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13 Structure and Function of Skeletal Muscle

Muscles are biological machines that convert
chemical energy, derived from the reaction be
tween food substrate and oxygen, into mechanical
work and heat. Muscle strength can be defined as
the ability of skeletal muscles to develop force in
order to initiate, decelerate, or prevent movement,
One single factor, i. e. force alone, is not, however,
sulficient to perform and to contrel movements, to
stabilize posture, or to prevent injuries to the mus
culoskeletal system. Therefore, for optimum con
trol and performance of the musculoskeletal sys
tem, muscle endurance and muscle coordination
are required, in addition to force. Muscular endur
ance can be defined as the ability to maintain a
specified force for a given period of time. However,
this definition of endurance is not universally ap
plicable, as endurance varies with the type of me-
chanical work performed.

Skeletal muscle morphology

Skeletal muscle represents the largest organ of the
body. It accounts for approximately 40% of the to

tal body weight and is organized into hundreds of

separate entities, or body muscles, each of which
has a specific task in enabling the grear variety of
movements that are essential to normal life. Each
muscle is composed of a great number of subunits,
muscle fibers, that are arranged in parallel and nor-
mally extend from one tendon te another (Fig.
13.1). Muscle fibers are cable-like structures com

posed of tightly packed subunits, myofibrils, that
fill up most of the volume of the fibers. The myof

hrils are composed of sarcomeres arranged in se-

ries. The sarcomeres, defined as the basic units of

the myofibrils, are responsible for force generation
and shortening of myofibrils. The basic unit is
formed by two contractile proteins, or myofila
ments, the myosin (thick) and actin (thin) fila
ments. Actin filaments are anchored at each end to
the Z-disks. A sarcomere is defined as that part of
a myofibril enclosed between the Z-disks. When a
muscle is in a relaxed state there is some overlap
between the myosin and actin filaments

The basic units generate force by the interaction
of actin and myosin filaments [Huxley, 1957, 1973,
1988; Huxley and Peachy, 1961, Cross-bridees are
structures forming part of the thick {myosin) fila
ments of the sarcomere. They attach to the back-
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bone of these filaments in such a way as to enable
them to attach to sites on the thin (actin) filaments
in their vicinity. The cross-bridges are functionally
identical and act independently. The prabability of
attaching vo an actin filament is influenced by local
hiochemical conditions, e. g. calcium ion concen

tration. At any given time during activity of a mus-
Cle, some cross-bridges are attached to the thin fil

aments but others are detached or moving towards
new attachment sites,

When attachment of actin and myoszin filaments
occurs, attached cross-bridges undergo structural
deformation. Force i1s generated and the thin [actin)
filament is pulled along the thick (myosin) fila-
ment. The myofilaments slide in relation to each
other; the overlap between the filaments increases
and at the same time the muscle fibers, or the mus
cle, shorten (Fig, 13.2). According to the theory of
contraction, the length of the myosin filaments is
assumed to be constant and not to contribute to
the shortening of the sarcomere. Therefore, the
shortening of a sarcomere is assumed to occur only
via the sliding of the filaments relative to each oth-
er, The total shortening of the myofibril is the sum
of the length changes occurting in the sarcomeres
arranged in series. Supposing we have two myofi
brils. one consisting of 10 sarcomeres and the other
of 5 sarcomeres arranged in series. [t follows that
the amount of shortening of the former will be
twice the shortening of the latter

It is assumed that active muscle force originates
exclusively from cross-bridges. As a consequence,
active force generated at any given time is depend
ent on the number of parallel cross-bridges at
tached to the thin (actin] filaments, Because of the
series arrangement of sarcomeres within a myof
biril, the force generated by one unit has to be main
tained and transmitted to the next unit. Therefore,
the force of the whole structure is equal to the force
of one unit, 1. e. the force of one sarcomere. If the
force developed in one half of a sarcomere is to be
transmitted to the other Z-disk of a sarcomere, the
force in the other half of a sarcomere has o be
equal in magnitude {Huijing, 1983 (Fig. 13.3). It
follows that an equal number of active cross-bridg-
€5 in both parts of the sarcomere should be at-
tached, If the number of active cross-bridges is low,
the developed force is low. If the number of active
cross-bridges increases, the force developed will
increase as well.
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138 13 Structure and Function of Skeletal Muscle
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Fig, 13,2  Sequence of events incross-bridge construc

tion and borce generation. Starting from the initial state
[ 1}, the cycle begins with the detachment of the myosin
head from the actin molecule (2). The head now moves

to a new site (3), force is developed due to deformation
of the molecule and the llaments shift relative to each
other {4),
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Fig.13.3  Schematic iliustration of the effects of paral
lel or series arrangement of bridges in a sarcomere, a:
twa bridges in series; b: four bridges in parallel. F,_force
in a bridge; F, force of a sarcomere; AL, AL, changes in
lemgth of the halves of the sarcomere; AL, change in
lemgth of the sarcomere. In case (b) the ||-||,-|,I Is 4 times
the force of case (a); the maximum change in length is
the same in each case.

The force-length relationship

Sarcomeres arranged in series
Muscle fibers are a collecti

ire called myofibrils
n of myotfibrils ar
ranged in parallel. Thus, muscle fibers are a collet

tion of sarcomeres arraneed in seres as well as in
parallel. The maximum force developed in a muscle
fiber will increase in proportion to the guantity of
myalibrils arranged in par

allel, i.e. the force is pro
portional to the cross-sectional area of the muscle
fiber {Fig. 13.4), Experiments have shown that the
amount of force developed in a muscle fiber d
pends on the actual muscle fiber length and the
shortening (contraction) velocity. These relation
ships are assumed to be determined by the fila
ment system and by the parallel as well as the se-

Fiﬂ. 13.4 Schematic illustration of the effect of aserial
[a) or parallel {b) arrangement of sarcomeres, F, and
F .. designate the maximum forces generated in the se
rial or parallel arrangement., AL is the change in lenath
in a sarcomers; AL and "||II are the maximum attain
able length changes in the seral or parallel amrange-
ment, In case (a) the masximum force is half of the
maximum force of case (bl in case (a) the maximum
change in length is twice the maximum change in
engthin case (b).
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It has been known since the late nineteenth cen
tury that the force developed by a muscle of con-
stant length, e.g. during isometric contraction, will
vary with its starting length. In a very shortened or

a very lengthened state, the muscle generates less
force than in mid-ranges. The isometric force
leneth relationship can be measured directly when
a muscle 15 maximally stimulated at a variety of
discrere lengths and the resulting force is recorded
When maximum force at each length is plotted
against e h, a relationship like that shown in Fig.

13.5 is obtained, The force-length curve represents
the results of many experiments |."|:.?'|.'.L"l'.. on the
same graph, e, an artificial connection of individ-
ual data po from isometric experiments. There
are, the force-length relationship is strictly valid
only for isometric contractions. The structural basis
for the force-length relationship was elucidated in
[ irly 1960s. Basically, the force-length rela
jonship in skeletal muscle is assumed to be a direct
function of the owverlap berween actin and myosin
[ilaments (Huxley and Peachy, 1961; Gordon et al.,
1966},

Descending limb of the force-length curve. The
of the force-length curve in which the force
decreases as the sarcomere ENEL h increases 1s
known as the descending limh., Above a certain
miuscle fiber length, force development is no longer
possible, The length of a myosin and of an actin fil
ament is 1.65pm and 2.0 pm respectively. At a sar
comere length of 3.65 um, Le. equal to the sum of
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the lengths of the filaments, there 15 no overlap be
tween the actin and myosin filaments. Thus, in this
situation, although biochemical processes might
permit actin-myosin interaction by removing the
ithition on the actin filame 1L, NOD MYyOsIN CTOsS
s are locared in the vicinity of the actin active
and therefore no force generation can occur.
Plateau region of the force-length curve. In-
creasing force with decreasing muscle length oc
curs until the sarcomeres reach a length of 2.2 um
When the sarcomere length ranges between 2.0
and 2.2 um, muscle force remains constant. Thus
while sarcomere length shortening over the 2.2 to
20 pm range results in greater flament overlap, it
does not result in increased force generation since
no additional cr bridge connections are made.
I'his is due o the bare region (NoC containing cross
brideges) of the myosin molecule, which is 0.2 ym
long. The region of the force-length curve over

which change in length results in no change in

orce generation is called the plateau region. The
naximum tetanic force of the muscle in this region
s termed Fy The length at which Fy is attained is
known as the optimal length, termed L,
Ascending limb of the force-length curve. The
region of the force-length curve where force in
creases as length increases is called the ascending
limh, When sarcomeres shorten to below 2.0 pm
actin hlaments from one side of the sarcomere dou
ble-overlap with the actin filaments on the oppo-
site side. In other words, at these lengths, actin fil
aments overlap both with themselves and with the
myosin filaments. Under these double-overlap
conditions, the actin hlament from one side of the
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140 13 Structure and Function of Skeletal Muscle

sarcomere interferes with cross-bridge formation
on the other side, resulting in decreased muscle
force output. The region where shortening he-
tween 20 and 1.87 pm occurs is known as the shal

low ascending limb of the force-length curve, This
region is distinguished from the next portion of the
force-length curve, which is known as the steep as

cending limb. At these very short lengths, the my

osin filament actually begins to interfere with
shortening as it abuts the sarcomere Z-disk, leading
to a rapid reduction of force.

Passive force-length curve. The dashed line in
Fig. 13.5 represents the force generated if a muscle
15 passively stretched o various lengths. Mear the
optimal length L, passive tension is almost zero
However, as the muscle is stretched to longer
lengths, passive force increases dramatically. The
increase in passive force, which occurs when the
muscle is stretched, may play an important role in
re-establishing myofilament overlap in the ab
sence of muscle activation. These relatively long
lengths can be attained physiologically. In such sit
uations, large passive forces directed at re-estal-
lishing muscle length will be encountened.

The structures responsible for the increase in
passive resistive force are located outside and in
side the myolibrils, Ad |,'l|||j|||1'.:_ ] [_.1'.',_1_!=_|:.| (1977
and Heerkens et al. (1987) the parallel elastic ele-
ments of muscle {intramuscular connective tissue
are responsible for the force exerted by a passive
muscle when it is stretched beyond its optimum
1. As collagen is the major protein in muscle,
tensile properties of passive muscles are primarily
dependent on the amount and type of collagen [ Ko-
wvanen el al, 1984). Although intramuscular con
nective tissue enables forces (actively developed
by the muscle or passively imposed on the muscle)
to be transmitted safely and effectively by the en
e tssue, information on the connective tissue
companent of skeletal muscle is relatively sparse.

Recent studies have shown the orngin of passive
muscle tension also to be located within the my
ofibrils themselves. A new structural protein, ‘tigin’,
sometimes referred to as ‘connectin’, may be the
source of this passive tension (Wang er al, 1993:
Labeit and Kolmerer, 1993, This large protein mol-
ecule spans each half-sarcomere and is anchored
to the Z-disk, connecting the thick myosin fila-
ments end to end, Titin is thought o play a basic
role in maintaining sarcomere structural |nr|}g_1;|'ir:.,-
and to produce passive force when muscle sarcom
eres are stretched. Furthermore, titin is assumed to
produce a high percentage of the passive force that
is developed in most muscles in the plateau region
and the descending limb of the force-length curve,
Once a sarcomere is stretched beyvond thick and
thin filament overlap, cross-bridge attachment be

comes impossible, and the forces required to re-es-
tablish myofilament overlap are thought to come
primarily from the passive elastic forces of the
highly stretched titin. In addition to passively sup
porting the sarcomere, titin stabilizes the myosin
lattice, so that high muscle forces do nat disrupt
the orderly hexagonal array. If titin is selecrively
destroyed, normal muscle contraction may cause
significant myofibrillar disruption.

The force-velocity relationship

skeletal muscle has an inherent capacity to adjust
its active force to precisely match the load exerted
on it during shortening, or to regulate the resistive
force during muscle elongation. This property dis
tinguishes muscles from a simple elastic structure
and is based on the fact that active force generation
15 continuously adjusted to the speed of the con
tractile system. The maximum force development
capacity of a muscle depends. not only on muscle
length, but also on the velocity of contraction. It is
observed that the active force ;'_u,"q,'u,-:n:||:||||g'|'[ of a
skeletal muscle is high when the velocity of con-
traction is low and that the force decreases with
increasing velocity of contraction, Thus, when the
load is high, the active muscle force is increased to
the required level by reducing the speed of short
ening. Conversely, when the load is low, the active
force can be made correspondingly small by in-
creasing the speed of shortening

Fig. 13.6 shows the relationship between force
and velocity of an isolated whole sartorius muscle
of the frog, published by Hill {1938, Experimental
ly, the force-velocity relationship, like the force-
length relationship, is a curve that represents the
results of a number of experiments plotted on the
same graph. A muscle is stimulated maximally and
allowed to shorten or to lengthen against a con
stant load. The muscle velocity during shortening
or lengthening is measured and then plotted in re
lation ta the load

According to Hill, the relationship between force
F and shortening velocity v during a concentric
contraction may be described by the equation:

(F+a).v=h-(F_ . -F]
In this equatien, a and b are experimentally derived
constants, The values of a and b are estimated at
approximately 0.25. F__. is the maximum tetanic
torce developed at a given muscle length. The max
irium force development is achieved at a shorten-
ing velocity v equal to zero. The maximum short
ening velocity v, .. is observed at force F equal to
zero (Fig. 13.6). The Hill equation can be used to
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predict the relative change in muscle force occur
rng as a muscle 1s allowed to shorten.

[he force-velocity relationship is related to the
cross=bridge cycling rate. The cross-bridges be-
tween actin and mvosin have been found to attach
and detach at certain rates (Hill, 1964; Pollack,
1983; Huxley, 1988). These are referred to as rate
constants, At any point in time, the force generated
by a muscle depends on the number of ss-bridg
es attached. When contraction velocity increases
the filaments slide past one another faster and fast
er: therefore, force decreases due to the lowei
number of cross-bridges attached. Conversely, as
the relative filament velocity decreases, more
cross-brideges have time to attach and generate
force, so that force increases. This discussion is not
aimed at giving a full description of the hasis for
the force-velocity relationship, but only at provid
II'I:.'_ sS0Mme II'I'-I:.'_:'I' N0 IIII!'.-‘.-' ill.l".‘\.-llllil'.'_l' rare con
stants can affect force generation as a function of

velocity

Theoretical modeling of skeletal
muscle behavior

The modeling of skeletal muscle serves the purpose
of prediciing static and dynamic behavior in ditfer

enit situations, The model of a muscle s constructed
from single elements with known mechanical
properties Elements may be combined to repre

sent properties of the whole muscle, Hill{1970) de-
veloped a muscle model consisting of two basic el

ements; a contractile element and an elastic ele-
ment {Fig. 13.7a). The contractile element models
the myofilaments responsible for active force de-
lopment. The elastic element describes the pas-
sive elastic properties of the structure. The me

chanical property of the elastic element equals the
elastic prope I a spring |see Chapter 7). Like a
spring, the elastic elements store energy during
elongation and release virtually all the energy as
they return to their eriginal length,

In its most simple form, the Hill model (Hill, 1958

is constructed from a contractile element connect-
ed in series with a passive elastic element, In this
model, the contractile elements are considered to
have force-length as well as force-velocity charac

teristics similar to those described [for muscle i

bers. As both elements are connected in series, both
are subject to the identical tensile force. The change
n length of the combined maodel is the sum of the
ength changes occurfing in each element of the
nodel. The velocity of shortening and lengthening
of the model is the sum of the velocities of both
elements of the model

From: Rapoff
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Fig. 13.6 Empirical relation between force and con
traction velecity of a muscle, documented for the sarto-
rius muscle of the frog. The relation was described by
Hill (1938) by means of a hyperbola
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]
Fig. 13.7 Hill's muscle model. The contractile proper

ties are represented by the contractile element CE. The
elastic properties are represented by the series elastic
component SEC (in series to the contractile element)
and the parallel elastic component PEC (parallel to the
contractile element). (a) basic model for description of
the active _‘|'-‘||'|1"'|'||'i|'|| A MUse -|'_-:|'|]|1.|\.|| model for de

scription of the active and passive properties of a mus

cle.
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Ihe combined function of the elastic and con
tractile elements connected in series seems to be
important for producing fine, coordinated move-
ments (Joyce et al,
1984). It follows from the model that, during con-
traction of a muscle, force will increase slowly. This
i5 assumed to be due to the simultaneous shorten
ing of the contractile, and lengthening of the elas
tic, elements 1eth changes ol the
contractile and elastic elements allow a smoath
maovement

1969 Rack and Westbury

The converse

o occur without any ‘rocking', In other
words, the elastic elements dampen rapid increas-
es in muscle force (Bressler and Clinch, 19740,

It the length of a muscle fiber is below its opti
mum lengeh, additional shortening of the muscle
fiber leads to a decrease in force development ac
companied by a simultaneous shortening
ries elastic elements. When the velocity of short-
emng of a muscle fiber increases, the force is re
duced [because of the force velocity relationship)
and the series elastic element is again allowed to
shorten. As a consequence, the total length change
in the combined maodel is greater than the isolated
length change in the contractile element

l'o explain the mechanical behavior of passive
muscles, a third element is introduced: the parallel
elastic element {Fig, 13.7b). The parallel elastic el
ement 15 arranged in parallel to the contractile el
ement. As the stiffness and the tensile strength of
the contractile element are assumed to be negligi
bly small, the parallel elastic element is the source
of the force preventing rupture of contractile ele
ments during passive elongation of a muscle, On
the other hand, the force of the parallel elastic el
ement is negligibly small compared with the max
imum force of the contractile element. [n the case
of maximum active torce generation, the parallel
elastic element will resist anly a small fraction of
the external force and will consequently shorten.

of the se

Mechanical properties of tendons

lendinous tissue behaves like a non-linear elastic
structure, Fig. 1.8 shows an example of a force
length characteristic of tendon, based on data pub
ished by Woo (1981). A specimen consisting
tendon and its insertion into bone (tendon-bone
complex) was investigated. Starting from its rest-
ing length, the bone-tendon complex was elongat
ed up to rupture or failure at rhe site of insertion,
ind the opposing (resistive) force was measured
The stiffness of the complex at each point of the
curve is defined as the ratio of force increase and
length increase, Le. AFJAL [N/m]. The figure shows
Lhat the stiffness of the tendon is a function of elon-

gation. With minor elongation of the tendan, stiff
ness is low, e. g small changes in force have rela-
tively large effects on tendon length. As elongation
increases, stiffness increa s well, In the linear
portion of the curve, stiffness is virtual v constant
The stress o, (force divided by cross-sectional at
ed) of a tendon at the point of rupture amounts te
approximately 100 MPa; the strain & oy A0 Fupture
i 0% of the starting length

i5 in the 1

Ihe series elastic elements located in tendinous
tissue are important for an optimum function of ac
five muscles. When a muscle develops force, the
length of the tendon increases and the muscle is al
lowed to shorten cause of the change in tendon
ength, a muscle-tendon unit will have an increased
operating range relative to the range of muscle fib
ers alone, If the muscle-tendon unit is strained by
ement, the lengrh change
in the unit will occur at the tendon because of its
lower stiffness, The result is that a fraction of the
length change that would have to be accommodat
ed by muscle hibers is actually taken up by tendons
Thus, by attaching muscles to bones via compliant
(elastically elongating ] tendons, the length changes
of the muscle fibers are reduced. Length changes of
muscles and their tendons may also have opposite
signs. When the force of a muscle-tendon unit with
constant length is reduced, the tendon is allowed to

small forces during a mo

exponential portiom limear portion
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Fii_l. 13.8 Force |L"I-:|I|I characteristic of a tendon,
using the example of the flexor digitalis tendon of the
pig (Woo, 1981). The graph shows the force of the ten
donin relation ta its length, starting from its length L, in
the unloaded state. Force as function of ||-r'|-._|1"| ShOw

5
first an approximately exponential behavior pattern fal-
owed by an approximately linear portion. Upon further
nerease of the tarce, rupture occurs at the tendon-bone
nterface. The shaded area below the curve is a measure
ot the energy E stored when the force « hanges from F,
to F, and the tendon length changes from L, tol -
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shorten, while muscle length will increase. Length
changes of tendons also dampen sharp increases in
muscle force, i.e. the time elapsing until the muscle
force reaches its maximum value is, in fact, in-
creased (Rack and Westbury, 1954,

Plastic deformation of tendons is negligible, i.e.
after release a stretched tendon will return to its
original length. The energy expended on stretching
the tendon is stored as potential energy and re
leased almost completely as the force exerted on
the tendon decreases to zero. The loss of energy 15

less than 10%. The force-length characteristics of

*dependent only toa minor extent upon
the velocity of stretching I'herefore, the deforma
tion enerey stoired in a tendon during stretching i
given by the area below the force-length curve
(Butler et al., 1978; Fung, 1981; Woo, 1931)

lendons an

E=]F-dlL [Nm]

In this formila E denotes the energy, F the resistive
force, and dL the change in length. The integral ex

tends from the resting length of the tendon (with
Jup to the agth reached under the
force applied. The amount of stored energy increas-
12 increases | see Chapter 7). At higher
forces the tendon is rather stiff and the change in
length relative to the change in force will be small.
Iherefore, in this situation the increase n stored

q i
[l [

2Eero I

e5 as stretchi

X
energy could be stored if the length change in the
tendon were increased, In real life these increased
ranges of elongation are obtained during stretch
shortening cycles occurring in a variety of move
ments, During a stretch-shortening cycle the initial
stretching of the muscle-tendon unit is followed by
active shortening of the complex. During the
stretching phase energy is stored in the unit.

The potential energy stored in a muscle-tendon
unit is released by decreasing the force exerted on
the structure. If this is done slowly, the energy wil
become available slowly: if it is done at a rapid rate,
the energy will be released rapidly as well. The
amount of energy released per unit of time, the

poweer 1°, 15 given by

where F is the force and v the shortening velocity
of the muscle-tendon unit,

[t is of practical importance that tendons can
store energy during a stretch-shortening cycle at a
relatively low rate. Upon lengthemng, the tendon
then acts as an energy reservoir that can be emp
tied at a high rate to effect movements with high
speed and power (Huijing, 1983). This situation
may be comparead to shooting an arrow with a bow

From: Rapoff

will be simall as well. A greater amount of
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Fhe potential energy of the bow is increased when
the active muscles pull on the string, thereby de
forming the bow. When the string is suddenly re
leased, the deformation energy is set free and the
arrow will be launched with high power, resulting
in a high velocity.

Force regulation in skeletal
muscles

An excitatory impulse generated naturally in the
central nervous system or -.|-_|.|'||'.'||'I||:'.' h:'.-' an electn
cal signal generator creates a so-called action po-
tential ( specific electrical field) at the relevant mus
cle fibers, The tensile force developed by a single

fiber in response to a single action potential invad
ing the motor endplates is called a twitch. As the
frequency of the stimulating impulses increases,
twitches begin to overlap. At frequencies above a
certain limit, single twitches can no longer be dis
criminated and tetanic contraction develops. The
frequency limit, where tetanic contraction or teran
ir force generation occurs, varies among different
fibers and individual motor units. This limit 15 nor
mally observed in the range between 10 and 100
13.9). The higher the frequency of stimula-

™
w 100
E
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frequency (Hz)

Fig. 13.9 Dependence of the farce of a muscle fiber an
the stimulation frequency, the force-frequency curve.
At stimulation frequencies higher than about 10 Hz, sin-
gle twitches merge to form a constant output force. In
the lower region of the force-frequency curve, small
changes in stimulation frequency effect large variations
in force output. In contrast, at high frequencies a
change in frequency effects only a small change in
force, it any. Changing the frequency from 50 Hz to 100
Hz effects, for example, only a negligibly small change
in force. Stimulation frequency of motor units is usually
in the order of 10 to 60 Hz. In this region, force depends
strongly on frequency.
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Table 13.1  Relation between motor units and muscle fiber types

Designation of motor unit

fast fatiguable unit (FF)
fast fatigue resistant unit {FR)

slow unit (5)

tion of the muscle fibers, the greater is the force
produced in the muscle as a whaole

Skeletal muscle fibers possess a wide spectrum
of morphologic, contractile, and metabolic prope:
ties. Muscle fibers are classified as fast or slow, ox
idarive or non-oxidative, and glycolytic or non-gly
colytic (Brooke and Kaiser, 1970; Bruke, 1981, Of
ten, only three different types are described; for de
tails see Table 13.1. The three types differ charac-
teristically with respect to speed of shortening,
force generation, and endurance. Fast-contracting
fiber types (Type Ilb) shorten approximately two
to three times faster than slow-contracting fibers
[Type I). The specific tension (force divided by
cross-sectional area) of fast muscle fiber types is
higher than that of slow muscle fibers. In general,
slow muscle fibers (Type 1) have the greatest en
durance, followed by Type lla and Type b fibers,

I'he functional unit of force generation in a mus
cle is the sarcomere {in fact the half-sarcomere due
to sarcomere symmetry), The Tunctional unit of
force generation of the muscle is the motor unit. A
motor unit comprises an c-motonsuron and the
muscle fibers innervated by it. This unit is the
smallest part of the muscle that can be made to
contract independently. Motoneurons have their
cell bodies in the ventral root of the spinal cord
The axons of the neurons terminate at the motor
endplate of the fibers. When stimulated, all the fib-
ers of a motor unit respond simultaneously, The
fibers of a motor unit are said to show an ‘all-o
nothing response’ to stimulation: they contract ei
ther maximally or not at all.

Motor units are usually classified according to
the physiological properties of their muscle fibers
(Bruke, 1981, Kernell 1996). These propert
the motor unit twitch tension, the tetanic tension
recorded at an intermediate stimulation frequency,
and the fatiguability of the unit in response o a
specific stimulation protocol (Fig, 13.100, In gener-
al, motor units belong o three different groups,
Those that have a fast contraction time and a low
fatigue index are known as fast fatiguable [FF)
units, Those that have a fast contraction time and
d high fatigue index are designated fast fatigue re-
sistant (FR) units. Those that have slow contraction
times, and which are most resistant to fatigue, are
classified as slow (5] units

Muscle fiber type

Type lib, fast glycolytic fiber
Type lla, fast oxidative glycolylic Tibers

Type |, slow oxidative fiber

A whole muscle is subdivided into many maotor
units, each of which comprises a single motoneu
ron and its related muscle fibers. The muscle fibers
belonging to one motoneuron have the same phys
iological, biochemical, and witrastructural proper-
ties. The number of muscle fibers belonging to a
motor unit, and the number of motor units within
a whole muscle, vary widely. This is closely related
||l||'||'-C|I. I
muscle fibers within a motor unit are interspersed
among fibers of other motor units. The functional
consequence of s dispersion 1s that the forces

ee of control required of the muscle. The

generated by a unit will spread over a larger tissue
area. This may minimize mechanical stress in focal
regions within the muscle

The nervous system can vary muscle force out-
put by two mechanisms. By varying the stimulation
requency, the force will be changed, i.e. when the
frequency of stimulation 15 increased, the force
output will increase as well. Thus the force output
is positively related to the discharge rate of a moto
unit. This phenomenon is termed tern 5um
mation. Alternatively, muscle force can be varied
by changing the number of motor units that are ac
tive at a given time. For relatively low-force con
tractions, few motor units are activated, while fior
higher force generation, more units are activated
[Bodine er al., 1987, The process by which motor
units are added as muscle fo
recrmtment

In their classical study, Henneman et al. [ 1965)
showed that, at very low forces, low amplitude
voltage signals of short duration [“spikes') were ob
served at the nerve, As muscle force increased, the
size of the spikes also increased in a very orderly
fashion, 1.e. as force continued to increase, the units
recruited exhibited larger and larger spikes. The
entire process was reversed as force decreased.
From these observations it was concluded that, a
low muscle force levels, motor units with the
smallest axons and the lowest threshold and depo
larzation frequency were first recruited. As force
increased, larger and larger axons with higher ac
tivation thresholds and higher excitation ampli-
tiides were recruited. This is known

Icreases is termed

as the ‘size
principle’ and provides an anatomic basis for the
orderly recruitment of mator units to produce a
smooth contraction. In later studies, e.g. Binder and

From: Rapoff
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Lype lIb

fibers. Such units produce
lowwer forces than !'\.|}|' Iy bt r.‘:ll'nl'\'.'-|_||:-|4,'n: tto fatigue.
Type | {lower diagram) has small axons innervating only
few fibers. Such a unit develops only a low force but is
able to maintain this force over a longer pernio
(Adapted from Edington and Edgerton, 1976)

d of time.
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Fig. 12.11  Schematic illustration of the recruitment of
motar units in relation to the active, isometric muscle
force. At low force levels, units of type S (slow) are re
cruited first: with increasing force, units of type FR (fa
Ligue resistant) and then of type FF (tast fatiguable) are
recruited. (Adapted from Edgerton et al., 1983)

Mendell [1990), it was determined that, in general,
small motor axons innervate slow motor units
(Type 1) and larger motor axons innervate fast mo-
tor units (Types lla and 1ib), These ndings were
confirmed in studies on human motor units (Mil
ner-Brown et al., 1973, Edgerton et al., 1983}
Based on the above findings, the following
scheme was proposed for the voluntary recruit-
ment of motor units (Fig. 13110, At very low exci
tation levels, the smallest axons with the lowest
threshold to activation are activated first. As vol
untary effort increases, most of the next-larger ax
ans are recruited, activating the Type [la fibers.
During maximal effort, the largest axons innervat-
ing Type llb tibers are activated, This activation pat
tern seems reasonable, since the most fregueitly
activated S-units are those with the greatest endur
ance, The FF units, which are rarely activated, h
the lowest endurance. In addition, the S-units
\ Type 1], which are activated first, develop the low
est tension, so that low tension is generated as con-

traction begins. This provides a mechanism for
smoothly increasing tension as first 5-units, then
FE-units, and finally FF-units are recruited.

Relationship between force and
electromyography (EMG)

Electromyography gives a method for recording
and processing the electrical signals of an activated
muscle. The twitch of a muscle fiber is initiated by
electrochemical processes at the muscle fiber
membrane. These electrical impulses propagate
throughout the muscle fiber, The resulting electri-
cal potentials are measured by fine intramuscular
needle electrodes or electrodes attached on the
skin. The electrical potential of a motor unit, rep
resenting the sum of the individual action poten
tials generated in the muscle fibers of the motor
unit, has an amplitude in the 0 p
and 3 mV. The duration of the potentials is normal
ly between 2 ms and 15 ms, depending on the mus
cle examined. When processing the EMG, it is ust

2 hetween

ally the frequency and amplitude of the signals that
dl't ANdiYEZed.

There is general agreement on the usefulness of
the EMC as an indicator of the activation pattern
of a motor pool, Electromyography is frequently
used to study the activity of individual muscles in
the maintenance of posture and during normal o
abnormal patterns of movement (Basmajian,
1985). Such recordings can be combined with film
or video recordings, helping to define the relation
ship between the position of a joint, or limb, and
the EMG signal,

Some important, still unresclved problems in o
thopedic biomechanics could be resolved if it were
possible to predict the magnitude of the muscle
force (in newtons) from the recorded electromyo-
graphic signal, In the past, several studies have
been aimed at elucidating this relation. There is
agreement that the EMG signal reflects the activity
of a muscle. However, it is not possible at present
to predict the resulting force from the recorded
EMG signals. In most cases there is not even a pro-
portionality between muscle force and signal am
plitude. Only in special cases, i.e. under isometric
contractions, a proportionality bebween il'.Tl."':nlI'.'I|-Z'l1
EMG (area below the curve) and force may be as
sumed. In such experiments it is important for the
electrical activity from the total area of the muscle
to be measured. If the moment arm of the muscle
15 known, the force can be calculated from the mo
ment developed.

The derived factor of proportionality between
EMG signal and force can be used to predict muscle
force from the EMG signal only. However, this
method has its limitations, The factor of propor
tionality between EMG signal and muscle force de
termined for one muscle may not be valid for an
other muscle. Other muscles may have different

From: Rapoff
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will, however, be identical in ba
findings are due to the fact that
already activated when geners
mum force [Bigland-Ritchie et
Loeb and Gans, 1936), Owing
the muscle, not all cross-bri
When the velocity 15 reduced, |
EMCG signal remain virtually o
force increases because maore

sufficient time to attach. lnan al
these difficulties, efforts are m.
mation on the velocity depende
nal and to apply a theoretically
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In conclusion, EMG measure
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in terms of force. In special ci
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Muscle architectur

A typical muscle fiber in an ad
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from a few millimerers o maor
ters, Muscle fibers are generally
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et al., 1990} While muscle fibs
consistent fiber diameter bete
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