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1 Introduction

Most animal locomotor systems are driven by cross-striated muscles under control
Qfa nervous system. Apart from their mechanical function, muscles may also have
Important sensory functions through the presence of muscle spindles. Much is
known about the physiological and structural properties of muscles, o.wing to a
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greal many studies on isolated muscles or muscle libres. Only recently. our

knowledge of muscle performance in vivo (the main topic of this chapter) has
increased considerably.

This chapter starts with a general discussion of muscle properties. with
emphasis on mechanical aspects. Special attention will be paid to the dynamics
of the muscle—tendon complex. Thereafter, techniques for in vivo monitoring of
muscular performance will be reviewed. The major part considers the performance
and design of muscles in swimming fish, in flying insects, and in running and
jumping mammals. Other aspects of muscle function are discussed in Chap. 5
(mechanical stresses in muscles), Chap. 6 (muscle function in soft bodied animals),
and Chap. 8 (muscle energetics). The word contraction is used synonymously with
shortening in this chapter, and is quite distinct from the term activation (Sect. 2.2).
A list of symbols and abbreviations is given in Appendix A.

2 Muscle Properties

Muscle and muscle fibre structure is discussed in many recent textbooks on
physiology, cell biology and histology. Here, only a briel summary is given. The
various levels of structural organization of a cross-striated muscle are schematized
in Fig. |. The muscle belly - composed of muscle fibres, connective tissue, blood
vessels and nerves - is connected to the skeleton via tendons, with collagen fibres
as the dominant component. Muscle fibres are elongated multi-nucleated cells,
and contain myo-filaments (arranged in sarcomeres: the contractile units),
mitochondria (for energy supply) and endoplasmic (sarcoplasmic) reticulum (with
an important function in the activation process). Muscle fibres are connected to
their tendon(s) via tendinous sheets. In a musculous attachment, muscle fibres
insert via very short collagen fibres to the skeleton. Tendons and tendinous sheets
act as force transmitters and elastic energy stores (Sect. 2.7). To investigate the
function of muscles in locomotor systems, quantitative models of the mechanical
behaviour of sarcomeres, muscle fibres and muscle-tendon complexes are required.
In the following, such models will be developed, based on quantified phenomenolo-
gical descriptions of the fundamental properties of underlying structural and

functional levels.

2.1 Sarcomeres

The force and mechanical power production ol sarcomeres depends on (1)
sarcomere length and geometry, (2) shortening velocity, and (3) the activation of
the sarcomere. This section deals with the first two aspects: activation dynamics
is discussed in Sect. 2.2.
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Fig. 2. Tension (closed symbols), maximum externally unloaded shortening velocity (open circles),

and passive forces (F . ,, open triangles) against sarcomere length for a frog muscle fibre. Edman

(1979)

of length Iy,. In vertebrates, I, is about 1.6 um, and seems to vary relatively little
(Page and Huxley 1963), in contrast to [, which is highly variable in vertebrates
(from about 1.7 to 2.8 um). The sarcomere length [ includes one Z-disc.
Sarcomere length changes are accompanied by sliding movements of the thin
filaments past the thick filaments (Sliding filament theory: H.E. Huxley and Hanson
1954; A.F. Huxley and Niedergerke 1954). Cross-bridges are formed by interaction
of the myosin heads with neighbouring actin filaments. Experiments (Gordon et al.
1966; Edman 1979) indicate the cross-bridges to be mutually independent
generators of force and power (Fig. 2). Thus, under full activation and isometric
conditions, the active force production F,, associated with one half myosin

Fig. 3a~f. lllustration of fundamental mechanical properties of a muscle system. a Characteristic
lengths (indicated above each pictogram) in a full contraction of a sarcomere are numbered |
to 5. b Force length relationship of sarcomere with full activation and zero interfilamentary
speed. Pictogram numbers of a correspond to those given at each characteristic length. Roman
numbers denote curves of active force (1), F,,, (I). active force plus Fy,,, (1), and Fy,., (IV).
¢ Velocity dependence function. d Normalized mean cross-bridge power as a function of u*. e
Normalized metabolic cost for stress production P*(u*). The left part is an estimate based on a
discussion by Woledge et al. (1985). The right part is based on abservations by Heglund and
Cavagna (1987). [ Stress-strain relationship of tendinous tissue, based on observations by Ker
(1981) and Bennett et al. (1986). A plot is also shown of the strain energy density function, which
shows the elastic energy stored per unit volume. Viscous eflects are neglected
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filament plus its surrounding actin filaments (denoted as sarcomere subunit)
depends on (1) the number of available cross-bridges n,,. and (1) the average
cross-bridge force under these conditions F_,,. Parameter fue, follows from the
product of the number of myosin heads per unit length on the myosin ﬁlz'lmcnl 74
and the filamentary overlap f, of the actin filaments with the zone of myosin heads
on one hall of the myosin filament. Hence:
Ny = F_go2%]y (1)
The subscript cu0 denotes the available cross-bridges (¢) and zero interfilamentary
velocity (u0). In vertebrates, 2 is about 187 myosin heads/pm (Offer 1987). F
was estimated to be 4.3 pN (Van Leeuwen 1991). In caleulating /), four length ranges
of the sarcomere are distinguished (Fig. 3a and b, curve 1). The number of cross-
bridges relates linearly to sarcomere length from [, + L, + 1 tll by oy R
Further shortening results in a plateau in force production since the thin filaments
slide over the bare zone. For short sarcomere lengths, corrections in the number
of cross-bridges are needed owing to actin overlap between contra-lateral sides
(for I, <, + 1) and collision of myosin with the Z-disc (for I;‘_m <lyyo t 12). This
results in a further force decrease with sarcomere length (Fig. 3b, curve I). An
algebraic expansion of f,, based on experimental data of Gordon et al. (1966) and
Edman (1979), can be found in Van Leeuwen (1991).

At short sarcomere lengths, passive forces (type one, arise from collision
of the myosin filament with the Z-disc (il 1, <.+ 1) Resistive forces owing
to actin filament overlap (if I, < L + ;) play most probably ncgligible ﬁe}le
(Van Lecuwen 1991). These passive forces counteract the cross-bridge forces (i.e.
act as power absorbents of the “cross-bridge motor”™). They are represented by
curve 11 in Fig. 3b. Algebraic expressions for F ., are provided in Van Lecuwen
(1991).
The maximum active [orce F, of a sarcomere unde.r isometric conditions apd
full activation (proportional to [ — Iy, il [ = Lo = Ioz) 18 often used to normalize
the force components of the sarcomere. The familiar normalized force-length
diagram is calculated as (Fayo F Fused)/ Fo (Fig. 3b, curve I1I). The sarcgmerc
optimum length [y, is defined as the centre length of the force plateau in Fig. 3b,
curve T (lyre =050, + L +1, il 2 ) .

Above optimum sarcomere length, forces act in parallel with the crqss-hpdges
(type two passive forces. F ! Fig. 3b, curve V), resulting from tension in the
connecting filament and tension in the sarcolemma (Podolsky 1964 Rupoporl
1972). Tension in the sarcolemma changes presumably as a function of I, since
it is connected to the sarcomeres via the T-system and via separale connections
to the M-discs and Z-discs (Brown and Hill 1982; Street 1983; Wang 1983).
Generally, al sarcomerc strains below 0.1, F ., is negligible compared to the
maximum active sarcomere force, except in insect flight muscles which h‘dVC’ an
exceptionally high passive stiffness (Sect. 4.2). An experimental recording of F .
is shown in Fig. 2 (denoted by “resting tension”).

I3

cull = F oo
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2.1.2 Force Production and Interfilamentary Velocity:
Velocity Dependence Function

The interfilamentary velocity wis the velocity of the myosin filament with respect
{o its corresponding actin filaments. To follow  the conventions from the
physiological literature, u is chosen to be positive if the sarcomere shortens. Hence.
the absolute contraction velocity of the sarcomere u,  is equal to 2u. The relation-
ship between the normalized average cross-bridge force and n is defined as:

= (1 —u*)/(l +u*/k) for u<0 (2a)

F,
Fo=18=08(1 +u*)/(1 —7.56u*/k) foru>0, (2b)

e Uinay 18 the maximum interfilamentary velocity for which force
can be generated, and k is a constant which depends on the muscle fibre type
(Otten 1987b). Formula (2) will be denoted as the velocity dependence function,
a term introduced by Hatze (1981). This function depends only on u, whereas the
force—velocity relationship, a term often used in muscle physiology and mechanics,
depends not only on u, but also on sarcomere length and active state. Thus, a
single force—velocity relationship for a muscle fibre does not exist. Edman (1979)
showed that the externally unloaded maximum specific shortening velocity €,
decreases linearly with sarcomere shortening for [, </, + [, (Fig. 2. V). Most
probably. this decrease is caused by internal resistive forces owing to collision of
myosin with the Z-discs. He showed also that £,  increases above optimum
sarcomere length. This is probably caused by a contribution of passive elastic
forces (1-"“_“,1). Nevertheless. formulae (2a) and (2b) are equal to formulae for the
normalized force -velocity relationship from the literature, since at fibre optimum
length the normalized force-velocity relationship should have a shape close to the
velocity dependence function. Formula (2a) corresponds to the normalized Hill
(1938) equation, whereas formula (2b) is based on Aubert (1956).

From the velocity dependence function. the mean normalized cross-bridge
power can be obtained as a function of w, shown in Fig. 3d. With the selected &
of 0.17, the maximum power output is found at 1= 0.276u,..

The usage of the velocity dependence function (although sufficient for the
present purposes) has some limitations since measurements indicate that a
long-term (hundreds of ms) force enhancement occurs after pre-stretch (Edman
et al. 1978), while, during a forcible stretch, force is increased with sarcomere
length (Granzier et al. 1989), probably caused by filament compression. The velocity
dependence function cannot be used if very rapid step changes of length are applied
to a muscle fibre as in the experiments by Huxley and Simmons (1971).

where u* = w/u "

2.2 Muscle Fibre Activation

Muscle tissue is generally activated through nervous input. although mechanical
activation occurs also in fibrillar flight muscles. Different types of innervation are
found. Fast vertebrate muscle fibres are generally innervated by just one nerve
fibre with one end-plate (sec c.g. Vrbova etal. 1978). The nerve fibre may also

Fe
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terminate with an array of end-plates (multiterminal innervation). Alternatively,
muscle fibres may be innervated by several nerve fibres, each with several end-plates
(polyneural and multiterminal innervation). This last type 15 found in many
invertebrate muscles (e.g. Usherwood 1967). but is also one of the possible
innervitions in fish museles (Bone 1978). It is thought that this type of innervation
allows a more precise control of tension development in a muscle fibre. This seems
to be especially important in very small muscles with a low number of muscle
fibres. In mammals, a motor unit is the collection of muscle fibres being under
control of one motoneuron. The nerve actionpotential is transmitted to the
muscle fibre through release of a transmitter in the neuromuscular junction or
synapse. Transmitter release causes a local depolarization of the sarcolemma
(end-plate potential), which may lead to a muscle impulse transmitted along the
membrane. The membrane generally has transverse invaginations known as the
T-tubuli or T-system, which link the membranc to the sarcoplasmic reticulum
(SR). Depolarization of the membrane causes a release of Ca*" from the SR into
the sarcoplasm which initiates contraction.

The mechanical response of a mucle fibre to a single nerve impulse is known
as a twitch. Characteristics of the twitch are often used to make a functional
distinction between different muscle [ibre types. Il nerve impulses follows each other
with enough delay, a series of twitches is generated. If the delay shortens, twitches
may partly or completely fuse to give a tetanus (Fig. 5a,c).

For the discussion of focomotor function it is convenient to have a
mathematical description of the excitation-contraction coupling, enabling a
simulation of twitch and tetanus. With some additions and alterations, the simple
description formulated by Otten (1987b) is followed here. Quantitative details are
provided in Appendix B. Following Ebashi and Endo (1968), the active state F,
is defined as the relative amount of Ca** bound to troponin. F, = 1 if all interactive
sites on the actin filament are exposed through the action of Ca®*. In a resting
muscle fibre, F, = F,, so that F,, < F, <L Active force development is directly

proportional to F.

2.3 Calculation of Force, Power and Work
of a Muscle Fibre Under Dynamic Conditions

The average cross-bridge force of an activated sarcomere can now be described
as the product of average cross-bridge force under isometric conditions and full
activation, velocity dependence function, and active state: F - F,- F,. The dynamic
force of the sarcomere F_,,_ is equal to the sum of the cross-bridge forces and the
passive forces:

A ”m{thn'['-u'F-n =+ Fp.ux + I:p.hl = Ful'l'l.v\l'lxd + F;nhl + l“p.l\l' (33)

The spmmepmmmidie (01 a4 particular contraction from time f, o 1, is described by:
’~.u:“\;)

y (4)

Wore= [ Fupllie

sare J
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A solulllt.m of this integral is most conveniently obtained by numerical integrati

on a digital computer. since, during locomotor activities, both F A‘md ILE ‘l\':lmj
ina conu,?lcxlwuy. Sarcomere power output P_ . the product ol'\:z;rlcnxm:{::f)rr‘)'
and velocity, 15Aposilivc il force output and Icng\t.};Lchanuc are in lhc- same direct‘i :L
Powgr output 1s negative when a muscle fibre pmducc:; lorce whilc. it is stret *h(*c;'
In this case, energy is absorbed by the fibre. e

F' ¥ activati S == . N
" de'fl)rll'cl(ljlll\:ittllllvdll};:n (1]‘,“— !)a'nd ngin \"uil‘ucsl' (‘)F _/M_l[, 1“‘-“j' lys /_,. a “force surface™
g phase plane (/* u*) as its base (Fig. 4a). Under all
circumstances, force production of the muscle fibre is below lhish';urf'lce or just i
this surface. Therefore, this surface may be called the “nnrmulizca folfce cnv::l(: :’
o{ the muscle fibre. Analogously, Fig. 4b shows a normalized power envel ‘P If
u* >0, then power output is always below or just in th. supf' ce of ?f‘_PV
power. IT w* < 0, then power output is always abc e just "r it 0' iTice: Fof
D powe p always above or just inside the surface. For

surlaces, F_, was neglected.

Figure 5a shows schematized twitch and tetanus responses of slow and fast
rpuscle fibres olf carp (Granzier et al. 1983). The above forrﬁulac may ;ervcatso
simulate the twitch and the tetanus of a muscle fibre, as well as (more i—m‘ ortant)
powerou!pulduringdynamiccircumstances as in locomotion. Figure Sc I‘l[: : nh
sh:wws“twnch and tetanus simulations of a fast muscle ﬁbre- of the c:ar-pL Ngeri‘llﬁcl:
a“sag phenomenon (i.c. a decline in tension during a tetanus, Fig. 5a) n(;r fati
are incorporated in the model. o e

To investigate muscle fibre function in locomotion, it is very rewarding t
measure the force output of isolated muscle fibres or SIﬁzlll fibre bundles d ri ?
length changes imitating in vivo strain variations. This technique L\;'usulr’lm‘l?
dcvelop_cd by Machin and Pringle (1959, 1960) in their classical studies on t;:'
mcchumcs.' of asynchronous flight muscle. Quite recently, the ICChl:li ue Aha' al ;
been applied to synchronous insect flight muscle (Joscphs'on 1985:; Slfltvenso5 d Sg
Joscphson 1990), frog sartorius muscle (Stevens 1988) and fish s“‘/i‘mmin ~mﬂszlne
(Allnpgha_m and Johnston 1990). An example of a recording for fast lwi%ch fib :
of swimming muscles from a bullrout with a sinusoidal length change is shownr?r?
Fig. 5b. The work done in one cycle is proportional to the surfagc of the loop

(a)
Force envelope (b)
Power envelope
.. 1.80 - — L0
| Normalized 0.00
force Normalized
Power
0.00
5 1,00 | 4.38
- i -0.20

0.60 — Normalized 0.60 B s N i
Normalized 180 contraction 1.00 hids l."ed '
sarcomere length velocity Nomalized 180 ™ SRERAE |
? velocity ‘

[

sarcomere length

Fig, o . .
sid‘i 4:4. bl.lan‘rcc (a) and power (b) envelopes as discussed in Sect. 2.3, Small arrow in b right
-pointsto zero-power line through surface (along this line. the interfilamentary speed is '/c.ru)'
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bullrout (b and d Altringham and Johnston 1990)
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obtained when force is plotted against length. A clock-wise loop denotes energy
absorption (negative work). whereas an anti-clock-wise loop shows that positive
work in done. Figure 5b shows measured work loops with one stimulus per cycle.
Figure Sc, right plot, shows 4 simulated work loop of a fast carp fibre (one stimulus
per cycle and comparative stimulus time), In af] simulations of this chapter, it is
assumed that all sarcomeres of » muscle fibre have equal lengths and activations.
Thus, sarcomere strain s equal to muscle fibre strain. Work loops with different
shapes are obtained if the activation characteristics are changed (Sect. 4.1:
Figs. 16d, ¢, ). One advantage of a validated model of muscle fibre work output
is that predictions can be made of in vivo muscle performances. guiding
experimentation, Figure 5d shows a measured plot of the maximum mean power
output against frequency for slow and fast muscle fibres of a bullrout. Fast fibres
have a much higher peak performance but are more quickly fatigued.

2.4 Metabolic Cost Function

Muscle energetics is discussed in Chap. 8. A metabolic cost function will be
introduced here since this helps to understand why muscles are active in particular
phases of their lengthcning-shortening cycles. Let P, be the metabolic power per
unit volume of muscle needed to produce unit mechanical stress, P_is proportional
to the length of the muscle fibre. The cconomy of a muscle is defined as 1/P..
Thus, relatively short fibres produce tension economically. Heglund and Cavagna
(1987) measured tension of small leg muscles of a frog (Rana esculenta) and the
rat at a range of contraction speeds. They recorded also the O, consumption of
these muscles, allowing to estimate metabolic power. Close to Cpmaxs Metabolic cost
per unit force is about three (imes the cost at zero shortening velocity. Their
experiment is somewhat hampered by the problem that the ratio of muscle belly
speed over muscle fibre speed could vary, owing to the presence of tendinous
sheets (see Sect. 2.7). Owing to muscle pennation, muscle fibres exert force against
each other. Hence, strictly speaking, the results cannot be directly applied to 4
single muscle fibre. This problem is avoided if the experiment could be repeated
with a single fibre or a smal] fibre bundle, Furthermore, slow fibres produce tension
more economically than fast [ibres. Loosely based on the experimental data by
Heglund and Cavagna (1987) and a discussion by Woledge et al. (1985), the
normalized metabolic power consumption for force production as a function of
the imcrﬁlamentary velocity (Fig. 3¢) can be described:

P¥=10-07(1 - w*)/(1+ ¢, u*)
PE=0l] +0.2(1 4+ u*)/(1 — ¢y u*)

for u* > (5a)

for u* <, (5b)

Where ¢, = 16, and ¢; =160 are constants. The specific metabolic power usage of
& muscle fibre is obtained by:

Brg= PEP e T h, (6)

met 34 Tmax®
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where P is the maximum specific metabolic power output and (- is the

melmax ! = w )
maximum filamentary overlap. Formula (6) will be useful in the discussion of the
dynamic properties of the muscle tendon complex and muscle [unction in

terrestrial locomotion.

2.5 Connective Tissue Properties

The connective tissue of a skeletal muscle belly is traditionally divided iqm lhrce
structural entities. The epimysium surrounds the whole muscle, the perimysium
surrounds bundles of muscle fibres, whereas the endomysium surrounds indiv!duul
muscle fibres. In isolated muscle fibres, the endomysium is considered to conlnt‘:ule
significantly to the passive properties above sarcomere optimum lcx.lglh. Light
etal. (1985) have shown that the amount ol perimysium ill a musclc is generally
much higher than the endomysium content (dry mass ratio varied from. 2.8_[0 64
in different muscles). This indicates that, in an intact muscle, the contribution of
the perimysium to passive elastic forces is very significant. Purslow (1989) showed
the perimysium in bovine stermomandibularis muscle to bg a cros_ssed-Ply
arrangement of crimped collagen fibres which reorientate and decrimp on changing
sarcomere length. Mean collagen direction with respect to the muscle fibres ranged
from about 80" at [ = 1.1 um to about 207 at 3.9 um. Purslow modelled l'he
load-sarcomere length curve of the perimysium and showed good agreement w1'lh
passive elastic properties of the muscle. He concluded that the role of the perimysial
collagen network is to prevent over-stretching of lhc mgsc}e fibre F)undles above
I,,. = 3.6 um. Most likely. the endomysium v{orks in a similar fashion. Thereforf?,
in an activated muscle working around optimum sarcomere length. the contri-
bution of the endo- and perimysium to force output can generally be neglected.

2.6 Scaling Effects, Optimal Design and Muscle Fibre Types

Sarcomeres operate at different [requencies in various lo?omo.lor systems. Using
asynchronous muscle fibres, a small insect may operate its wings al a frequ]cm?‘y
of several hundreds of Hz, whereas the sarcomeres vary only about 2 to 3%, in
length during each wing beat cycle (Pringle 1972, 1975; El!ington. 1985). Cutts
(1986) estimated sarcomere length changes of about 20%, in flight muscles of zebra
finches and budgerigars. For slow muscle fibres, Van Leeuwen et dl (l?‘)O} estimated
sarcomere length changes of about 12% in continuously swimming carp. For
kick-and-glide swimming, an estimate was made of z\botll 207, If the ()pcrat.lon
frequency of a sarcomere decreases, more time is avall.ublc for each contraction.
Hence, the sarcomere length change can be expected to increase so as (o maximize
the mean power output in a contraction cycle. Thus, for locomotor systems of
large vertebrates, relatively large changes of sarcomere length may occur, owing
to the low frequencies of movement. However. experimental data are still Iilc‘klng,
Alternatively, more muscle fibres of a slow type can be used to increase the efficiency
and endurance (Goldspink 1977). Both strategies might also be used simultaneously.

(
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Fhe opumal design of sarcomeres was first discussed by Otten (1987a) who
examined the work output in a full contraction of sarcomeres of different
geometries. A more relevant optimization criterion was formulated by Van
Leeuwen (1991). He modelled the effects of different sarcomere designs and
contraction ranges on the specific myofibrillar power output. The meun specific
power output by a sarcomere is determined by:

(1) The efficacy by which the available myosin heads are used throughout the
contraction. Cross-bridges are lost owing to thin filament overlap and collision
of the thick filament with the Z-discs. Power output is further diminished since
the cross-bridges do work against an internal resistance (Sect. 2.1).

(2) The myosin head density in the sarcomere. The Z-disc and the bare zone on
the myosin filament consume space and therefore reduce the cross-bridge
density.

Theoretically, absolute maximum power output would be delivered by an
ideal (but not feasible) sarcomere with parameters I, =1,,=0pum and [,, =1 .
which makes an infinitesimal contraction at the interfilamentary contraction speed
for optimum cross-bridge power. Figure 6a-d shows contour plots of the mean
power output as a function of [ and [ . calculated with Van Leeuwen’s (1991)
theory, and normalized with respect to the theoretical maximum. Each point on
the power surface of Fig. 6a represent a separate simulation of a sarcomere
contraction, starting at a sarcomere length of 1.5/ and ending at [, where
Limax (= 1,y + 1) is the sarcomere length with optimum cross-bridge density (Van
Leeuwen 1991). The interfilamentary velocity u (set to 0.276u_,, for optimum cross-
bridge power) was kept constant during the contraction and was defined 1o be
equal for all sarcomere designs. Hence, the strain rate drops with increasing filament
lengths. The power surface has a skewly oriented ridge with a virtually constant
Lol iy Tlio (Just below 0.8). The power output increases slightly along the ridge
in the direction of greater filament lengths. The increase gets slower with longer
lilament lengths. These phenomena- are explained as follows. If the ratio Lol L
is kept constant, the strain rate is about inversely proportional to sarcomere length,
whereas sarcomere force is roughly proportional to filament Jength. Thus, power
output is only slightly alfected. Proportionality is not exact since both [, and 1,
were kept constant (at 0.15 um and 0.06 um, respectively). Hence, the slow power
rise along the ridge is caused by an increasing cross-bridge density with longer
filament lengths. The shorter the filaments, the larger is the effect on the power
output of a change of filament length. Figure 6b is similar to Fig. 6a. but the
contraction range is now decreased to only 0.03[__ . The Lo/l ratio on the
ridge is now about |. »

In locomotor activities, the dimensions of an animal and its surrounding
medium (air, water or soil) determine roughly the range of operating frequencies
and amplitudes of sarcomere contractions. Hence, the generation of a particular
range of strain rates is required. Therefore. it is particularly interesting (o prescribe
the strain rate of the sarcomere contractions. The results for a large and a small
contraction are shown in Fig. 6¢,d. Now. u clear optimum is found. since increasing
filament lengths require an increasing interfilamentary speed (o keep the strain

cmax



iR

vin Leeuwen

(b)
0.037

cmax

actin length (um)

35 4 4S5 0.5 ! -2

25 3 35 4 45

10
1.05
P!

25 3 )
e ! I'ﬁmyo:;in l_c.|'1gth (um) myosin length (pm)
s
45
4
E s
=
B 3
Z
=
E 25
B
2
15
1 : . 5 05 1 15 25 3 35 4
1.5 2 25 3 35 4 45 )
ot myosin length (um) myosin length (um)
7 /
’ (n 0‘(-5/ 0.7 075 0.8 0.85 0.9 095
28 4 ~
1.1
(e) 26 ]
1.0 N

Range as fraction of

actin length (mm)

reference length

© Insect fibrillar Mlight muscles
O Fish swimming muscle

» Rabbit psoas muscle

@ Ral soleus muscle

& Human leg muscle

a Leg muscle of Rhesus monkey

Lo I8

22 24 26

myosin length (mm)

Y

Muscle Function in Locomotion IR

rate constant. Quite importantly, in the neighbourhood of each of the global
maxima of Fig. 6c.d. power output is quite insensitive to changes in filament
lengths if the ratio {1 is kept constant. This is understood since close (o the
maximum in the normalized cross-bridge power function. the power drops only
slightly with a changing interfilamentary velocity (Fig. 3d). However, the power
output drops very rapidly if the filaments change length so as to alter maximally
the ratio [, /1, This is caused by a drop in the efficacy of the usage of myosin
heads during the contraction. owing to increased effects of only partial overlap
between myosin and actin filaments or overlap of opposing actin filaments.
The position of the ratio Lo/ Ly Tor optimum power output, (Y1 —
shifted to a higher value if the contraction amplitude decreases (Fig. 6e). For a
contraction from 1.5 to [ (Fig 6¢) (still above the estimated amplitudes
for some relatively small vertebrates. ¢f. Alexander 1989). the (el v Jormas. TRLIOVS
about 0.8. This ratio is “typical” for many small vertebrates. Fish use relatively
small contraction ranges in continuous swimming, so that a relatively high (1 /1 )
is expected. This is supported by measurements (Fig. 6I). So [ar, however, only
relatively small specimens have been investigated. It can be expected that very
large fish use larger contraction ranges. For the very short range contraction of
Fig. 6d (resembling the contractions of asynchronous flight muscles), maximum
power output is found for a ratio of about 1. The (I /I ) value for a high

myo: “act max
amplitude contraction from 21 to I, of 0.639 is very close 1o the lower limit
of this ratio found till now in vertebrate sarcomeres (Fig. 6f).

In conclusion, the complete variation in the ratio of myosin length over actin
length (from about 1.05 down to 0.65. as observed in insect and vertebrate
sarcomeres, Fig. 6f) can be explained as a series of adaptations for optimum power
output from a small to a large contraction range, respectively. Short contraction
ranges with optimal design provide excellent peak power output (for fibrillar flight
muscles about 0.9 of the theoretical maximum). Power output has a less steep
sarcomere length dependence. but with a much lower mean specific myofibrillar
power output, in an optimum design for a larger contraction. Using the above
general theory. various predictions can be made. Two examples are (requiring
further research): (1) During growth of an animal, the Lol Lo, Tatio will tend to
decrease in most locomotor muscles (not necessarily in all muscles owing to

15
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Fig. 6. Plot a shows contours of normalized mean power oulput P* generated by a maximally
activated sarcomere as a function of [, and I,.,. Bare zone and Z-disc lengths were kept constant
at the reference values (0.15 gm and 0.06 gm, respectively). The interfilamentary velocity was kept
constant at 0.274 of the maximum. Values of P* are given near a selection of the contours, The
contruction range is 0.5/, .. The relerence sarcomere (with lwe = L6 um. and [, = 2.0 um) is
positioned at the intersection of the grey reference lines. The dashed skew line represents f, =1,
The shaded areas are of minor interest. and were not investigated. Plot b is similar to a, except
that the contraction range is 003 .. Plots e and d correspond to a and b, except that now the
stradn rate is Kept constant. Maxaima are located at plus signs. Plot e shows the optimum [, 1.,
as - function of contraction runge. The shaded triangle indicates that a range of [, /., ratios
gives optimum power under i purticular contraction range. Plot [ shows a scatter diagram of
Ly against [, of measured sarcomeres from locomotor muscles (for references see Vin Lecuwen
1991 a to d caleuluted using theory by Van Lecuwen (1991) eand fafter Van Lecuwen (1991)
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changing functional demands). (2) The expected large wnlr.ucliun ranges ruqmrcd
for Iukruckhirds limit. in combination with the low operating lrcqucnc}cs. the SP.Ct:‘IﬁL'
mvoﬁl;rillur power output, This may help to explain why hovering flight (TC(‘.]UII'I.ng,
in birds. larger wing stroke amplitudes and sarcomere length changes than forward
flight) is only used by insects and small birds. - ‘

" Muscle ibres have been classified on the basis of structural criteria (innervation,
mitochondrial content, structure of the SR, [ilament structure, c~lc,) ':?nd
histochemical and biochemical criteria (e.g. abundance ul}d efficacy Ao! \rarloﬂu§
enzymes). An overview of a variety of classification L{[leﬂ_plS for m'nm.mulum muscle
fibres is given by Pearson and Young (1989). F-‘un.cuonal criteria (endu'rance.
contraction velocity. power output, twitch characteristics, etc.) are a useful gmde for
classification as demonstrated in a classical paper b,\"Burkc_ et al. '(1973}. Here,
only a briel discussion from a mechanical viewpoint will be given \ynlh the a.ld‘ of
Fig'. 7. For locomotion, specific power output by the muscl‘c ﬁbres 1‘5 d'c?ommd;u
characteristic. A surface is drawn of peak specific power to visualize certain lrcn‘( 5.
No quantitative information can be extracted fr'om this picture. Power outpu}_cag
be delivered in bursts, during long periods, or mlcrmedxa.&c intervals. If sustaine
activity is required, than the local supply of metabolic power sfxou;c’i”co;er
continuously the mechanical power outpu~l (chs—Fpgh' and A_lexandgr 1 ! ’). ’or
this purpose. an extensive battery of muqchondnu is required, as well as ag
extensive system of blood vessels and, for insects, trachca for gas exchange an
in- and output of metabolites. This apparatus requires space. which rcgucgz lhe[
specific power output. Therefore, the power sur.face 18 lqwer '.11‘ the rlgi t _sx e.;)‘
Fig. 7 than on the left side. The gain, however, is a relatively hngf-x mean a.p;:'<[:| ic
power outpul. For optimal performance, the various cc:\mponen[s of l}\m ;s)sl;.ml
of power supply and consumption should be tuned relative to each other, so tha
none of the components forms a limiting bottle-neck due to qndcr design. or
consume extra space by over design. This state of slruc.lurul design whereby Ch(j
formation of structural elements is regulated to satisfy but not 'excccd the
requirements of the functional system has been denoted as symmorphosis by Taylor

Specific
power
cutput

High frequency

Aﬂmnioﬂ

range

Frdurance

w feequency
Sustained  OW frequ

5 " re ) Qs 10X . ang 1 m
Fig. 7. Dingram used in a discussion of muscle fibre design and diversity. See text for explanatic
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and Weibel (1981). The specific myofibrillar power output increases if the
contraction range decreases (sce above). Therefore. the power surface increases
from [ront to back. For sustained activities. the gain in specific power output from
the surcomeres by contraction range shortening is partially lost owing to increased
space requirements for the encrgy supply apparatus. Therefore. the [ront-to-back
slope of the power surface is steeper at the left side than on the right side. Another
space-consuming structure is the SR, especially if fast response times are required
as in synchronous insect [light muscles (5-207, of fibre volume, Ellington 1985).
This negative effect on specific power output is largely overcome by the mecha-
nically induced activation in asynchronous muscle fibres.

Muscle fibres designed for high power output during burst activities (fast
twitch fibres, left side of power surface, Fig. 7) have a high myofibrillar content
and a fast myosin-ATPase, whereas the encrgy supply apparatus consumes very
limited space (during bursts, anaerobic metabolism prevails). Highest power output
would be obtained if small contractions would be applied with appropriate
sarcomere design and mechanical activation (*” in Fig. 7). To my knowledge, this
last option is not used in nature.

2.7 Dynamics of the Muscle-Tendon Complex

Muscle Architecture. The mechanical performance of a skeletal muscle is influenced
by the geometrical arrangement of its muscle fibres (muscle architecture). A muscle
is called parallel-fibred if its muscle fibres are parallel to the tendon(s) to which
the muscle belly is attached. In pennate muscles, the fibres make particular angles
with their tendon(s). Tendons do not stop abruptly at the muscle belly, but continue
as tendinous sheets, to which bundles of muscle fibres (generally via a short
collagenous tissue strap). The cross-sectional area of the tendinous sheet gradually
decreases towards its end. This corresponds to a gradual decrease in the number
of muscle fibres which can contribute to the mechanical load. Muscle fibre
angulation influences the force output and length change (both vector quantities)
of the muscle belly. This influence is variable, since fibre angulation increases
during muscle belly shortening. Power and work output (scalar quantities) depend
on muscle tissue volume, but not on muscle architecture (or only very slightly
since internal energy losses may vary a little with architecture). Power output by
the muscle-tendon complex (MTC) is the sum of the power output by the muscle
tissue P_ .. the parallel elastic clement in the muscle belly P,. the tendinous
sheets P, and the tendons P, Models have been proposed to predict effects of
architecture on force output and length change. Most models are planar and
consider only straight muscle fibres. The considered models generally are kinematic
abstractions, generally violating the force balance within the tissuc. Classical papers
on muscle architecture are by Stensen (Stenonis) (1667) and Benninghofl and
Rollhaiiser (1952) while Otten (1988) provides a recent review. All unipennate
MTC models violate fundamental luws of classical mechanics. Some have an
unexplained torque on the muscle belly. whereas others have an unexplained angle
between tendon and tendinous shecets
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an ol of o MTC with a
1 Dynamic Muscle Tendon Model. Here, a planar model of @ M

3 N Sdere S
bipennate muscle belly will be considered (Fig Kol
fibres. clastic tendons and tendinous sheets, n_nd muscle e ,{l s
o avoids some problems of the unipennate model. but strictly s g

_8). composed of straight muscle
. The symmetry

e ill be neede e inaccuracy of the
curved fibres and tendinous sheets would still be needed. The inaccuracy

i e s smi ‘hen the belly is
s sm -¢ the pennation angle is small ar w i
ssent approach is small once the penn S
pIER e fibre length. For most muscles. these conditions are

long compared to muscle angle ., let they be of equal

fulfilled. Let all muscle fibres have an cqlmll ‘[:iténllclll:\vll“on e s T thay
o s Fel th\ lu:l'vc'lrl;feS:::.]x::l]:';x:;zr::‘i]ncorp;rate all quantified properties of
g‘lttes eﬁr‘inﬁr‘:l? 'Fiacv can, in principle. be activated usym:hrn.\nous.:_y.l l?ul L?:‘Il?:
s:";cl;r—onous activations will be discu:‘jscdl. T;h,‘;,f:;:?;:;;zgmgl: :;,:(;nluéct r;:e“.;_is
is i activi é t under tension). g \
:c"rlmlozzzl (tl))c ln“.l }::lv;llf;jslgi;:al cross-section of the muscle ﬁt')rcs. A,‘,Lc:\;::s
i he resting fibre length. Furthermore, let the lcndmm.m sheets
e L and let I, be the total length of the Lcndons.wnh sl}:{ckl
cross-section A,o. Let I, =1 + 1, be the lcpdon leng.th 2:?8[:;5,:22‘:'25;;: ac;;:d
length. It will be assumed that equal slrgms & actl m] t L i C.Omponcm
tendons, so that [, can be used as the cffective length olil llztrwr(lie.w o
This assumption is supported by meusun_'cments' by RJE (ml qm;.]c do‘jhls s
low strains and by Morgan (1977) for high strains, alt (;‘ugf1|. o
(Proske and Morgan 1987). The total instantaneous length of the S

N

V o/ lro, where |
have equal lengths [,

[ = Im + {rCOS &= lug(l'(l & l:x) + Ir()'(l + E[)'COSG.

mic ) N
is | at rest. Tendons and tendinous sheets (TTS) form the dominant
@ & st

where [ of a MTC. From demands

components of the so-called series clu‘slic elem.cnl (SEC)
of constant volume it can be recognized that:
% = arcsin {[””.[!"-Sm % : (8)
ll.\"ll
at rest. The nonlinear stress—strain relationship of l.endc‘mf aqd
del (Fig. 3() is loosely based on stress—strain

o

where [, is [, .
tendinous sheets used in the mo

2 DB s are explained
Fig. 8. Hlustration of planar bipennate model of a muscle tendon complex. Symbols P

in Appendix A
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measurements of tendons by Ker (1981) and Bennett et ul (1986). Viscous ellects
are neglected since these are relatively small (only about 6", energy loss in cyclic
movements). The stress strain relationship (Fig. 3() can be described by

a= fore, <e, (9a)
ao=tst+eg fore =g, (9b)
where ¢s=1.5GPa (the tangent modulus). ¢, = —22.5MPa. ¢ =0.035 (the

critical strain above which the relationship s linear), ¢y = ¢4 (cqe8* "), and
€4 = 0s78/(¢5°8, — ¢6). The dominant viscous effects of the muscle belly are taken
account of by the velocity dependence function [Eq.(2). Fig. 3c]. Inertial effects
due (o accelerations of muscle and tendon mass are neglected. In computing the
force of the MTC (F ) it was used that at any time tendon force (F) cquals
muscle belly force (F ). Hence, the instantaneous lengths I, and I, and « can be
found iteratively.

The above MTC model was implemented in a computer program, allowing
to simulate effects on the mechanical performance of (1) different architectures
(properties of tendons and tendinous sheets and muscle fibre properties like
angulation, length and cross-sectional area), (2) different types (twitch, tetanus, etc.)
and timing of activation. Furthermore, the model can be used to predict optimum
architecture and activation for prescribed functional demands. Experimental
observations can be used to check the validity of the model. On the other hand,
the model can be used to reinterpret particular experiments or to design new ones.
A small number of different simulations will now be discussed. The reference muscle
architecture used is loosely based on the extensor digitorum longus muscle (EDL)
of the rat, as described by Ettema and Huijing (1989). Muscle fibre characteristics
are from Close (1964), after reinterpretation of his data (see below). The data are
listed in Table 1.

Twitch and Tetanus. Figure 9 (left side) shows a simulation of the twitch responsc
of a fast twitch muscle fibre in four different situations. In situation | (s1). the fibre

Table 1. Parameter values used in a simulation of a muscle tendon complex (Figs. 9: 10a, b; 11
series 1: 12) Data are selected so as (o loosely resemble the extensor digitorum longus muscle
of the rat. Ultrastructural data from Van Lookeren Campagne et al. (1988), most architectural
data from Ettema and Huijing (1989). and most physiological data from Close (1964). with slight
changes. A, is assumed to be Ar0/50. Fibre angle %, is calculated from Fttema and Huijing
(1989). but is probably slightly overestimated (see Close 1964). Symbols are explained in
Appendix A.

Ultrastructural data:
i , =210 um

=

. = 1.60 um L, =015 m
Architectural data:

L= 0.06 um

liy=11.78 mm Ay = 15.5mm? Lo = 1894 mm o = 20,95 mm
Ay =031 mm? 20=17

Physiological data:

miss = 200 KPa T =3ms Tp=3ms =5my

T = ms fo= 500 Hz (A~

= 1000k W m?*
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muscle-fibre kept at its optimum length, 2 ell B &
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ac! ce " (Table 1) kept at constant length]. an e same
tendon attached [reference MTC ( t A i Bam i A
S ; wi are: 3) doubled tendinous sheet compliance, and qua led
muscle belly with (compared 1o ] e Tt
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is isolated and kept at its optimum length. In situation 2 (s2), ‘lhc ﬁbr.e '~. pu|‘]-lv of
a muscle belly with tendinous sheets, but without a l.endon. The m.UbCh_ rbc: \ ::
kept at the resting length, with muscle fibres at optimum lcngl? .|f nq'u'vr;g‘d.
generated. Situation 3 (s3) is similar to 2. but now an cxl-j:rnul u.ndm\x 15 d|(’. c
TSiluulmn 4 (s4) is comparable to s3, but with a fjoubled lendmous»shccl Lgnjy m1n;z
and a guadrupled tendon compliance (.'l,.,, s hu}vcd uqd I:l s L.i()ll'lt:( ). L
MTC is kept fixed at [ . As a result of the stimulus in 2 Lo s4 l'n ‘m-l{ l.w
fibres shorten while producing force. The work ‘donc by the |1tjrcs 15 .lhsl(\rjﬁ}t,.( ';:
the lengthening tendon (in s3 and s4) and tendinous sheets. Fibre length chang

(
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is fastest and largest in s4, since least force is required for a particular length
change. During fibre shortening. force output of the fibre is reduced compared to
sl owing 1o (1) the velocity dependence function and (2) (small elfect) the length
dependency of activation. If. in the twitch, muscle fibre activ ation decreases again,
fibre shortening still continues for a short time. since higher forces can be produced
at a lower contraction velocity. Therefore, peak force of the muscle fibre is
considerably delayed and reduced relative (o sI. The peak becomes also much
wider. This is true, even without an external tendon. In fact. in the simulated EDL,
the tendinous sheets contribute more to the SEC than the tendon does, since they
are longer. The clfects of TTS compliance on force output are large. because force
production is very sensitive to velocity changes if the interfilamentary veloeity 1s
close to zero (Fig. 3¢). Therefore. it is also important, in physiological experiments,
to reduce the compliance of the measurement equipment as much as possible. For
the same reason, in mechanical models, it is important to include the nonlinear
elastic properties of the TTS.

Owing to tendinous sheet lengthening, the muscle belly length tends (o increase.
This effect is compensated by extra muscle fibre shortening and rotation (compared
to the situation with a non-elastic sheet). In contrast to the time to peak tension,
the apparent relaxation time of the muscle fibres in s2 to s4 seems shorter than
for the isolated fibre. This might explain the relatively low value of the hall
relaxation time (about 8.5 ms) as measured by Close (1964) for adult rat EDL as
compared Lo the time to peak tension (about 12.5ms).

Figure 9¢ shows the specific power output of the muscle fibre. The sum of the
power of all muscle fibres in the muscle belly is equal in magnitude, but opposite
in sign to the power output of the TTS (contribution of parallel elastic component
is negligible). During muscle fibre shortening, muscle belly power output is
absorbed completely by the TTS. During muscle fibre lengthening, the absorbed
energy is released from the TTS in elastic recoil and absorbed again by the muscle
fibres. Highest power output of the muscle fibres is produced in s4. Most metabolic
power is consumed by the muscle tissue during the highest muscle fibre shortening
velocities (not shown). During lengthening, metabolic power consumption is almost
negligible.

In the tetanus (other conditions equal to those of the twitch. Fig.9d, e, [), a
similar delay in force production is observed for s2 to s4. but maximum force Is
reduced relatively less, since the shortening velocity goes to zero while the active
state is still close to one. The final reduction is mainly due to cross-bridge losses.
A minor effect is due to shortening deactivation. Naturally, muscle fibre shortening,
force production, and maximum strain energy in the TTS are higher in the tetanus
than in the twitch. The high magnitude of the negative power peak in de
deactivation phase illustrates the high capacity of muscle tissue to absorb encrgy.
The apparent relaxation (Fig. 9¢) is delayed in s2 (o s4. since stretching of the
muscle fibres by the TTS during deactivation has a positive effect on force output.
In conclusion, owing (o the complex dynamics of the MTC. muscle fibre twitch
and etanus characteristics cannot directly be derived from muscle belly (or MTC)
force measurements. The above observations are also relevant for locomotion
studies (see Sect. 4.3 on terrestrial locomotion).
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maxmium length to about 30 at minimum length, reducing muscle fibre force
transmission by 12" (but increasing transmission of length change) of the muscle
fibres. Note that z changes fastest at shortest MTC lengths, Generally, the variation
in z anercases with an increasing %, Figure 10b shows also the separate
contributions of the muscle fibres (£, ) and the parallel elastic elements (Fpu) O
F oo 1T the same length change is posed upon the MTC. but with inactive muscle
[ibres. the so called passive length tension diagram is obtained (Fig. 10b: Fo.)- In
experimental practice. the active length -tension diagram is often obtained by
subtracting £ from F.. As discussed by Zajac (1989), this is principally
incorrect, because. at the same MTC length, the parallel elastic structures are at
a longer length during passive force measurements than when the muscle fibres
are aclive (active muscle fibres cause an extra stretch of the TTS). This effect
increases with the compliance of the TTS, as shown in Fig. 10d. with a doubled
tendinous sheel compliance and a quadrupled tendon compliance. The situation
of Fig. 10d is by no means exceptional for locomotor muscles. The rapid change
in slope at the ascending limb of the force-length diagram (Fig. 10b, d) corresponds
to collision of the myosin filaments on the Z-discs at short lengths. The lower part
of the ascending slope is not straight (compare with dashed line in Fig. 10d) owing
to variation of both « and TTS-length. A variation of muscle fibre properties may
further increase this effect. The demonstrated salient features of the simulated
force-length diagram ure supported by measurements on cat soleus muscle by
Rack and Westbury (1969) and various leg muscles of the cat by Poliacu Prose
(1985).

MTC Mechanics During Sinusoidal Length Variation. The above simulations of
MTC mechanics are representative for many physiological measurements. During
locomotor activities. however, muscle fibre activation and [, change simultaneously.
A convenient way ol demonstrating the dynamic properties of the MTC is by
prescribing a sinusoidal change of [ around [ (Fig. | 1b), and calculating the
elfects on force and power output. The MTC can only absorb power (i.e. produce
negative power) when it is forcibly stretched, whereas it produces only positive
power when it shortens. Muscle parameters resemble again those shown in Table 1,
except that the TTS stiffness is increased (10 times) in series 2 of Fig. 11 and
decreased (2 times) in series 3. Oscillation amplitude is +2.5", of MTC resting
length, with a frequency of 10 Hz. The contribution of the parallel elastic element
was totally negligible and therefore omitted in Fig. 11. The contributions of the
tendon and the tendinous sheets will be summed. In fact. the contribution to
stretch and strain energy uptake is slightly larger for the tendinous sheets than for
the tendon. owing to their slightly longer length. The cycle starts at minimum
MTC length. so that the MTC is stretched during the first hall of the cycle.
Activation was by a 500 Hz train of 24 pulses, delayed by 28 ms relative to the
start of the cycle. The first cycle differs slightly from subsequent cycles, owing o
asmall transient effect. The choice of parameters was guided by electromyographic
records from the literature and the goal of demonstrating the salient dynamic
features of the MTC. No special effort was made to find optimal conditions for
particular functional demands.
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The active state rises almost 1o peak level during the stretching phase
(Figo Tah: during most of the shortening phase it has a high level, but it is again
close to zero at the end of the evele. The normalized length changes of various
parts of the MTC are shown in Fig. 11b1. The amplitude of normalized length
change is largest in the muscle fibres. Under their optimum length, they follow a
path close to u sine wave (a spectral analysis would allow a more exact statement),
However. upon activation during stretching. the fibres quite abruptly reduce their
speed und deviate from the sinusoidal path. Fibre length change is limited owing
to force production (Fig. Ilcl). so that MTC length change is largely due to
stretching of the TTS (Fig. 11b1), The energetic effect is a high power ahsorbency
by the TTS (which is stored as clustic cnergy) and a relatively low power absorbency
by the muscle fibres (Figs. 11d1 and Ilel). Peak MTC force is produced before
peak MTC length, since muscle fibre velocity drops towards the end of the
stretching phase. Therefore, the TTS starts shortening before MTC shortening.
Hence. muscle fibre velocity is opposite to TTS velocity. This situation continues
for about 7ms during the shortening phase. Thus, released TTS strain energy is
absorbed during a short period by the muscle fibres, Although it is not shown by
the simulation (it is not incorporated in the model), part of this absorbed energy
could again be stored as elastic energy in the cross-bridges, since muscle fibre
length change is only about 19, which is below the limit of 3%, for effective storage
(Flitney and Hirst 1978). In fact. during the whole forcible stretching of the muscle
fibres, the length change remains within this limit. Although the storage of strain
energy in cross-bridges is a relatively small effect, it seems nevertheless useful in
the transition from MTC stretching to shortening. Most TTS strain energy is
released during muscle fibre and MTC shortening (first half of shortening phase).
This energy shows up dircctly as MTC power output. The positive power output
by the muscle fibres is delayed relative to this strain energy release. Thus, in the
first phase, MTC power output (P ) is dominated by strain energy fuctuations of
the TTS and, finally, by muscle tissue power output. Most muscle fibre work is
done at a relatively low force level. Metabolic power requirements are low during
the stretching phase, and increase sharply when the muscle fibres start shortening.
The MTC work output (W) produced during a complete length cycle can be
divided by the total metabolic energy consumed per cycle to obtain an overall
efliciency of 14.7%, for this case. The total specific work output by the MTC during
the shortening phase only (W, ) is about 50%, of the total metabolic energy. The
work loop (Fig. 11f1) has a small negative part and a dominant positive part.
The simulation shows that the muscle fibres are mainly active at and below
their optimum length for force production. This agrees with estimated sarcomere
length changes in vertebrate locomotion muscles (reviewed by Alexander 1989).

obtiained by integration of curves in d1. Energy levels are resel o zero at start ol each cycle. The
Positive work done during the shortening period of the MTC is also shown (1. ). f1 Work loop
of the MTC during the two cycles. Positive part is larger then negative part. Plots a2 o 2 ure
equally arranged as al to 1, but now with a ten fold stiffer TTS. and only the second cycle is
shown. Plots a3 to £3 show simulation results with a doubled TTS compliance (compared 10
series 1), Again, only the second cycle is shown
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and provides a high specific power output of the sarcomeres by increasing the
cross-bridge density (Van Lecuwen 1991).

Now. the above simulation will be compared with the situation of a tenfold
increase of the TTS stilfness (Fig. 11a2-1112). whereas other paramelers arc kept
constant. Only the second cycle is shown. The most conspicuous differences are:

| Muscle fibre length follows much more the sinusoidal length variation of the
MTC above resting length, leading to an increased sarcomere excursion,
particularly towards higher lengths. This is caused by the more limited stretching
possibilities of the TTS.

2 A faster force increase during lengthening. owing to a [aster muscle fibre

lengthening. Peak force falls ea rlier. During MTC shortening, the force decreases

faster, owing to the higher muscle fibre shortening speed.

3. A much higher power uptake by the muscle fibres during MTC stretching,

combined with a very limited strain energy storage by the TTS (Fig. 11d2, e2).

MTC power output is now dominated by the muscle fibres.

4. MTC work output in the cycle is slightly negative, resulting in a slightly negative
efficiency ( — 1.7%). This is also shown by the MTC work loop with about equal
negative and positive parts (Fig. 11{2).

More or less reverse effects occur when TTS compliance is doubled with respect

to the reference values (Fig. 1la3-11f3):

|. With the onset of activation, muscle fibres start to shorten slightly, until a
plateau is reached (Fig. 11b3). The TTS is lengthened more than the reference
TTS.

2. A lower peak force is reached. since muscle fibres are not stretched. Peak force

coincides with peak MTC length. Force decline is relatively slow during MTC

shortening, since, for most of the time. the muscle fibres shorten slower.

3. Power absorption during MTC lengthening is almost completely due to TTC

strain energy uptake. Thus, power absorption by muscle fibres is almost

completely avoided by doubling the TTS compliance.

4. MTC work output in the cycle is positive, with an efficiency oF22:2% (1.5%;
higher than for the reference MTC). The work loop shows a positive part only.

A muscle action like that of Fig. 11 series 3 is particularly useful in saving metabolic
energy when, during locomotion, an animal makes cyclic changes in kinetic and
potential energy (Sect. 4.3). It demonstrates also how, by an activated prestretch,
muscle performance during MTC shortening can be improved, by making elfective
usage of the build-in springs of the muscle. For a jump from stant still, this requires
a preceding counter-movement.

In real live situations, often only a particular fraction of fibres of a muscle is
activated. Compared to a full activation, these fibres “see” a relative still TTS. This
is roughly similar to a full activation with a very stiff TTS (Fig. 11 series 2). A
small [raction of active fibres, particularly if distributed over the muscle, is unlikely
{o be able to take much advantage of clastic effects. which will reduce the efficiency-
If the fraction of active fibres is localized, a higher efficiency can be obtained,
owing to a greater stretch of the associative tendinous sheet parts. The low
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In conclusion, a TTS with appropriate stiffness can inerease considerably the
mean MTC power output. Using the present dynamic MTC model. the required
stiffness and stimulus characteristics for optimization of power output and muscle
efficiency under particular functional demands can be predicted.

Measurements of MTC Mechanics. Heglund and Cavagna (1987) recorded the
work output of the EDL of the rat, and estimated also metabolic power from O,
consumption measurements. They found that W, could be increased il a forcible
pre-stretch was given to the EDL as compared to an initially isometric EDL. This
can mainly be explained as follows. The work done on the preparation during
stretching was partly stored as strain energy in the tendinous sheets (Heglund and
Cavagna excluded the main part of the external tendon, but the tendinous sheets
are of about equal importance as the external tendon in the EDL), which was
again liberated during shortening. The authors measured negative work loops for
the complete cyele, so that the overall efficiency of the MTC was negative. (The
conclusion of Heglund and Cavagna that the efficiency of the EDL was increased
by the pre-stretch was based on a misconception that the efficiency could be
obtained by dividing W, by the used metabolic energy). This experiment was
important since it supports the view that previously stored strain energy can
contribute importantly to power output during MTC shortening. If a MTC is
pre-stretched. the series elastic component is relatively longer at the time of
transition [rom lengthening to shortening as compared to an initially isometric
MTC. At the same time, the muscle fibres are relatively shorter. Hence, on average,
a lower contraction speed of the muscle fibres results during MTC shortening,
which leads. according to the velocity dependence function, to a higher force
output. The difference in contraction speed will be highest during the initial phase
of shortening, which indeed shows the highest measured force enhancement
(Cavagna et al. 1968). Simulations with the present model (using constant stretching
and shortening velocities) showed this effect to last for about 30 to 40ms during
shortening. Cavagna et al. (1968) suggested that yetanother effect on the contractile
apparatus would be present owing to (1) the considerable duration of force
enhancement (several hundreds of ms) and (2) the presence of a (slight) force
enhancement. even if a 20 ms isometric phase was between the pre-stretch and the
shortening phase. Firm support for this suggestion came from measurements on
isolated frog muscle fibres by Edman et al. (1978). This last, yet to be defined,
effect of the pre-stretch is not incorporated in the present model.

Heglund and Cavagna (1987) showed that the pre-stretch effect was much less
for frog sartorius muscle than for rat EDL. A likely explanation is that the sartorius
is parallel fibred muscle (one of the very few) with very short tendinous sheets,
so that very little strain energy can be stored in them. In cat (Loeb et al. 1987)
and man (Barrett 1962), the muscle fibres do not run continuously throughout the
muscle belly. but the muscle fibres are connected to each other in series with short
strips ol connective tissue.

Just before this chapter was finished, an experimental study by Ettema et al.
(1990) on rat medial gastrocnemius muscle was published which shows several of
the phenomena discussed in this section.

T
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3 Monitoring Muscular Performance in Vivo

This section considers methods used (o record muscle performance in vivo. Direct
measurements can be made of muscle performance (Sect. 3.1). or models can be
used to estimate muscle performance from experimental data as external force
records and cinematography (Sect. 3.2). Sometimes combinations of the t(wo
approaches are being made (Sect. 3.3)

3.1 Direct (Invasive) Experimental Techniques

Electromyography. The electrical activity of muscles can be measured by
electromyography (EMG). Details about the technique can be found in textbooks
on electrophysiology. For muscle function in locomotion. the differential technique
glvcs‘lhe best results, since it allows a localized registration of muscle activity. Here
two identical electrodes are positioned closely together and the difference ir;
potential between them is recorded. Surface electrodes have limited resolution, but
are, for obvious reasons, often used in recordings from man. Needle and .wirc
cleclrodfas have the advantage of a higher spatial resolution. Generally, EMGs give
only an impression of electrical activity. they do not show how much force 1s being
produced. Force production lags behind electrical activity. For fast muscle fibres.
the delay is about 20-30ms, for slow fibres it is about 50-80 ms. Many altempls:
have been made to relate EMG to force output. Forisometric cases, the rectified and
low pass filtered EMG has been shown to be roughly proportional to force output. If
length changes are involved, the situation is more complex. Hol and Van den Bérg
(1981) predicted force output of the human calf muscles, using an adaptation of the
muscle model by Hill (1938). A disadvantage of their upprough (and those of many
others) is that (1) the muscle parameters have limited structural or physiological
rglevance, and (2) a calibration technique is required, since electrode plglccmenl is
highly variable.

Direct Force Measurement. An important technique to measure force from a single
muscle or from a muscle group with a common tendon is by the usage of a tendon
buckle transducer (first proposed by Salmons 1969). This -lechniqug is limited to
mus.cles with relatively long tendons, being exposed to surgical approach. The
Achilles tendon is used most frequently. The technique has now been applied by
several investigators. Early studies were by Barnes and Pinder (1974) in the horse
and Walmsley et al. (1978) on cat Achilles tendon. Sherif et al. (1983) compared
myoelectrical activity and muscle force during running in the cat. Bicwener et al
(1988) used the tendon buckle technique to measure forces by the ankle extensors ir;
hoppmg kangaroo rats. They showed that the entire range of possible muscle forces
is used 'during normal locomotor events. At slow speeds: 20°, of the maximum
1sometric force; at preferred speed 407, and during jumps 175, during the stretching
phase of the muscles. Peak muscle stresses were found ol about 357)kPu,

Direct Strain Measurement. Mercury tubes have been used to measure the strain of
tendons during locomotion of the horse, using the property of a changing electrical
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hortening (Van den Bogert et al. 1989). Muscle

resistance during lengthening and s den Bogert ‘ s
1 be caleulated il aflter in vivo experimentation,

forces and elastic energy storage car ‘ : .
the tendon properties are measured with a tensile testing machine.

3.2 Indirect Techniques

Muscle performance can be estimated with various indirect (noninvasive) techni-
ques. Almost all methods require knowledge about muscle moment arms and
muscle architecture. So, these aspects will be discussed first.

Moment arms. There are various ways to estimate muscle momgr}l arms (An cl. al.
(1984) provide a review). Morphometry can be applied xf'lhc position ol the motion
ly correlated with a curved joint surface in the specimen.

axis of the joint can be simp :
e J rm equals the distance from

ion axis and force are at right angles, the moment a
L‘;(?;otzomnusclc-tendon complex (along the common perpe:ndiculurl This u.pproach
becomes problematic when the motion axis cannot‘bc easily 1:e|ated to the sk’elcton.
Axis and tendon position can be accurately determined by Ro,nlgep photogramme-
try (Selvik 1990), but this technique is laborious and often npt available. Mo.re‘oYcr,
tendon constraints like retinacula and tendon sheaths can hinder the determination
of the line of action of the tendon force (An et al. 1984). A muscle moment am,x .asg
function of joint angulation ry,(¢) can be most simply and most uccur‘fucly obtaine
from measurements of tendon displnccmenls.s as a f.uncuo_n of ¢ ina musculol;
skeletal preparation. By assuming that, in an infinitesimal dlsplacerj]‘en‘l. thhc wor 1
done by tendon displacement is equal to the work done by.lhe m‘usde(;n ;\ e J?I.Tl
rotation (principle of virtual work), the moment arm r, IS calculated (An etal.

1984):

Fds=F rydé. (10)
Hence:
ds (1)
s &
m d(ﬁ

The same relationship can be derived by a kinematical analysis for plunur n.muo_ni
(Fick and Weber 1877: Brand et al. 1975). The main advaplage of this lcchmql:legs
that it takes implicitly account of complex joint geomcmes,,?urvcd muscle paths
and three-dimensional effects. 1 neglects, however. stretching effects of e.g. a
retinaculum. Measurements of moment arms of human lower l_cg mgscles about
knee and ankle joint, using this technique, show the arms to be quite varmblc.(Spgfo'l;
et al. 1990), so that considerable errors can be made about muscle function 1l @
constant moment arm is assumed.

Muscle architecture. Muscle architecture is still obt
Measurements include the following:

|. Tendon mass, slack length and cross-sectional area.
2. Slack length and mass of tendinous sheets.

ained best from dissections.
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3. Lengths and pennation angles of muscle fibres (or small bundles) should be
measured evenly spread over the muscle belly.

. Muscle volume and fibre cross-sectional area.

. Sarcomere lengths of each of the dissected muscle fibres. (This can be done with a
diffraction method. A cheap and convenicnt method is described by Dimery
1985).

6. Sarcomere structural parameters (by electron microscopy).

E o
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These structural parameters are required as input for a muscle-tendon model
(Sect. 2.7). From measurements (3),(5) and (6), the muscle fibre optimum length can
be calculated. Additional experiments are required to obtain physiological data. A
diffraction method can also be used to estimate sarcomere lengths during a
locomotor activity (Dimery 1985; Cutts 1986). To this end, killed animals are placed
in positions corresponding to those from a film of the moving animal. The method is
only approximate, since in vivo force patterns differ with an unknown amount from
rigor forces of the muscles. If joints are well characterized, motion data can
sometimes be used to calculate MTC length changes (Van den Bogert et al. 1989).

Inverse Dynamics Analysis. Muscle forces can be estimated using the so-called
inverse dynamics approach (mathematical details and computer methods of this
technique are described in engineering textbooks like Haug 1989). In this approach,
net joint moments are calculated from

1. measured (by cinematography or accelerometry) positions, velocities and
accelerations of the body segments (kinematic analysis);
2. inertial parameters of body segments.

The net joint moments are subsequently used to estimate muscle forces with the
following additional information:

I. instantaneous moment arms of muscles and ligaments about the various joints;

2. muscle and ligament properties;

3. a (validated) distribution model for the [orces over the concerned muscles and
ligaments.

The pitfalls of this method are manifold. (1) The estimation of accelerations from
noisy displacement data (owing to e.g. unwanted displacements of skin markers)
easily leads to significant errors. Special computational techniques have been
developed to reduce these errors as much as possible (e.g. Woltring 1986). (2) Body
segments are often assumed to be rigid. (3) Moment arms are generally only poorly
known. They can be quite sensitive to joint angulation (Spoor etal. 1990).
(4) Presently available force distribution models are based on arbitrary principles.
The best load sharing model for muscles to date seems to be the minimum fatigue
criterion by Dul et al. (1984). This criterion is based on the assumption that the
endurance time of muscular contraction is maximized, hence muscular fatigue is
minimized. A better criterion, incorporating the dynamic properties of the MTC
(including both muscle fibre types and elastic propertics), will be discussed in
Sect. 4.3,
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4 Performance and Design of Muscles
in Some Locomotor Systems

4.1 Fish Swimming Muscles

Considerable progress has been made in the understanding of fish swimming
muscles in the last decade. Therefore. this topic will be discussed at some length. Fish
use a great many different techniques to propel themselves. In one swimming type,
the body is propelled by undulatory movements of the fins, whereas the body is kept
relatively rigid. A further subdivision can be made on the basis of the relative
contributions of cach of the paired and unpaired fins. These swimming modes are
generally used if a high efficiency is required. The dominant type of swimming is by
undulation of the body, the main topic of this section. This swimming Lype can
further be divided in three distinct modes. (1) In continuous swimming, the body
repetitiously makes undulations of fixed amplitude and [requency. (2) In kick-and-
glide (= intermittent) swimming, body undulations are intermitted with glides, with
the body kept straight. Now, an acceleration phase can be distinguished from a
deceleration phase with no power output from the trunk muscles. (3) In a fast start.
the body is accelerated from rest by undulations of a relatively high amplitude. The
trunk muscles deliver maximum or close to maximum mechanical power output
during this swimming mode.

A major question is how the movements of the body are produced by the trunk
muscles. This problem has been tackled by various methods. Blight (1976, 1977) used
electromyography to study the phases of activity of the trunk muscles in newl larvae
and tench at various positions along the trunk (Fig. 13a). He concluded that only a
small phase shilt exists in the recorded activity from anterior to posterior. Thus. at
one side along the trunk, considerable overlap oceurs in the activity phase of the
muscle fibres. With other words, these observations suggest the caudally running
wave of lateral bending of the body to be produced by an almost alternating tension
development in the axial muscles from side to side. These findings got further
support by work of Hess and Videler (1984), They applied the inverse dynamics
approach (Sect. 3.2) to fish swimming. They recorded the movements of saithe
during continuous swimming, and calculated the forces on the body using a
hydrodynamic theory outlined by Lighthill ( 1960). From these data, they calculated
the net bending moment the fish should have generated along its trunk as a function
of time. Figure 13b shows the amplitude of the bending moment along the trunk.
The bending moment showed hardly any phaseshift along the trunk. in contrast to
the curvature of the body (Fig. 13c). These calculations cannot tell by which
Structures (mainly muscle fibres and connective tissue) the bending moments are
produced. For this purpose, a (validated) distribution model (Sect. 3.2) is required
which is not available. Nevertheless. the muscle fibres produce probably foree in
phase with the calculated net bending moment. Hess and Videler's analysis shows
also that, anteriorly, bending moment and curvature fluctuation result in a positive
Mmean power output. Owing (o the phaseshift in curvature, the mean power output is
Negative in the caudal peduncle.
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performance during swimming in carp as

aim a sarcomere model by Otten (1987a) was used, similar to that discussed in
Sect. 2. This model requires four different types of input. First, the geometrical
properties of the sarcomere (Sect. 2.1) should be known. These were obtained by
electronmicroscopical observation of sarcomeres at four distributed positions along
the trunk, as indicated in Fig. 15. From the measured parameters /. L. [y, and 1,
the length dependence of force production was calculated.
Calculation of sarcomere force requires also knowledge about the velocity
dependence function [Eq.(2)]. The part for positive interfilamentary sarcomere
velocities was estimated from experimental data measured by Rome et al. (1988).
For negative velocities (during stretching), an estimate was made on the basis of
measurements by Aubert (1956). The third factor that Van Leeuwen et al. (1990)
needed in their calculation was the active state. Therefore, the electrical activity of
the red muscle fibres was monitored during continuous swimming at eight different
positions along the trunk (Fig. 15). A differential technique was used so as to obtain
records of the local activity. Measurements were made at one side of the body only,
since the recruitment pattern can be assumed to be similar at both sides, but out of
phase with each other. During intermittent swimming, both sides were monitored
with four spots each (Fig. 15). In combination with experimental twitch data of
muscle fibres of carp (time to peak tension is about 60 ms for slow fibres and 30 ms
for fast fibres) by Granzier et al. (1983), the EMG records were used (o estimate the
active state.

Finally, data were required about the actual length fluctuations of the muscle
fibres during swimming. Synchronously with the EMG records. high speed films
were made of the fish swimming. A central axis of the fish was calculated from the
digitized outlines of the fish. The strain and strain rate in the red (slow) muscle fibres
was calculated from the local curvature of the central axis and the position and
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orientatton of the muscle fibres with respect o the axis. The fibres lie as 4 thin (in
cross-section triangular) strip dircetly underneath (he skin. Details of the required
assumptions and the calculations are discussed in Van Lecuwen et al. (1990), The
caleulations of the strain agree with sarcomere length measurements by Rome et ),
(1988).

In continuous swimming (Fig. 15 left series of plots), the amplitude of curvature
increased from anterior (o posterior. However, the strain amplitude in the slow
muscle fibres was constant along the (runk. Thus. in the posterior region, the higher
amplitude of curvature was exactly compensated by the shorter distance between
muscle fibres and body axis. During swimming without electrodes strain amplitudes
were found of about +0.045. For swimming with electrodes this was +0.085,
owing to an increased drag. In spite of the constant strain amplitude, the mechanical
behaviour of the muscle fibres changed along the trunk since the fibres were
activated at different intervals in their length cycle (Fig. 15d, left side). Anteriorly, the
fibres started their electrical activity about 50 ms before peak strain, posteriorly this
was about 90 ms. Anteriorly, the electrical activity lasted longest. The delay in
activation over the trunk was shorter than the delay in the mechanical wave, The
consequences for force and power output by the fibres will now be discussed.

Figure 16a shows (he estimated active state along the trunk during the
continuous swimming cycle at the § electrode positions, based on the data shown in
Fig. 15 (simulation was started at the dashed vertical line of Fig. 15d). Activation
was delayed and was shortened in a posterior direction. Active state decayed almost
synchronously along the trunk. Force production (normalized to ful] isometric
force, Fig. 16b) shows anteriorly an initjal peak followed by a plateau in the
shortening phase, and a final decay. Peak force (produced during forcible stretching)
is below isometric force, owing to the low active state. In a posterior direction, peak
force increases, whereas the plateau phase shortens. This is caused by an earlier
activation in the lengthening phase. combined with a shortening in activation.
Power production (normalized relative (o maximum power, Fig. 16¢c) shows an
initial negative peak over the complete trunk. This peak increases towards the tail, as
expected from the length and force data. A power plateau, close to maximum power
output, is present anteriorly. The plateau phase shortens towards the tail. In the
caudal peduncle, only a small positive peak is left. The results may also be presented
as work loops (force against length), Examples are shown for electrode position 2
(Fig. 16d, mainly positive work loop), position 6 (Fig. 16e, negative and positive
part). and position § (Fig. 16f, negative work loop). Finally, Fig. 16g shows how the
normalized work output perceycle changes along the trunk. In the anterior half of the
trunk, work output is positive, it drops just in front of (he anal region, whereas work
output is negative at the most posterior two positions.

In intermittent swimming, the maximum curvature and muscle strain varied
between successive tai strokes (Fig. 15, right series of plots). In the first tail stroke,
the red fibres shortened actively at the left side of the fish (top half of Fig. 15d), while
being under their resting length, except in the caudal peduncle where they were
initially stretched when active. The minimum muscle strain decreased from anterior
Lo posterior, and reached posteriorly values below — (.2 Muscle activity started
almost simultancously (within 5 ms) along the left body side. In the second stroke
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Van Leeuwen et al. (1990)

stretched and active above their resting length. Compared to the first stroke, this is a
shift towards the pattern of continuous swimming.

The left side of Fig. 17 shows the results of a model analysis for the first tail strike
after the glide phase in intermittent swimming. The swimming event shown in
Fig. 15 served as a basis for this analysis. Van Leeuwen et al. (1990) reduced in their
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calculations all the amphtudes i the strain curves by 30", This was done because
swimming with clectrodes results in about twice the amplitudes as compared to
swimming without electrodes. [n contrust. model results will here be shown for the
actual movement with electrode positions as shown in Fig 15, The specific
contraction speeds were such that hardly any force could be produced by the red
fibres in their shortening phase. Thus, to generate the movement, the fish must
have used its white and pink fibres, The stimuli along the trunk were so short
that only in the caudal peduncle an active state of one was reached by the red fibres
(Fig. 17a). The force curves for the examined clectrode positions at the left side
(Fig. 17b) show an initial peak, followed by a rapid decline owing to the high
contraction velocities. In the caudal peduncle. the initial peak is highest, since the
fibres were forcibly stretched (top half of Fig. 15d, right series of plots and Fig. 17a).
The final peak in force production was caused by a final forcible stretching phase,
with an increasing delay along the trunk. The normalized power curves (Fig. 17¢)
show that the red fibres produced mainly negative power, except in the anal region
(position 3) where phases of positive and negative power almost compensated each
other. The normalized work histogram (Fig. 17d) shows that energy was absorbed
along the trunk during the first tail strike. In conclusion, the slow oxidative fibres
could not have driven the observed movement.

How would the behaviour of the fast fibres have been during the “kick phase™?
Figure 17e~h shows the results of a calculation, assuming that the activation periods
of the fast fibres were equal to those obtained for the slow fibres. The required
shortening speed of the fast fibres is less than that of the slow fibres, owing to their
different orientation and position with respect to the axis (Alexander 1969). Based on
Alexander’s theory, Rome et al. (1988) estimated that white fibres only need to
shorten at one fourth of the speed of the red fibres for a particular body curvature.
Sarcomere length measurements of muscle fibres from specimens, fixed in a curved
position, were consistent with this estimate. In one curved specimen, | measured a
contraction ratio of slow fibres over fast fibres (number of samples was to small for
statistical significance) of about 3 (electrode position 2 of continuous swimming) and
about 4 for two other spots (electrode positions 4 and 6 of continuous swimming).
Therefore. the strain fluctuations and contraction speeds were reduced in the
calculations with a factor four compared to the red fibres (This is a correction of Van
Leeuwen ct al. 1990, who used a reduction factor of two). For the fast fibres, Vinax
was chosen to be 15 length/s (i.c. 2.73 times ¥,,,, of red fibres, based on measures by
Rome et al. 1988). The velocity for maximum power output, V.. was calculated to be
4.64 lengths/s (i.e. 3.05 times ¥, used for the red fibres). The delay time, 7, for full force
production was set to 30 ms, i.e. half the value the used for the red fibres (see also
Granzier et al. 1983). The active state reaches now a value of one over the complete
trunk (Fig. 17e). Compared to the red fibres, the force curves (Fig. 17f) are single
peaked. owing to the shorter response time and increased V.. Peak normalized
force in the caudal region is now larger than one during the initial lengthening phase,
owing to the shorter response time. Figure 17g shows that anterior to the caudal
peduncle, only positive power is produced, except anteriorly (position 1) in the [inal

phase. Positive net normalized work is produced over the complete length of the
trunk, with a maximum in the anal region (Fig. | 7h).
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an explanation based on filament geometry. Upder nmu'rul condmons: sllrcl:;h:r;%
oceurs dynamically by an inertial load. Machin and Prmglg (1'959) rep "l]ce : e
natural load of a flight muscle of a coconut beetle by an arpﬁcxal load. L sing an
electronic circuit, various inertias, stiffnesses and da.mp.mg mﬂucAnces‘ were snm’u-
lated. The sell-oscillatory mechanism was disturbed 1fc_nher the inertial load vms
very low or the damping very high. The high stiffness of the musglc, hox.\'cver. ‘deb
kep;l intact. Most likely, the high stiffness originates frorr_l an_exccpnpnally short a]n'
SUIT c-filament, connecting the myosin filament (o the Zl»dlSL' (White 198}). l? ~L'1|s
way, a passive spring is formed within the rpuscle, which can store a SIgSI lt...;)llll,
;1ml3unlol'cluslicencrgyA Duringﬂighl.thcspnngsee.ms to b_gopcraled considera ’_\
above its slack length. This avoids the “toe™ (left side in Fig. I.S) of‘the n‘onlmedr
tension-length diagram. and assures relatively l'fxrgc ﬂucluanor}s 1n.th cr:jer’g_v
density function. The cross-bridges produce force in parallel to this spring an _car!
also store elastic energy (Alexander and Bennet-Clark 1977). The_ strain ljl\;cluau?ga
of the sarcomeres are so small (< 3%, that the myosin heads can, in prmcnpl‘c, remain
attached to the actin filaments throughout the wing bgat cycle. Mgsi Il¥<ely,<lhef
cross-bridges produce force continuously, thereby slcval?ng the ;ffegl}\'e sulTne;sl;))
the system. Hence, favourable conditions for the absorption of kinetic cnf:rr]gy (IJ 9:1
wing mass and wing virtual mass at the end of the hall's:tro}cc are prt?senl. ; he skorAS
clastic energy is subsequently used to accelerate the wing in the next lhalf>l'ro ei1
mentioned, the cross-bridges produce more force during Lhe sZorlemng phase than
ing leng ing, so that overall positive work is produced. 4
o ?:i:;fl-lii?:(?gltinhle bee (Bm)lhm’)::c'rrusrris]. the musculo-skeletal system r?allzes
the wing stroke amplitudes with very small sarcomere lenglh changc's (Dud:;{)z:_l; ’
Ellington 19904, b). This insect uses the same wing beat frequency {dl_)oul . zl
and stroke amplitude over a wide range of flight speeds. from hovering to ‘} (ull
4.5 m/s. Flight speed is controlled by changing other parameters, such as body angle
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and stroke plane angle. Therefore. the sarcomeres of the major flight muscles seem to
operate similarly at various flight speeds. Dudley and Ellington (1990b) calculated
that the required power output is also constant with Might speed. They estimated
that all the Kinetic energy of the wings could be stored in the flight muscles. These
Nindings are consistent with the concept of a resonance system with a relatively fixed
operating frequency.

4.3 Running and Jumping in Mammals: Muscles in Concert

This section deals with muscle function in terrestrial locomotion. An animal,
walking or running at (a close to) constant speed. changes cyclically the potential
and kinetic energy of its body. In walking, kinetic and potential energy Muctuations
are more or less out of phase, since conversions between them are made by using the
legs and body as an inverted pendulum (Chap. 4). This strategy saves metabolic
energy. Elastic energy storage in tendons presumably plays a minor role as an energy
saving mechanism, owing to the low forces in the muscles.

In running and hopping, the kinetic and potential energy fluctuate much more
in phase, whereas the required muscle forces are much higher. Here, the potential for
the muscles to use their build-in springs as strain energy stores are much higher (for
reviews see Alexander 1984, 1988). In Sect( 2.7, it is shown that TTS stiffness should
be “tuned” correctly to obtain a high efficiency. At slow running speeds. body
segment accelerations and peak net joint moments are still relatively low. Elastic
energy storage would be far from optimal if muscle activity were distributed rather
evenly among synergistic muscles, since then the population of active fibres in each
muscle would be in series with a relatively stiff TTS. If, however, some muscles or just
one muscle [rom a synergistic group were active. then overall elastic energy storage
would be more favourable. To continuously optimize elastic energy storage with

increasing running speed, more muscles could sequentially be activated. At low
speeds it would be most efficient to use muscles with mainly slow oxidative fibres.
This principle of optimum efficiency may help to understand (1) the high number of
muscles present in a leg, (2) distribution patterns of muscle fibre types over various
muscles and (3) to predict activation patterns of synergistic muscle groups. It may
also help to understand structural subdivisions within muscles. Similar to the
swimming muscles of the carp, it is important to consider the overall efliciency of the
muscular system.

The optimum efficiency hypothesis is supported by measurements of electrical
activity, forces (using the tendon buckle method), and length changes of soleus
(SOL) and medial gastrocnemius (MG) muscles in walking and trotting cat by
Walmsley et al. (1978). They showed that the SOL is active at all speeds. Peak [orce
production varies relatively little with locomotion speed. The MG, however,
increases its peak force with running speed (Fig. 19d). The mechanism of strain
cnergy storage during activated pre-stretch is used during running and jumping.
Even during a fast trot, peak force in the MG (=~ 20 N) is relatively low compared to
that in maximal jumping (Fig. 19¢). Peak force is generated before peak MG length.
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During & transition from trotting to galloping. peak force was higher (about 35 N),
which was accompanied with a shorter delay ol peak fength. During a high jump,
peak foree was highest (= 85 N), whereas peak length occurred simultancously, or
slightly later. These events are predicted by the MTC model of Sect. 2.7. us shown
in the simulations of Fig. 11 With submaximal MG activation. the TTS is relatively
stifl compared to muscle fibre force. This would roughly resemble the simulation of
Fig. I'l series 2. (In the simulations compared in Fig. 11, TTS stillness is varied, in
stead of activation levels. The relative effects, however, are similar). The relative TTS
compliance is lowest in the jump, resembling roughly the situation of Fig. 11 series 3.
with either coinciding force and length peaks of the MTC. or peak force slightly
delayed to peak length. [tis likely that the elastic properties of the TTS are best used
during the jump, so as to obtain a (close to) optimum efficiency. Peak force of the
SOL during the jump is lower than during running. This is caused by the high
contraction velocities (Remember that the SOL contains mainly slow fibres). The cat
would be able to jump higher i it had a faster SOL. but it would walk and trot less
efficiently.

Further evidence for the present predictions comes from the work by Whiting
et al (1984), who studied the same muscles of the cat. They used also the tendon
buckle technique to measure forces, but improved the measurements of length
changes of both MTCs, so that estimates could be made of instantaneous power
output (Fig. 19¢). For the SOL, peak force and peak negative power decrease with an
increasing running speed, whereas the positive power peak increases. This can be
explained with the present MTC model. If only a fraction of the muscle fibres is
activated, a relatively stiff TTS is experienced by them. resulting in a high muscle
fibre stretching, more initial negative work of these muscle fibres. less elastic encrgy
storage and presumably a lower MTC efficiency than with full activation. For the
MG, it is mainly the positive power peak that increases with speed. Mare firm
conclusions could be drawn if model simulations were made with the actual muscle
paramelers, in combination with various activation patterns.

In conclusion, activation patterns of muscles during locomotion are likely to be
optimized so as to obtain optimum overall muscular efficiency during various levels
of mechanical loading. Load sharing between synergistic muscles can so be
predicted.

In terrestrial locomotion, most locomotor muscles work (in co-ordination with
other muscles) in kinematic linkages such as legs. In principle, muscles might be
constrained in their performance by the nature of the kinematic chain. The following
discussion is mainly based on the work done on human jumping by Van Ingen
Schenau and colleagues (reviewed by Van Ingen Schenau 1989), measurements of
muscle moment arms by Spoor et al. (1990), and personal view points. Figure 204
tllustrates some of the principle human leg muscles involved in a jump. The gluteus
group (GLG) tends to extend the hip. The gluteus medius (GLME) and minimus
(GLMI) are monoarticular. The gluteus maximus (GLMAX) inserts (with the
biarticular m. tensor [asciae latae) for more than 50", on the tractus ilio-tibialis, a
long tendinous part which passes the knee joint. Preliminary observations indicate
that both muscles have an extending momentarm about the knee. (The treatment of
the GLMAX as a strictly monoarticular muscle by Van Ingen Schenau s, and
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Pandy and Zajac (1990) is erroneous). The lesser part of the GLMAX is mctmoé
articular. The vastus group (VG) tends to extend the knec_. Th_e SOL tends t(_) ex e;x;w
the ankle (this usually is called plantar flexion; extension .ISAuSCd her;:rsmvclc.n 4
rotation lengthens the leg). Several other muscles pass two joints, 'I_'er ;n:s x('; lgo
(HAM) tend to extend the hip and to bend the knee. Thc rectus femoris (R .) :?ks L
flex the hip and extend the knee. The m. gastrocnemius (GAS) tends to flex the kn
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and to extend the ankle. The phrase ‘tend is used because quite often joint rotations
are opposite in direction to a particular muscle moment about the Joint. For one-
Joint muscles. this always involves lorcible stretching. For a biarticulur muscle this
may be the case.

Generally, the joints allow predominantly rotations to occur. Simple rules for
the transformation from joint rotations to trunk rise can be derived if. for a moment,
the joints are considered as planar hinges (Van Ingen Schenau 1989). First, we will
consider a leg with only two segments. The hip height /1 in Jumping can now be
expressed as (using the law of cosines):

=l + 1, = 20y I, -cos . (12)

where ¢, is knee angle. /, is thigh length (distance from hip joint to knee) and b,
is crus length (distance from knee (o ankle). The velocity of the hip is obtained by
differentiation of formula (12):

df . = 5 — o d
U= —d" = [l Iy, sin Bl 12, = 20, -1, cos by ] (;/:k (13)

The expression between square brackets is the transfer function H from angular
velocity to translational velocity v,. Function H decreases to zero at ¢, = 180°.
Therefore, a jumper with a two-segment leg will be airborne before the knees are
fully extended. For two reasons. this is unfavourable:

I. Towards full knee extension, a usefu] contribution to jumping could only be
made with a sharply rising angular velocity. The muscles involved would not be
able to keep up with this demand. Thus, the period when the most voluminous leg
muscles would be able to contribute useful power to the jump is shortened.

- At take-off, the thigh and crus have considerable angular velocities. representing
an important source of kinetic energy which is not made available in a usefu] way
to the jumping height. In fact, the segments would have to be decelerated to avoid
knee damage. Thus, the efliciency would be low.

o

The restrictions to muscular performance by the above geometrical constraint
are largely avoided by (1) the presence of a third segment (the foot), (2) the presence
of biarticular muscles, and (3) appropriate changes in muscle moment arms with
joint angulation,

Figure 21a shows the measured joint angles. joint angular velocities, net joint
moments and net joint powers during a two-legged jump with a preparatory counter-
movement (Bobbert and Van Ingen Schenau 1988). The subjects were encouraged to
Jump as high as possible. The jumping performance can be expressed as the sum of
the potential and kinetic energy of the centre of mass of the body (CM) at the time of
toe-off (t,, = 0ms). The push-off phase, defined by an upward CM acceleration,
started about 300 ms before l1o (=300 ms). During early push-off; hip extension is
most prominent. knee extension starts at about 1= —200ms, whercas ankle
extension starts at about — 100 ms. The time sequence of the onset of joint extensions
is associated with increasing activation levels of monoarticular muscles crossing the
corresponding joints (Fig. 20b: remember that the mechanical response is delayed
relative (o the electrical activity, Sect. 3.1). All joint angular velocities diminish
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about 30ms before take-ofl In hip and knee. this is accompinied with negative
moments. so that negative net power iy produced in these joints, Peak net joint
power is highest in the knee (= 2500 W)L it is only slightly lower in the ankle and
considerably lower in the hip (= 1500 W). This is in contrast to the volumes of the
muscle crossing the joints (muscle fibre power output is proportional to musele fibre
mass). A consideration of muscle volume shows that the muscle fibres of the ankle
extensors would not be able to gencrate the high peak net power output. The
discrepancy is explained by (1) the actions of the biarticular muscles. evoking a
mechanical coupling of joints and (2) rapid release of stored elastic energy in
Achilles tendon and tendinous sheets of GAS and soleus.

The coupling action of a biarticular muscle is complicated owing to its complex
dynamic properties (Sect. 2.7). The coupling is influenced for instance by the
activation ol the muscle fibres. instantaneous MTC length and velocity. Thus.
coupling is by no means as strict as it would be with an inextensible string. The
GLMAX and the HAM belong to the first muscles to become active during push-ofl
(Fig. 20b). This helps to extend the hip. Initially. the knee angle varies very little
during push-off (Fig. 21). Thus, upward acceleration of the CM is initiated by
extension of the trunk. Knee extension is negligible in this phase, since a large
external moment acts on the knee (the ground force has a much larger moment arm
about the knee than about the hip in this phase). This effect is even enlarged by the
active HAM (opposing knee extension), preventing an inertial force on the trunk
which would hamper a high angular acceleration. The transfer from hip rotation to
vertical translation of the trunk diminishes towards the vertical position. Knee
extension comes into play when this transfer becomes less effective. Knee extension
is supported by an increasing activation of the VG and RF and is lavoured by a
decreasing activity of the HAM. The contribution of the RF needs lurther consider-
ation. The RF is a mechanical coupler of hip and knee. Hip extension during early
push-ofl results in stretching of the RF. since the knee angle varies vary little up to
— 200 ms. During stretching, the activation level of the RF rises. Thus, strain energy
will be stored in the RF. This energy originates (partly) from the GLG and HAM.
Although the RF is continuously active, it is uncertain (although it seems likely)
whether this strain energy is usefully released (catapult effect) in a subsequent
shortening phase before 1. since the net length change during the simultaneous
extension of hip and knee is not known. A fine tuning of the activation is required to
avoid energy losses owing to stretching of muscle fibres in the RF. Nevertheless, it
can act as a force transmitter for the hip extensors, so that power generated by the
hip extensors can show up in the net knee joint power. This helps to explain the
simultaneous activation of both antagonistic groups. During knee extension, the
transfer from rotation to translation becomes gradually less favourable [Eq. (13)].
An increasing activation of the GAS accomplishes that (1) kinetic energy due to the
angular velocities of thigh and crus can be used to power ankle extension with still a
favourable transfer from rotation to translation, and (2) muscle power from
proximal muscles (mainly VG, but also GLG and others) can be used for ankle
extension. This construction functions at the same time as an elegant shock absorber
for the knee joint. Recent measurements of moment arms of the MG and LG by
Spoor et al. (1990) support this view. Towards knee extension, the moment arms of
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GAS about the knee almost double. owimg to the build in shift of the axis of rplulinn
1e moment arm of the quadriceps is likely to
decrease towards full knee extension. This secures. with clmnging.nmsclc ;uflivu
ations. a rapid increase of the {lexing moment uhoul_ the knee. Again, part of fhc
eneray can be temporarily stored in the TTS of the triceps surde (ngbcrl and Van
lnucB'Schcnnu 1988). This helps to explain also the overlap inactivity hcchcr? VG
zmzl GAS. A disadvantage of the usage of biarticular muscles as force transmitters
are energy losses owing Lo viscous properties in the tendons and the n?usclc‘belly. It
is of crucial importance that substantial stretching of muscle fibres 15 quldcd .(Cf'
Figs. 11 and 12). Finally, the foot has a low mass and therefore does not gain a high

of the knee joint. For the same reason. tl

amount of kinetic energy.
In conclusion. it is likely that:

| Biarticular muscles can help to improve the ellective power output of
monoarticular muscles, once muscle fibre stretching is avoided by a fine tuning of
activation. Nevertheless, it remains to be proven that the energetic advantages
dominate the encrgy losses in biarticular muscles.
2 Muscle moment arms about the knee vary so as 1o decelerate the knee angle
towards full extension. and to make use of segmental kinetic energy to further
heighten the CM through enhanced net ankle power uulpui. Via the force
transmitting limb bones, this power is lrunspnr?cd to proximal scgm.cnls. As
explained by Pandy and Zajac (1991), the massive trunk segment gains most
energy during the jumps. so that one can speak of an encrgy ow from the leg
muscles in a proximal direction.
Kinetic and potential energy can be ¢ - ' .
MTCs in a preceding counter-movement. and can therefore increase jumping

onverted Lo strain energy in the various

(%]

performance.

A more complete understanding of the co-urdinnlign of musclg activity _duri'ng
jumping can be obtained by the application or a dlr.cclldynumlcs unal_vm.s Y\'llh.
appropriate MTC models for all leg muscles and including instantancous variations
of muscle moment arms. This would show the complete flow ol mechanical power in
the jumping apparatus. Search techniques could be c_mploycd to find optimum
muscle activation patterns. A valuable step towards this goal was made by Pandy
¢t al. (1990) and Pandy and Zajac (1991). They formulated a four-segment model,
jointed together with frictionless revolutes. and driven by eight musculo-tendon
actuators. The authors challenged the idea that jumping performance could be
increased by the unigue biarticular action of the GAS, by comparing simllxlulcd
jumps (1) with all muscles. (2) with all biarticular muscles removcd ax}d (3) wuh'u]l
biarticular muscles removed. but with addition of a monoarticular GAS. Jumping
performance was found highest in case (3) and lowest in case (2). For the Itoll?wmg
reasons. 1 doubt whether these findings allow the statement about the GAS:

The moment arms of the simulated muscles are very inaccurate, resulting A(M
instance in @ vanishing flexor knee moment of GAS towards knee extension
(Pandy et al. 1990: Fig 4b). Thisisa contrastto the increasing moment arms \\l-'llh
A 1990). Since GAS is muinly active just

a)

knee extension as measured by Spooret al |
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before toe-off. I would indeed expect only a small caleulated dilference between a
monoarticular and a biarticular GAS. In case (1. RE was caleulated to have a
significant negative work contribution. Therefore. the absence of RF in case (2)
gives the highest jumping performance.

b) The linear stress strain relationship of the tendons used by Pandy and Zajac
(1991) might have led to @ more than realistic muscle fibre stretching and,
therefore, to an increased energy loss in biarticular muscles. Furthermore,
contraction speed and activation dynamics were the same for all muscle-tendon
actuators, whereas the well-known fast properties of the GAS may be essential to
avoid an initial forcible muscle fibre stretching.

In conclusion. the direct dynamics approach is very promising. but it requires
implementation of more accurate model description of muscles and joints before the
issue of the role of biarticular muscles can be settled.

The above analysis considered jumping in a fairly large cursorial mammal.
Owing o the required preceding counter-movement and the relatively compliant
tendons. the jump is rather a time-consuming process. Small mammals (< 1 kg)
apply several principles that allow a much quicker jump (ie. with a higher, but
shorter acceleration). First. they operate their legs in @ much more flexed range of
positions (Biewener 1989), with immediately a favourable transfer from rotation to
translation [not requiring a substantial counter-movement, Eq. (13)]. Second, the
tendons and aponeuroses of the muscles seem to be relatively stiff (Biewener ct al.
1981), so that less time is consumed by an initial stretching of TTSs (similar to Fig. 9).
Hence. muscle fibre power output appears with less delay as MTC power output.
allowing a faster rise of CM kinetic and potential energy. Third, small mammals
have a relatively higher number of fast muscle fibres (Goldspink 1977). Thus. small
mammals, scem o be build for high accelerations (which might help to avoid
predation by an escape response) as advocated by Biewener and Blickhan (1988)
for the kangaroo ral. The disadvantage is a relatively high metabolic power
consumption (Alexander and Ker 1990: Kram and Taylor 1990) since (1) elastic
energy storage can only play a small role in locomotion (Biewener et al. 1981),(2) the
noncursorial posture is inefficient and (3) fast muscle fibres are less economic than
slow fibres (Goldspink 1977).

Even higher jumping accelerations can be obtained with yet another strategy.
which uses the property that natural springs can release previously stored strain
energy much quicker than a muscle can produce power. This strategy involves a
relatively long process of energy storage in a natural spring (like an apodemc) by a
muscle (as in Fig. 9d ). The jump is started with a click mechanism which triggers
the quick release of the elastic energy. This strategy is especially important for small
animals like insects (which have, owing to the short legs, very short acceleration
times). A classical study of such a mechanism in the jumping locust is by Bennet-
Clark (1975).
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5 Conclusions and Perspectives

This chapter has shown how several well-known structural and functional
properties of sarcomeres, muscles fibres and muscle-tendon complexes are ef-
fectively used in various locomotor systems. The diversity of structural design of
sarcomeres was interpreted as a series of adaptations for optimum power output. In
the last decade, much improvement has been made in the understanding of the
timing of muscle activation of various locomotor systems. When actively stretched,
muscle fibres produce much higher forces at very low metabolic cost lhan.during
shortening. This property allows the stilfness of the caudal peduncle of 4 swimming
fish to be controlled at relatively low cost. It allows also an effective conversion of
potential (associated with gravity) and Kinetic energy of the body in elastic energy of
stretched tendons and tendinous sheets, which can be released during subsequent
shortening of the muscle-tendon complex (MTC). This requires an appropriate
timing of activation as demonstrated with a dynamic MTC model, incorporating
nonlinear properties of the contractile and tendinous system. Based on this qucl,
an optimum efficiency principle was formulated for load sharing of synergistic
muscles. The discussion of human jumping has indicated that biarticular muscles
can distribute power from monoarticular muscles over various joints, and can help
to convert segmental rotational energy to centre of mass energy.

The understanding of muscle function in locomotor systems is still largely based
on EMG. force and strain measurements. muscle models and inverse dynamics
analyses. Substantial further improvement may be obtained by a wider application
of direct dynamics methods.
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Appendix A

Symbols and Abbreviations

Symbols

Symbols labelled with * represent normalized quantities. Symbols labelled with
represent specific quantities. “At rest” denotes not activated and not under tension

’4 o

physiological cross-section of the muscle fibres of a MTC:
Ara= Vil

slack cross-section of tendon(s) and tendinous sheets of @ MTC
constant in formula (16)

constants in formula (5)

Muscle Function in Locomation 247
247

CaCyiCrutyy
d
E

“met
Fy

FyiFy

Fevo

F

. 1"*
cu0r ¥ iyo

Tis i

F

mb

/58 F

o . 4
pasl» ¥ pasl

Y .

pas2:+ 4 pas2

cmax

- .k
TR

hk

v’ e

mb* fmbos

I
l
lka
[
lmin

: - 1*
mie” ,mlu(l‘ Imlc

micopt?® [lmcum

constants in formula (9)
[Ca** ], 5 at optimum sarcomere length [formula (16)]

specific metabolic energy consumption of a muscle belly during a
lengthening-shortening cycle of @ MTC (in J per unit muscle
volume)

maximum active force generated by a sarcomere, under 1sometric
conditions and full activation

active state, F o < F, < 15 active state of a resting muscle fibre
average active force generated by the available cross-bridges in a
sarcomere, under zero shortening speed and full activation

active force of a sarcomere, under conditions of zero shortening
speed and full activation; F* ,=F_/F,

filamentary overlap function; maximum f{ilamentary overlap
force exerted by a muscle belly (sum of the forees of parallel elastic
element and muscle tissue)

force exerted by a MTC

force exerted by the muscle fibres of a muscle belly (not including
force of parallel elastic element).

passive length-tension diagram of a MTC

passive force of a sarcomere at short lengths, resisting the
cross-hridge forces and assumed to be independent of contraction
velocity; Fli = Foui/Fo

passive force of a sarcomere above optimum length, acting in
parallel to the cross-bridge forces; idem, but normalized

force of muscle fibre in relation to [Ca®" ] under steady-state
conditions

stimulus frequency

“dynamic” force generated by a sarcomere [formula (3)]

force exerted on a tendon

interfilamentary velocity dependence function

hip height

transfer function from angular velocity to translational velocity
constant in formula (2) ’
length ol actin filament in two adjacent sarcomere halves, minus
length of bare zone (devoid of myosin heads) on myosin ﬁlamcznl
length of connecting filament

sarcomere length with maximal effective cross-bridge density;
b = L '
muscle fibre length; idem but at rest; [} = I/l

thigh length

crus length

Icpgth of muscle belly: idem but at rest; I*, =1/l o

minimum sarcomere length in active force-length diagram

(Fig. 3a.b). Note that [, is a function of u

lcnglh of MTC: idem but at rest: I¥ = l/luco

optimum length of MTC; *

mteopt [mluum “"lmlc(l
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sarc

length of myosin filament

filament ratio for maximum power output

sarcomere optimum length: length at which the maximum active
force can be generated under isometric conditions and full
activation

length of sarcomere including the thickness of one Z-disc;

I,:m = el logave

length of tendon(s) of a MTC; idem but at rest; [ =1,/1,o
tendinous sheet length of a MTC: idem but at rest: [ =/l
L=l +1_: idem but at rest; I* =1, /1, ,

thickness of the Z-disc of a sarcomere

number of available cross-bridges in sarcomere subunit

specific metabolic power consumption of a muscle fibre (in W per
unit muscle volume)

maximum value of P,

specific power output by a MTC (in W per unit muscle volume)
power output by the muscle tissue of a muscle belly; idem but
specific (in W per unit muscle volume)

power output by the parallel elastic element of a muscle belly; idem,
but specific (in W per unit muscle volume)

sarcomere power output

power output of the tendon(s) and tendinous sheets of a MTC,
respectively; idem, but specific (in W per unit muscle volume)
})us = I)l =+ I)m

metabolic power consumption per unit volume of muscle needed
to produce unit mechanical stress; idem but normalized
normalized stimulus of muscle fibre

muscle moment arm

tendon displacement

time

duration of stimulus

moment of toe-off in a jump

within one sarcomere, the velocity of the myosin filament relative
to the actin filament; v* =w/u_

the maximum value of u

interfilamentary velocity for reference (i.e. frog) sarcomere
absolute contraction velocity of sarcomere; u_ = 2u
translational velocity of the hip

maximum specific shortening velocity of a muscle fibre in optimum
fibre lengths/s

muscle volume

mechanical work output by sarcomere from 1 =1t to 1y;
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specilic work output by « MTC during a lengthening-shortening

mig
i cv\'uk" (in J per unit muscle volume)
mus specific wo'rl\ output by the muscle tissue of 4 muscle belly during
a lcnglhcnmg-shnrlcning cycle of a MTC (in J per unit muscl}
volume)
A specific \\{ork output by the parallel elastic element of a muscle
bel»ly during a lengthening-shortening cycle of « MTC (in J per
. unit muscle volume)
l" 4 specific w C
oo W specific \&_orl\ output of the tendon(s) and tendinous sheets of a
MTC durmg alengthening shortening cycle ofa MTC. respectively
5 (inJ per unit muscle volume)
‘j s Li'lls = l.i".l + li/'l‘
W cific work o i
4 specific vyork output by a MTC during the shortening phase of a
} Ieng(hgnmg-shorlcnmg cyele (in J per unit muscle volume)
%y pennation angle of the muscle fibres in a muscle belly: idem but
at rest '
At duration of a sarcomere contraction
£ sarcomere strain [Eq. (16)]
& critical strgin of tendon and tendinous sheets above which alinear
stress-strain relationship is assumed
& muscle fibre strain
£ strain of tendon(s) and tendinous sheets of a MTC
: 1d.idyidy  joint angle; ankle angle; hip angle; knee angle
; 3 5
: num_ber of.myosm. heads per unit length on the myosin filament
wise maximum isometric stress of muscle fibres at optimum length
ir, mechanxcal stress of tendon(s) and tendinous sheets of a MTC
9 time constant in process of Ca** release from the SR (Appendix B)
Ty,T, time constants in formula (17) (Appendix B)
Abbreviations
M centre of mass MG i
- ass G medial head of m. g 5
EDL m. extensor digitorum longus MTC muscle‘lcnd:n ::Lnﬁd?;ioc"emmb
EMG electromyography PL m. plantaris o
éﬁs lateral head orlm. gastrocnemius RF m. rectus femoris
i m. gastrocnemius SEC series elastic component
= ) gluteus group of muscles SOL m. soleus
Gtr\I\:EA)\ g gll:::::: ll_:g;!mus SR sarcoplasmic reticulum
o S ius 5) ¢ i
S m g]mgus ety TTS (hx:lr_llfié)n(s)and tendinous sheets of a
HAM hamstrings muscles VG vastus group of muscles
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Appendix B
Excitation—Contraction Coupling

The Ca?* release from the SR can be described with a first order differential
equation (Otten 1987b):

d[Ca**1/dt={[Ca®* ], R0 = [Ca®" 1} /7as (14)

where [Ca?'] is the instantaneous Ca®' concentration in the sarcoplasm,
[Ca®"],.. is the maximum concentration, 7, is the time constant of the process,
and R(f) is the normalized stimulus as a function of time (0< R < 1). For fast
muscle fibres, 7., is shorter than for slow muscle fibres. This corresponds to a
greater SR-surface (e.g. Akster 1981) and faster ATPase in the SR-membrane
(Heilmann and Pette 1979) of fast fibres, enabling a faster control of [Ca**]. Under
steady state conditions, the relationship between normalized force of a muscle fibre

and pCa (= — log,,[Ca**]) is a sigmoid curve (Stephenson and Williams 1982;
Julian et al. 1986), which can be described by (Otten 1987b):
F,=[Ca**]"/{ [Ca2*18  +[Ca’*]%), (15)

where [Ca®*], 4 is the Ca®* concentration for a 509 activation. For rat muscle
fibres, Stephenson and Williams (1982) showed [Ca®"], ¢ to vary with sarcomere
length. Their experimental data can be described by:

[Ca?*], =107 "M, (16)

where & is the sarcomere strain, d is [Ca® "], 5 at optimum sarcomere length, and
¢ is a constant which depends on the fibre type. For slow rat muscle fibres at
20°C: ¢ = 0.65. Fast fibres are less sensitive to sarcomere length changes. A good
fit of the experimental data is produced with ¢ = 2.6. Different values are needed
with other temperatures.

F,can be viewed as a “drive” for force development under dynamic conditions.
Myofibrillar activation under these conditions is adequately described by inserting
F_into a second order linear differential equation, describing an overcritically

q
damped system:

1,1, d2F,JdC + (1, + 1) dF, /At + Fy = Fy, (17)

where F, is the active state (F,o < F, = 1), and 1, and 1, are the time constants
which depend on the muscle fibre type. This equation can describe the experimental
observation that, after stimulation, the rise time of force production is shorter than
the relaxation time. The above simple phenomenological description of the activa-
tion process is useful in the study of power and work output of muscle fibres
during locomotor activities (Sect. 4.1). An exception has to be made for asyn-
chronous flight muscles of insects which are relatively insensitive to the free [Ca® "]
(e.g. Aidley 1975). and which rely for a great deal on mechanical activation
(Sect. 4.2). More detailed discussions on the excitation—contraction coupling can
be found in Ebashi and Endo (1968), Hatze (1981), and Wallinga-DeJonge (1980).
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1 Introduction

The capacity for sustained activity varies widely in animals. The metabolic
organization of endotherms, ectotherms, and insects varies dramatically. In
ecctothermic vertebrates the maximal aerobic energy expenditure is about ten times
the resting metabolic rate and just about equivalent to the resting metabolic rate
of endothermic vertebrates (Bennett and Ruben 1979). For endotherms the maximal
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