notice that the
contribution of muscle to musculotendon Jength (ie., L ':) depends on the pennation
angle o (i.e., L = L cos @). '

To assess whether musculotendon-contraction or activation dynamics limits the respon-
siveness of force to neural excitation in a specific actuator, its one dimensionless parameter
LT must be substituted into Equation 23. For example, human actuators with very long
tendons (e.g., the soleus with iT=11n, moderately long tendons (e.g., the rectus femoris
with i = 5), and short tendons (¢.g., uniarticular hip muscles with i< 1) (see Table 1)
have ratios of:

Tyr/ T = 3.3 soleus
Tt/ T = 1.5 rectus femoris 24
Ty Ta < 0.3 uniarticular hip muscles

Thus, with respect to force generation, musculotendon dynamics is the rate-limiting pro-
cess in the soleus, activation dynamics in uniarticular hip muscles, and both dynamics sig-
nificantly affect force generation in the rectus femoris. The suggestion that musculotendon
dynamics, which are set by tendon compliance, are rate-limiting to soleus force development
and, in general, to the force development of any long-tendon actuator, is consistent with
others’ views that tendon compliance impacts critically on the overall functioning of mus-

cles (i.e., actuators) residing distally in the upper and lower extremities of mammais, includ-
ing humans,5.9:34:37-3941.91.154

H. MUSCLE FIBER PENNATION
In this section, relations are developed to show that muscle fiber pennation must be very
high to affect the static and dynamic properties of actuators. Figure 20 shows the relation

between tendon and muscle force, and the relations among musculotendon, muscle fiber, and
tendon length, i.e.,

Fr=FMcosa
L"'"=LT+L::; L:EL” cos o (25)

If the distance between the aponeurosis of origin of the muscle and insertion remains con-
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stant (w, see Figure 21A and B).3!-%% then fibers contribute less to musculotendon length
(L) as they shorten and become more pennated. In addition, with pennation, tendon force FT
is less than muscle force F.

The more pennated muscle fibers are the larger the change in musculotendon length caused
by a change in the fiber lengl.h.\ 'To show this assume that muscle fibers can shortenMup to
one half their optimal length L, . Let o, be the pennation angle corresponding to L, (see
Figure 21A). Then, o, < 30° because, when o, = 30°, fully shortened muscle fibers will be
perpendicular to the tendon (i.c., & = 90°Mwhen LM =0.5L; , see Figure ZlB}.i:2 In thisMcasc.
the decrease in musculotendon length AL caused by fibers shortening from L, to0.5L, is

ALY = 1 Mcos o - 0.5L%cos o = 0.87La; 0 = 30 26)

Thus, a 0.5L" decrease in muscle fiber length in an actuator, which has an initial muscle-
fiber pennation of 30°, causes a 0.87LY decrease in musculotendon length AL, .

However, in most actuators, except in thoae having highly annated muscles (e.g., 0, =
30°), the change in musculotendon length AL, mimics the 0.5L, change in fiber length (see
Figure 21C). Specifically, notice that, the change in musculotendon length occurring in
actuators with little pennation (¢, < 20°Lis about equal to the change occurring in actuators
with zero pennation (i.c., for t =0, AL, =Lg — 0.5LY = 0.5L3).

The fact that the change in musculotendon length for a given change in muscle fiber
length is greater in actuators having pennation implies that the rate of changt_eMof musculo-
tendon length is greater than the rate of change of muscle fiber length (ie., Ly > LM.In
fact, Lc, = LM/cos a.%2 Thus, the shorter the muscle fibers are relative 10 LY. and therefore
the more pennated they are relative to ¢, the faster the actuator. shortens per unit velocity of
muscle fiber shortening. Figure 21D shows how pennation angle affects L, and, specifically
for a, = 20 and 30°, the effect as fibers shorten from LY to their most contracted length.
Notice thqtuonly in actuators with highly pennated muscles (i.e.. &, near 30°) will actuator
velocity L, deviate significantly from muscle fiber velocity.

To conclude, the effects of pennation on musculotendon properties are significant only
when muscle fibers are highly pennated. In the human fower extremity, for exampie,

significant effects would be expected in only the soleus and the short-head of the biceps
femoris, which have o, = 25° and 23°, respectively.!22

I. MECHANICAL ENERGETICS OF TENDON AND MUSCLE

Storage of elastic energy in the musculotendon actuator for subsequent release is often
hypothesized to be a mechanism used by man and animals to efficiently locomote or perform
other motor tasks,59-33-40.138.140-142 Based on the material properties of muscle and tendon
given in previous sections, the ratio of elastic energy in tendon to muscle will be shown to
be proportional t,c_)Tboth the force in the actuator and the ratio of tendon slack length to mus-
cle fiber length L.. Though tendon elastic energy is shown to either dominate or contribute
significantly to the total elastic energy of an actuator, it is concluded that models must be
used to compute whether or not elastic energy plays an imporiant role in the functioning of
an actuator during a specific task. Thus, 1 will mention how actuator models can be used to
compute total power and energy released from muscle and tendon during a motor task.

1. Elastic Energy Storage in Muscle and Tendon

To assess the relative amount of elastic energy stored in tendon to muscle requires that
not only the elasticity of tendon be accounted for, which indeed has been done throughout
this review, but also the elasticity of muscie. However, muscle SEE, which is indeed the
elastic element that must be proposed to account for the active stiffness of muscle has been
assumed to be nonexistent. (Any energy stored in the PEE is excluded from consideration in
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FIGURE 22. Dimensioniess stiffness of muscle (A} and the ratio of dimensionless elastic energy storage in
tendon to muscie (B). {(A) Dimensienless stiffness of muscle &= =Kk - [LY/FYD) is assumed to increase linearly
with muscie force F™, concomitant with the increase in the number of cross-bridges in muscle. From this curve,

the dimensionless clastic energy of muscle VSE at any force FM can be calculated (sec texv). (B) Notice that the
dimensionless elastic energy_of tendon (calculated from Figure 9B) relative to muscle (i.e., VIVE) increases
about linearly with force P4 FM =F" is assumed.

this discussion.) One reason for excluding muscle SEE (see Section [LB) is that in all but
short tendon actuators, little elastic energy is stored in muscle, as follows.

Assume that the muscle stiffness resides in the cross-bridges and that the energy stored in
these cross-bridges is purely elastic and therefore recoverable, Commonly, muscle stiffness is
assumed to increase with active muscle force (see Figure 22A). This relation is based on
values found for the stiffness of single muscle fibers and the (“short-range™) stiffness of
“whole” muscle, is more or less a lower limit to the stiffness associated with the elasticity
residing in the cross-bridges, and is compatible with a fall in muscle fiber force from F’: to
zero during controlied instantancous releases of 1.1 LM 2425.36.37.49.50,87-89.91-92.153.169.170

The dimensionless elastic energy stored in active muscle VSE at a given force FcE= M
(since FE = 0, by assumption) can be calculated from the stiffness-force relationship (the
KSE vs. T™ curve) shown in Figure 224, ic.,

e = j( F’”]dfm an

kSE

Notice that the elastic energy of muscle is a function of ™ or, equivalently, FT (since Fr=
EM). The dimensionless elastic energy stored in tendon VT is the area under its F¥ vs. ALT
curve (obtainable from Figure 9B by recognizing that ALT = €7 - 11), and also depends on
FT.

The ratio of dimensionless elastic energy stored in tendon to muscle VT/VSE thus depends
on the dimensionless force in tendon ET. This ratio varies about linearly with FT over a
wide range of FT (see Figure 22B). The reason the ratio increases with FT is that muscle
stiffness rises with force more steeply than tendon stiffness. Thus,

~—

1< -Y-l <2501< F<l5 (28)
VSE

Bounds on the ratio of the absolute elastic energy stored in the tendon 10 the absolute
elastic energy stored in the muscle VT/VSE of a specific actuator can now be found as a func-

tion of its one dimensionless parameter L. First, the absolute elastic energy in tendon VT

and the absolute elastic energy in muscie VSE are related to their dimensionless energies:
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Vie VT F . Lland vsE= V5. F, - Lo (29)

Next recall that L= LIY Therefore, from Equations 28 and 29

\A V7Y o1
VT3 -( vss) -Ls (30)

Since V7/ VE is bounded (see Equation 28), the ratio of absolute elastic energies VT/VE ig
also bounded and given by

1< (% .-Lif< 25:0.1 < FT=F/Fy < 1.5 (31

It follows from Equation 31 that elastic energy storage in long tendon actuators (€.g., i
= 10) resides in tendon and not in muscle. Even for extremely stiff actuators (i.e., L, =0.1),
the contribution of the tendon to elastic gnergy storage is 10 to 25% that of muscle. Given
that the storage of energy in cross-bridges is controversial in the sense of being elastically
recoverable*?38 and that many actuators have 7> 1 (see Table 1), only for very stiff tendon
actuators will muscle stiffness be a dominant site for storage of elastic energy.>*

2. Power and Energy Released by Muscle and Tendon

Given that tendon is the dominant site for elastic energy storage in all but very short-ten-
don actuators, the next question is how important is the release of elastic energy in tendon to
the energy output from the muscle fibers? Unfortunately, computer simulations are needed to
answer this question, since energy output is path-dependent.

The reason the question cannot be answered is that an upper bound on the ratio of net en-
ergy output from tendon to muscle is unspecifiable. However, a lower bound can be set.
First, assume that tendon releases during shortening 93% of the energy it has stored.!3%.142
Second, assume that muscle always generates maximum force (i.e., force is set by the its fl
relation, and reduction in force due to its fv property is neglected). Even though the follow-
ing assumption increases somewhat the lower-bound estimate, assume that any force en-
hancement in muscle fibers during shortening subsequent 1o their prestretching, if any, is
negligible.

A lower bound on the ratio of net energy output from tendon to muscle is then given by
the ratio of the areas under their fl curves. Defining ET as the energy output from tendon and
EM as the energy output from muscle. 1 can show from Figures 8A and 9B that when force is
high the lower bound becomes approximately:

E—M> 0.07 - LFea(t);0<a) <1 (32)

The reason the ratio decreases with a decrease in a(1) is because muscle fibers must be heid at
a longer length to bear a given force when submaximally activated, causing the area under its
fl curve to be higher (e.g., refer to Figures 5A and B and calculate areas when FM = F:‘).

An upper bound on the ratio of net energy output from tendon to muscle ET/EM is un-
specifiable because a Jower bound on muscle energy output EM cannot be estimated confi-
dently. For example, when muscle undergoes a fast shortening, some of its energy is lost
due to its fv property. Thus energy output from muscle will be less than the area under its fl
curve, but how much less? Unfortunately, a computer simulation based on a model of mus-
cle must be performed to calculate how much energy is lost.

Using models of muscle and tendon, the net mechanical power and energy output from
tendon and muscle can be computed:
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tendon;  power output = —(FT - v") energy output = —f(FT - vT)dt
muscle:  power output = —(FM - vM) energy output = —J(FM - vM)dt (33)

Of course, power and energy absorbed by tendon and muscle are just opposite in sign. Since
power is state-dependent (i.e., both force- and velocity-dependent) and energy is state-trajec-
tory dependent, mechanical models of musculotendon actators, for example, as presented
here, must be formulated and Equation 33 used to calculate net power and energy output from
muscle and tendon.

For example, to estimate muscle and tendon power and energy, recordings of the EMG
signal and the length and velocity of the musculotendon actuator during the motor task can
be made. These three trajectories can be considered to act as inputs to¢ a musculotendon
actuator model (e.g., see Figures 10 and 14) from which tendon and muscle force can be
computer estimated. Equation 33 can then be used to estimate the mechanical energetics or
power associated with the motor task. Indeed, such models have been used to study the func-
tion of human calf muscles during walking and jumping.>®

Summarizing this and the preceding section, tendon will often be the dominant site of
elastic energy storage, but elastic energy storage in tendon may not dominate the energy
output of an actuator. Energy output from muscle, and not necessarily from its elastic struc-
tures, may instead dominate. To ascertain the individual contribution of tendon and muscle to
actuator energy output, computer simulations must be employed.

J. COMPUTER IMPLEMENTATION OF MUSCULOTENDON
ACTUATOR MODELS

Clearly, there is a trade-off between the complexity of a model and the computational and
intellectual time associated with its implementation. More complex models for muscle than
those discussed here, which are based on cross-bridge mechanisms, have been developed.?
These more complex models have not, however. been used in computer simulations that de-
mand the modeling of many muscles, such as in studies of body-segmental coordination. The
reason is that these more complex representations of muscle function are specified by partial
differential equations involving quantities that are*far removed from the net mechanical func-
tion of the muscle. Thus, not only would computation time be greatly increased compared
with the time to solve the first-order ordinary differential equations presented here, but pa-
rameter identification would be formidable because much less is known about how these mi-
croquantities vary among species and muscles than how macroquantities do.

The musculotendon contraction dynamics expressed in Equation 16 assume that the flv
relationship is invertible, i.e., given that force P = f(LM, v™, a(1)), we can find v™ = !
(FM, LM, a(t)). Such invertibility may not always be possible because F* may not be a sin-
gle-valued function of vM. Even if the relation is single valued (e.g., see Figure 5C),
computational problems can arise if the velocity intercept is assumed to be constant for all
a(t) and LM, The problem arises because when velocity is computed by taking the inverse,
division by a very small number occurs. The small number appears because the magnitude of
the slope of the fv curve is small when isometric muscle force is smail (e.g., when a(t) << I
or LM << L:‘). We have resolved this computational problem by constraining a(t) (ie., 0 <
Bmin <a(t) < 1).

A more satisfying way to solve the problem of invertibility is to recognize the root of the
problem, which is the assumption that the acceleration of the mass of muscle does not
influence the ability of muscle to generate force.™ All computer simulations of coordination
to date embed muscle mass into the body-segmental mass that appears in the dynamical
equations-of-motion of the body segments. In reality, the acceleration of the muscle mass
relative to the acceleration of the body segments also needs to be considered. If this property
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should be modeled. musculotendon contraction dynamics would then be second-order rather
than first-order. and the state variables would be LM and vM, rather than FT. Even though the
number of state variables would increase from one to two, such a formulation may actually
cause computation time to decrease because of the otherwise high overhead of calculating
muscle fiber velocity at low a(t) and small LM,

In many optimization studies, all functions need to be at least twice-differentiable. Thus,
for example. even if the fv relation of muscle is believed to be discontinuous in the first
derivative at v™ = 0.2425 such discontinuities must often be smoothed for computer imple-
mentation. Nevertheless, through computer simulation, the impact of these approximations
on the motor task can be assessed.

V. CONCLUDING REMARKS

This review has focused on the modeling of the static and dynamic properties of tendon
and muscle for use in computer simulations of muscle and body-segmental coordination. In
addition, this review synthesized these properties and models to fortnulate a generic, dimen-
sionless model of the musculotenden actuator. The model can be used to study the basic me-
chanical interactions between tendon and muscle and can also be scaled to assess the role of
individual actuators during specific motor tasks.

Though such musculotendon models are meaningful to studies in which knowledge of net
mechanical energy transfer among tendon, muscle, and body segments during movement is
desired. these models per se do not specify the relationship between metabolic energy con-
sumption and muscle-state variables.® Muscle models based on cross-bridge mechanics have
potential in coupling the metabolic energetics to the mechanical events, but a very high
computational price has to be paid.

A compromise that must be considered in future simulations, especially since computer
performance per dollar invested continually rises, is the distribution-moment model derived
from cross-bridge theories of muscular contraction.%6-173.7 This model is attractive because
(1) it is only fourth-order, where the state variables are muscle fiber length, muscle force,
stiffness, and elastic energy stored in the cross-bridges, (2} consumption of metabolic energy
can be estimated. and (3) it can be coupled {(or uncoupled) to a first-order model of activation
dynamics.5%? For now, I believe that it is still too computationally intensive to be practical
to simulations involving many muscles, though its use should be encouraged in simulations
where emphasis is placed on how one or a few muscles function during movement.

The first-order model of musculotendon contraction dynamics discussed in this review can
be considered an asymptotic (steady-state) approximation to the cross-bridge models.?430
Therefore. the simpler model may indeed suffice as a representation of the dynamical proper-
ties of musculotendon actuators as long as muscle force and length change “slowly”. In
studies of body-segmental coordination, I believe that joint angles and angular velocities do
indeed change slowly relative to the changes that they would have to exhibit for muscle
fibers to show nonsteady-state phenomena (e.g., “yielding” and “giving”).81:175.176 For
example, experiments that show yielding, which occurs after the effects of muscle (cross-
bridge) stiffness have subsided, often impose instantaneous changes in position or velocity
on the muscle fibers. Such changes do not occur during natural, unperturbed movements, but
indeed may occur when limbs are subjected to unexpected perturbations.

Also. in long tendon actuators, muscle fiber variables will change slowly, since tendons
will change their length fast to absorb any quick change in musculotendon length. For ex-
ample, consider heel strike during gait. Since long tendon actuators reside in the shank and
foot (see Table 1). distal tendons may indeed absorb the “shock” at heel strike. Thus, length
changes of muscle tissue in these actuators will be slower than the changes the actuator ex-
periences. Muscle tissue in short tendon actuators, which reside more proximally, will,
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however, experience the same length changes as their actuators. However, the lengths of
these actuator are not expected to change fast because the inertial load of the body proximally
is large. Therefore, all muscle tissue in limbs may operate “slowly” during natural, unper-
turbed movements.

Recent studies of muscle architecture indicate that the length of muscle fibers may be less
than the length of the muscle fascicles in which they reside.#7-*8 The basic structure of the
model discussed in this review would still be applicable if L™ were to represent “true” muscle
fiber length rather than muscle fascicular length. Also, a SEE to represent the effective in-
tramuscular elasticity of the passive intrafascicular filaments may have to be invoked.
However, in this case its meaning would be quite distinct from its current one, which is that
it represents active muscle stiffness. The total series compliance of passive structures
(external- and internal-tendon compliance, plus intrafascicular-filament compliance) would
obviously be greater than tendon compliance alone. Thus LZ. which would now correspond
to the ratio of the slack length of the combined passive structures to the optimal length of
the “true” muscle fibers, would even be higher than suggested in this review (e.g., higher
than those in Table 1). If so, “tendon™. as referred to in this review, which would now
represent these “combined passive structures”, would affect the musculotendon contraction
dynamics and the function of the actuator even more.

This review did not include the role that local feedback (e.g., muscle length, velocity, and
force) can have on the net input (neurab)-output (force) properties of muscle,!?” Indeed, at
times local feedback may act in concert with the properties of the musculotendon actuator to
linearize the overall I/O response of muscle. Given that these feedback loops are probably
gain-controlled by higher CNS structures. my preference is to include such feedback explic-
itly in models, when appropriate.

The evolution of models depends on the outcome of the comparison of modeling data
with experimental data. Indeed, it is through such comparisons that we gain knowledge of
the mechanisms responsible for the behavior under study. Once our models are compatible
with the qualitative properties of the behavior. we can perform sensitivity studies to deter-
mine the parameters to which the behavior is most sensitive. These data then guide experi-
ments into directions that must be pursued if relevant information is to be gathered to better
comprehend the behavior. The use of computer models in conjunction with experiments is
probably the only viable approach available to study compiex, coordinated movements, just
as it has been the only reasonable approach to the design of complex control systems for
robots and spacecraft (i.e., we cannot just “wing” it).
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LIST OF SYMBOLS

™, (—F:"‘) = muscle force
F<E, (F) = contractile element force
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FPE, (FP5) = passive element force

FT, (79 = tendon force

LS = sarcomere length

LM (EM = muscle fiber length

() = tendon length

LM (L) = musculotendon, or actuator. length

vM, (VM) = muscle fiber velocity

VT, (VD) = tendon velocity

YMT (Y1) = musculotendon, or actuator, velocity

EM = mechanical energy output from muscle

E' = energy output from tendon

VSE, (V58) = elastic energy stored in muscle cross-bridges

VT, (V) = elastic energy stored in tendon

®, (®) = angular frequency

t, (T) = time

o', (60 = tendon stress '

4 = tendon strain

(), (u(T)) = muscle excitation

a(v), (a(t)) = muscle activation, or active state

o = muscle fiber pennation

L, = length of muscle fibers having pennation o, projected onto tendon axis of
pull

Fr = peak isometric active muscle force

L) = optimal muscle fiber length (i.e., length where peak active force is
developed)

(v = optimal muscle-fiber pennation angle {i.e., pennation angle a when M=

L)

I = tendon strain when FT = F’:
u:" = tendon stress when FT = F:l
LI, (-f:) = tendon siack length (ratio of tendon slack length to L:‘)
kSE, (K5E) = stiffness of muscle cross-bridges
X7, (kD = tendon stiffness
Vm = maximum shortening velocity of muscle fibers
1. = time-scaling parameter (i.e., T, = L?lvm)
Taots (Tact) = time constant for rise in muscle activation
Tgeacrr (Tacac) = time constant for fall in muscle activation
Toers (Tvr) = tizne constant of the musculotendon coniraction process
@, (@) = cut-off angular frequency of the musculotendon contraction process

The symbols in parentheses represent the dimensionless form of the preceding physical

variable or parameter, obtained by using F. LY, and 1. to scale the fundamental physical
quantities of force, length, and time.
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