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ABSTRACT

Over the last 20 years, there have been
tremendous intellectual and technological
advancements in the fields of muscle biophysics,
biomechanics and musculoskeletal modeling. These
advances have fueled a revolution in integrative
muscle physiology. Whereas 20 years ago, the
notion of understanding the function and design of
a muscular system from the molecular to whole
animal level was a dream, it is now becoming a
reality.

Fish represent the premiere model for
understanding function and design of the muscular
system of vertebrates. There are two fundamental
reasons for this preeminence. First, the unique
anatomical separation of the different muscle fiber
types has made fish the most tractable model (i.e.,
the use and properties of the different muscle fiber
types can be most easily studied.) Second, fish
utilize the broadest range of movement of any
vertebrate. This diversity of movement imposes a
wide array of challenges on the muscular system of
fish and at the same time enables physiologists/
biomechanists to observe how these challenges have
been met. These features have permitted us to
extract a number of general principles of actuation
and control that have evolved over millions of
years. These principles may in turn provide some
insights into the design and construction of
autonomous underwater vehicles (AUVs).

INTRODUCTION

Animals perform a tremendous variety of motor
tasks and fish are especially noteworthy. Their
motor tasks range from making explosive
movements taking less than ~25 ms, to sustained
swimming over thousands of miles in the ocean, to
producing sound at several hundred Hertz for
communication. These activities require very

different outputs from the muscles [1;2].
Accordingly, research over the past several decades
has revealed that vertebrate muscle tissue has
tremendous diversity, perhaps more than any other
tissue.

Recently, with the advent of new integrative
muscle physiology techniques, research has focused
on comparing these diverse muscle properties to the
function muscles must actually perform in vivo [3;4].
This has led to two important conclusions: First,
there is an excellent matching between the properties
of the muscles and the mechanical performance that
is required of the muscles in vivo. Second, no one
type of muscle can perform all required motor
activities effectively — rather different types of
muscles (along with different muscular anatomies)
are required to perform the full repertoire of motor
activities in which animals engage [5]. These facts
no doubt underlie the large diversity of muscle
properties observed within and between species.

Insights developed about the function and design
of the fish muscular system can, in principle, aid
efforts in building autonomous underwater vehicles
(AUVs). First, the biophysical mechanisms and
ultrastructural arrangement of myofilaments and
sarcomeres which permit muscle to generate force
and to shorten, may be transferrable to the design
and synthesis of artificial muscle. Second, the unique
geometry of the muscle attachments within fish may
provide insights into how artificial muscles should
be attached in AUVs. Third, examining how various
components of the muscular system (at different
levels of organization) are varied to permit a wide
range of movement, may provide strategies that can
be utilized in AUVs. Finally, it may be possible to
use actual components of the fish muscular system
(i.e., the fish muscle itself) to power AUVs. Based
principally on my laboratory’s work on carp, scup
and toadfish over the past 20 years, this chapter will



review what is known about the fish muscular
system, extract a series of principles of actuation,
characterize some fundamental differences between
artificial and real muscle and assess the possibility
of using fish muscle in a man-made device.

Fish provide a superior experimental model for
exploring muscle function.

Breakthroughs in the understanding of muscle
function and muscular system design have been
fueled in large part by the use of fish as an
experimental model. In all vertebrates, there is
considerable diversity of physiological/mechanical
properties of skeletal muscle cells (muscle fibers)
within a given animal. Muscle fibers with like-
properties are usefully grouped together and
categorized as separate muscle fiber types. There
are at least three fiber types in all vertebrates, each
of which represents a biological actuator with
different physiological/mechanical properties. To
understand how these actuators power different
activities, it is obviously important to know 1)
which are recruited (activated) for which motor
activities and 2) what are their characteristic
physiological/mechanical properties. Prior to the
use of fish, characterizing the properties of these
different fiber types and how they are used to
perform different functions were problematic.
Mammalian muscle is typically heterogenous, that
is slow-twitch muscle fibers are interspersed with
fast-twitch muscle fibers (Fig 1). Experimentally,
this makes it very difficult to identify which fibers
are active during particular motor activities (i.e.,
electromyography (EMG) electrodes implanted in
muscles will pickup signals from fibers of all types,
making it nearly impossible to discriminate which
type(s) are powering a particular movement). In
addition, any given bundle of fibers dissected from
a muscle will necessarily contain more than one
fiber type, making it difficult to differentiate the
properties of one fiber type from another [6].
Speculation about the properties of different fiber
types, and how they are used during activities such
as running and weight lifting is rampant in the field
of exercise physiology , however, these conclusions
have generally been based on indirect evidence.

In fish, by contrast, the different muscle fiber
types are organized into large, homogenous, and
anatomically separated regions which are obvious to
the naked eye (Fig 2¢). This enables researchers to
overcome both obstacles mentioned above for
studying the mammalian muscular system [7]. First,

Figure 1

electromyography (EMG) electrodes can be
implanted in the these anatomically separate regions
to monitor which swimming activities are powered
by each fiber type (see Fig 2) [8]. Second, one can
dissect bundles of fibers, which are all of the same
type, and hence one can, in a relatively
straightforward manner, determine the mechanical,
biochemical and ultrastructural properties of each
muscle fiber type (Fig 2a,b). It should be noted that
in some species (e.g., salmonids), this separation
may not be complete (i.e., red muscle fibers are
interspersed with white muscle fibers).
Consequently, prior to using a particular species as
an experimental model, its fiber type distribution
must be determined. Finally, as illustrated below,
fish undergo the widest range of movement of any
vertebrate, providing considerable challenges to the
design of the muscular system. Because of these
advantages, the fish muscular system has become
widely used in studies of comparative muscle design
[2;9].
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Figure 2 From [7].



MUSCLE FIBER TYPES

In this section, four different fish muscle fiber
types are briefly defined and how they are used in
vivo is discussed. The remainder of the chapter
explores the differences in properties and usage in
greater detail. I focus here on three trunk muscle
fiber types used for swimming, along with a single
muscle fiber type associated with the swimbladder
and used for sound production. It should be noted
that additional fiber types are found attached to the
jaws, eyes, and fins. In addition, some muscles have
lost their ability to generate force altogether,
evolving into heater organs [10]. Discussion of
these additional fiber types goes beyond the
coverage here.
Mechanical properties

Muscle fiber types are defined by both their
mechanical properties and their metabolic
properties. The mechanical properties can be
expressed by measurements of the maximum
velocity of shortening (V,,,,), the rate of activation
and force generation, and the rate of muscle
relaxation. The rate at which muscle uses energy is
also generally proportional to the overall speed of
the muscle [11]. Muscles used for slow motor
activities (e.g., maintaining posture or performing
slow movements), typically activate and relax
slowly, have a low V.., and use energy slowly.
These are called slow-twitch muscle fibers. Muscle
used for fast and powerful movements, activate and
relax quickly, have a high V., and use energy
rapidly. These are called fast-twitch muscles.
Muscles used for rapid eye movements or to
generate sound for communication activate and
relax extremely rapidly, have a high V_, , and use
energy extremely rapidly. These are called
“superfast-twitch muscles”.
Metabolic properties

Slow-twitch fibers are thought to be recruited
even during low intensity activity, and hence are
used a large percentage of the time. They must
therefore be highly aerobic to prevent build up of
anaerobic byproducts (e.g. lactic acid) which cause
fatigue. In mammals, slow-twitch fibers with high
aerobic capacities are called “slow-twitch oxidative
fibers” (SO, Type I). In fish, they are called “slow-
twitch red fibers” (the red color in fish muscle is
due to the presence of high densities of myoglobin,
mitochondria and capillaries necessary to support a
high oxygen consumption rate.) At the other end of
the spectrum, the “fast-twitch glycolytic” muscles
(FG or Type IIb in mammals), are the last fiber
types to be recruited and thus are used only

occasionally (for rapid acceleration or escape). They
use energy very rapidly — at a rate which cannot be
maintained aerobically. Thus they use glycolytic
metabolism almost exclusively which results in rapid
fatigue. In most fish, this muscle is white (due to
very low densities of myoglobin, mitochondria and
capillaries), and hence is referred to as “fast-twitch
white muscle.” There is also an intermediate fiber
type, that is both fast and is used aerobically (e.g.,
for long distance fish swimming and bird flying). In
mammals, these are called “fast-twitch oxidative
glycolytic” (FOQG) or Type Ila fibers. In fish, they
are called “pink muscle.” This coloration is due to
intermediate densities of myoglobin, mitochondria
and blood supply. In fish, the pink muscle forms a
thin sheet which sits between the red and white
muscle. Finally, superfast-twitch muscles can be
either highly aerobic or anaerobic depending on their
function. Two aerobic muscles are the shaker muscle
of rattlesnakes (which shakes its tail for many hours)
and the swimbladder muscle of the midshipman
(Porichthys notatus; which produces a long and
continuous mating call). The swimbladder muscle of
the oyster toadfish (Opsanus tau), in contrast, has a
low aerobic capacity, reflecting that its mating call is
intermittent.

RECRUITMENT OF DIFFERENT FIBER
TYPES

In the preceding paragraph we discussed the
general usage of different fiber types. Prior to work
on fish, the recruitment pattern of different fiber
types was rarely measured during locomotion.
However, taking advantage of the anatomical
separation of the muscle fiber types in fish has made
it relatively straight forward to measure recruitment.
In experiments on swimming carp (Cyprinus carpio),
at relatively slow steady swimming speeds only
slow-twitch red fibers were recruited, and at high
speeds the fast-twitch white fibers were additionally
recruited [8;12]. Furthermore, when fish recruited
the white muscle they shifted from “steady”
swimming to “burst and coast” swimming [13].
Subsequent work on marine scup (Stenotomus
chrysops), showed that the intermediate pink muscle
was additionally recruited at intermediate steady
swimming speeds [14]. Thus as the fish swims faster,
faster muscle fiber types are additionally recruited,
but the slower types remain activated. The
swimming speed at which faster muscle types are
recruited seems to be well explained by the
biomechanics of the muscle and swimming (see
below).




MUSCLE STRUCTURE

Muscle structure can be viewed at multiple
levels, ranging from the gross level, to the cellular,
and eventually down to the ultrastructural or
molecular level. There is a great deal of variation in
muscle at each of these levels, some of which is
associated with different fiber types.

Gross level

The gross structure sets the gearing of muscles.
That is, how much body movement a given
shortening of muscle can produce. This gearing is
set by both the orientation of the fibers within the
muscle and the placement of the origin and insertion
of the muscle. One fiber arrangement is “parallel”,
in which the fibers run parallel to the long axis of
the body—this is evident in the red and pink muscle
of fish. Another orientation is a complex helical
arrangement found in the white muscle of fish (Fig
2) [7;15]. Different fiber arrangements can have a
marked effect on the function of muscle. In fish,
for instance, parallel orientation to the long axis
endows the red and pink muscle with a relatively
low gear ratio, whereas the helical structure of the
white muscle endows it with a high gear ratio. The
different gear ratios are equivalent to low and high
gear on a bicycle. This difference, together with
differences in V,,,,, has a dramatic effect on muscle
function in fish (see below).

Cellular level

At the cellular level, the space within a muscle
fiber is largely occupied by three components in
differing proportions (force-generating myofibrils,
the Ca**-pumping sarcoplasmic reticulum (SR), and
oxygen-consuming/ATP-generating mitochondria).
While each of these structures performs necessary
cellular functions, a critical tradeoff exists since an
increase in the space occupied by one structure (and
its function) comes at the expense of another. This
competition for space puts limitations on the
properties of different fiber types [5]. A fourth
component, stored metabolic substrates such as
glycogen and fat, is generally small and is ignored
here.

Aerobic muscle fibers, red and pink, must have a
high density of mitochondria. Indeed, the red
muscle of fish generally contains 25-30%
mitochondria [16]. The volume of mitochondria, in
turn, reduces the space available for the force-
generating myofibrils and hence, red fibers generate
less force than white fibers. Superfast fibers require
high volumes of SR for rapid cycling of Ca*". Thus,
myofibrillar volume is reduced accordingly,
contributing to a reduction in force (see below).

Ultrastructural/molecular level

The force-generating myofilaments consist of
myosin thick filaments and actin thin filaments
which interdigitate with one-another (Fig 3). The
thick filaments are 1.6 um long in vertebrates [17].
Because the distribution of myosin heads along thick
filaments is similar, all vertebrates have the same
number of myosin heads. However, there are
different types (isoforms) of myosin, and these
different types (slow, fast, and superfast) confer
many of the observed differences in mechanical
properties (e.g., different V,,,.’s). The thin filaments
are made primarily of actin monomers which are
identical in different fiber types, but the number of
monomers in a filament, and hence its length, can
vary. Whereas thin filaments are generally 1.0 pm
long in fish and most other vertebrates [18],
mammalian thin filaments can be longer (1.2-1.3 pm
long) which leads to a change in the sarcomere-
length tension relationship, but no effecton 'V, ..

The thin filament also contains the regulatory
proteins which control the activation and relaxation

-~ . Muscle

Nuclei

Bundle of
muscle fibers

Single muscle fiber

cell
(cell) y
Myoﬁhril\
“ 7 Light park .
(- band band Zline
| band A band | band
——
_ M line .
Thick filaments < . sl -
(myosin) =

Thin filaments .:“’#

(actin) el RS S e M
et e L | =8
i e
Zline”’ H zone “Z line
- Sarcomere

©1868 Addson Weslay Longman, ing

Figure 3 adapted from Human Anatomy &
Physiology by Marieb, Fifth Ed., 2001.



of muscle. These consist of the troponin complex
(troponin C, troponin T, and Troponin I) as well as
the tropomyosin. Again, different muscle fiber types
have different isoforms of these proteins, which
alter their performance (— see Muscle activation,
force generation and muscle relaxation). A detailed
discussion of these proteins is beyond the scope of
this paper.

Structural arrangement of muscles.

Muscle has a highly organized, crystal-like
geometry which extends all the way from the
ultrastructure of the crossbridges and myofilaments
to the whole muscle. Some components are
arranged in parallel, while others are in series (Fig.
3). This geometry has an enormous impact on the
design and function of muscle. In addition, by
knowing the geometry, one can employ a “bottom
up” approach by starting with an understanding of
crossbridge function and integrating, in a systematic
way, up to the whole animal. In contrast, one can
also employ a “top down” approach, by working
backwards from making measurements on a moving
animal, and systematically deducing how single
crossbridges are operating. Knowing this geometry
and having the ability to go from ultrastructure to
the whole animal (and back again) are important
facets of the muscular system that allow us to
understand its design and thus to extract principles
of actuation.

1. Crossbridges on 1/2 of a thick filament are
in parallel. Muscle force is generated by
crossbridges — projections from the myosin thick
filament, which bind to specific sites on the thin
filaments and generate force. The crossbridges
extend from the thick filament to the thin filament,
parallel to, but independent of one-another.
Because of this, the forces are additive (similar to a
tug of war using a rigid object like a pipe rather
than a rope). Thus the force generated by a thick
filament is equal to the force per crossbridge times
the number of attached crossbridges on one half of
the thick filament (it turns out that the crossbridge
on the other half of the thick filament is in series
with those on the first side, and hence the force is
not additive).

As shown in Fig 5, force generation declines as
sarcomere length (SL) increases beyond the point of
optimal overlap of the thick and thin filaments. This
behavior is explained by the “sliding filament
hypothesis” which provides the most fundamental
explanation of muscle function. The sliding
filament hypothesis assumes that 1) crossbridges are
independent force generators, 2) each crossbridge

generates the same force, and 3) crossbridges are
uniformly distributed on the thick filament. Hence,
as the sarcomere is lengthened, there is progressively
less and less overlap between the thick and thin
filaments, thus fewer crossbridges can attach and
generate force. Eventually, the sarcomere becomes
so elongated that there is no longer overlap between
the filaments. At this point crossbridge attachment is
impossible and force drops to zero (Fig 3,5).

2. Sarcomeres are in series. Sarcomeres are
placed end to end (Z-line to Z-line), like links in a
chain. Hence, force generated in one sarcomere is
the same for each sarcomere in the chain. Although
a chain of 10,000 sarcomeres has a large number of
total crossbridges in it, the force generated by the
chain is determined by the force generated by any
one sarcomere, and that force in turn is determined
by the number of crossbridges in parallel on one half
sarcomere as stated above.

Because sarcomeres are in series, however, this
means that length changes and consequently
velocities will be additive. This is a necessity for
turning microscopic movements into the
macroscopic movements needed for locomotion. For
instance, if one has 10,000 sarcomeres in series, each
with a length of 2 pm, then a 0.1 um shortening of
each sarcomere will result in a 10,000 x 0.1 pm =1
mm or 5% shortening of the string. More crucially,
the speed at which thin filaments move past thick
filaments is very slow in absolute terms: in a fast
muscle it would be 10 pm/s (note that this would
cause the z-lines to move toward each other at twice
the speed or 20 pm/s). This is far too slow to
produce useful movement. However, the chain of
sarcomeres will shorten at 20 cm/s (10,000 x 20
pm/s) which can produce the large scale movements
associated with locomotion. The amplification
mechanism for length changes shows that to obtain
high velocities, it is necessary to have many
sarcomeres in series.

3. Myofilaments, myofibrils and muscle fibers
are in parallel. Muscle fibers typically extend from
one tendon to another, independent of surrounding
muscle fibers. Hence, fibers are in parallel and the
force generated by one fiber is directly transmitted to
the tendons. One way to increase the force generated
by a muscle is to simply put more fibers in parallel.

At the cellular level, a muscle cell is made up of
thin strings of myofilaments (myofibrils) running
parallel to each. In between these myofibrils are the
SR, mitochondria, and other cellular components.
Within a myofibril, there is a set of thick filaments
which are parallel to one another as well as set of



thin filaments which are parallel to each other.
Because each of these components are parallel, if
we cut through a cross-section of the muscle, it is
the number of thick filaments in the cross-section
which ultimately sets the total force a muscle can
generate (note that because thick filaments are
parallel in myofibrils; myofibrils, in turn, are
parallel in cells; and cells, in turn, are parallel in
muscles, then all the thick filaments in the cross-
section of the muscle will be in parallel with one-
another; Fig 3).

This regular geometry permits one to move from
force generation in a whole muscle (or whole
animals) to force generation by a single crossbridge.
For instance, assume a fish muscle with a 1 cm?
cross-section can generate 30 Newtons of force.
Because thick filaments are arranged in parallel and
there are about 5 x 10" thick filaments/cm’ or
500/pm?, it follows that each thick filament
generates 600 picoNewtons (pN) of force. Because
there are 150 crossbridges/half thick filament, then
each crossbridge generates ~4 pN of force. With
recent development of laser trap technology, the
force generated by single crossbridges can now be
measured and the values obtained are similar to the
one calculated above. Laser traps and in vitro
motility assays can also measure the speeds of
single actin filaments moving past single myosin
heads. They reveal values almost identical to those
calculated from the quotient of the macroscopic
shortening speed of the muscle and the number of
sarcomeres in series.

DESIGN OF THE FISH MUSCULAR SYSTEM

Having described some of the basic elements of
the fish muscular system, we will now examine
more functional aspects and point out along the way
the insights that the fish muscular system has
provided to the field of muscle design in general.
Fish have been a very helpful model in elucidating
how muscular systems are designed. The reason is
three-fold. First fish undergo a wide range of motor
movements from swimming (see Fig. 4) to sound
production at 200 Hz, and these can be easily
elicited and quantitatively analyzed. Second, these
motor movements are powered by different muscle
fiber types permitting exploration of the function of
different fiber types. And most importantly, one can
experimentally determine 1) which fiber types are
powering a particular activity, 2) what length
change and stimulation pattern they undergo, and 3)
the mechanical properties of the different fiber

types [6].
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Fish produce a wide range of movements [7]. The
SL change of the muscle depends largely on the
curvature of the spine. High speed motion pictures
of carp swimming at 20 cm/s reveal that there is very
little curvature in the backbone (Fig. 4, left panels).
In contrast, during the escape response (C-start),
there is a large amount of curvature in the backbone
(Fig.4, right panels). Note also the difference in time
scales. During steady swimming, one tailbeat takes
400 ms (i.e., 2.5 Hz), whereas in the escape response,



the fish goes from straight to highly curved in only
25 ms. How has the muscular system evolved so
that it can produce both these types of movements
effectively?
Myofilament overlap and V/V, . — two design
'contraints' of the muscular system

From cell physiology, we may anticipate that
there are some rules [2;9] that are followed when an
animal muscular system evolves. During full
activation, the force generated depends on the
amount of overlap between the myosin thick
filament and actin thin filament or more precisely,
the number of myosin crossbridges which can
interact with actin sites [19]. Force is maximal
when there is optimal overlap between the filaments
so that the maximum number of myosin heads can
attach to actin. Force falls as the sarcomere length
increases, and the overlap and number of myosin
heads that can interact declines. Force also declines
when the sarcomeres becomes too short, reflecting
possible interference in force generation by myosin
heads (Fig. 5).
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It would seem sensible that during evolution the
gear ratio of the animal’s muscle fibers and their
myofilament lengths are varied, so that no matter

what movements the animal makes, the muscle
would operate at optimal myofilament overlap (i.e.
where the muscle generates near maximal force; see
Figure 5). As such, gear ratio and myofilament
lengths can be viewed as the design parameters
(those components that can be varied during
evolution). Myofilament overlap can be viewed as a
design constraint (i.e., the rule by which the variation
in parameters is adjusted). As both design parameters
are anatomical features of the muscle, one being at
the organ level and the other at the molecular level,
this can be viewed as a structural design
consideration.

There is also a dynamic design consideration
which takes into account the fact that muscle
shortens during locomotion. When a muscle is
isometric (i.e., it is being held at constant length), it
generates its maximal force. However, to move
limbs or bend the body, muscles must shorten.
Muscle shortening is also necessary to perform
mechanical work — a requirement of increasing the
mechanical energy of a body (e.g. during jumping)
and for overcoming drag (e.g. during flying or
swimming).

The relationship between the force and velocity is
described by the force-velocity curve (Fig 6). The
force muscle generates is a function of the velocity
when it shortens (V), or more precisely a function of
V/V... [20]. The faster the muscle shortens, the less
force it generates, until it generates zero force when
shortening at its maximum velocity of shortening,
V... In addition and more importantly, the
mechanical power that a muscle generates, the rate
of energy usage and the efficiency (mechanical
power output/rate of energy usage) with which it
generates mechanical power are functions of V/V
as well (Fig 6). As mentioned previously, animals
have different fiber types (i.e. different V,,,,’s within
the same animal). Hence we might anticipate that
the muscular system of animals who need to generate
power (swimming fish, jumping frogs, flying birds)
would be designed so that no matter what movement
the animal makes, the muscle fibers operate over a
range of V/V_, values (0.15 — 0.40) where the fibers
generate maximal power with near maximal
efficiency. Thus, the design parameters V,,,, and
fiber gear ratio are varied in such a way that they
operate under the design constraint of V/V,,, ..

It is important to emphasize that myofilament
overlap and V/V,,_ are potential constraints, which
are derived exclusively from experiments on isolated
muscle. It was necessary to determine whether
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animals actually use their muscles over this narrow
range of values during their full range of
locomotion, which had never been previously
determined.

Myofilament overlap

Experiments on fish have provided considerable
insight into myofilament overlap in vertebrates.
During caudal fin propulsion, most fish bend their
backbone. By a combination high speed motion
pictures and anatomical and mathematical
approaches which relate SL to backbone curvature,
it was found that at low swimming speeds in carp
(Fig. 4), the red muscle, which powers this
movement, undergoes cyclical SL excursions
between 1.89 to 2.25 pm centered around a SL of
2.07um (Fig. 5A) [7;13;15]. Further, using
quantitative electron microscopy, it was found that
the thick and thin filament lengths of the red
(1.52pm and 0.96pum) and white (1.56pum and
0.99um) muscle in carp are similar to that in frog
[18]. Using the frog SL—tension relationship to
approximate that of the red and white muscle,
shows that the red muscle operates over a range of
SLs where no less than 96% maximal tension is
generated (Fig. 5A) [7;13;15].

The most extreme movement that carp make, the
escape response (pictured in Fig. 4B), involves a far
greater curvature of the backbone than steady
swimming. If the red muscle were powering this

movement, it would have to shorten to a SL of 1.4
pm where low forces and even irreversible damage
can occur (Fig. 5B) [7;15]. Rather, it is the white
muscle which performs the movement because the
white muscle has a different fiber orientation than
the red. The red muscle fibers run parallel to the long
axis of the fish (Fig. 2) just beneath the skin. The
white muscle fibers, by contrast, run in a helical
orientation with respect to the long axis of the fish.
As predicted by Alexander [21] and
experimentally verified by Rome and Sosnicki [15],
the helical orientation endows the white fibers with a
four—fold higher gear ratio than the red fibers (i.e.,
the white muscle can produce a given backbone
curvature while undergoing only 1/4 of the SL
excursion). Thus to power this most extreme
movement of fish, on average the white muscle must
shorten to a SL of 1.82 um, and at this SL the muscle
generates about 94% maximal force (Fig 5SB).

As shown above, the myofilament overlap is
never far from its optimal level even in the most
extreme movements. It appears, therefore, that
animals are designed in such a way that no matter
what the movement, the muscles used generate
nearly optimal forces. As such, myofilament overlap
can be considered a design constraint (i.e., a part of
the system that is kept constant). Given the
movements that fish need to make, two design
parameters (fiber gear ratio and myofilament
lengths) are adjusted during evolution such that the
muscle fibers being used always operate at near
maximal myofilament overlap and force generation
[2;15].

VIV

The two main fiber types in fish, red muscle and
white muscle, have different V_,, values in addition
to the aforementioned different gear ratios (note that
pink muscle, which is abundant in some species, has
intermediate properties and appears to follow the
same set of design rules [22]). The first question
which was asked is why do animals have different
fiber types and are the faster fibers used to power
faster movement (higher V's) while operating at the
same V/V,,.?

As illustrated in Figure 6, Rome and colleagues
(1988) found that the V,, of carp red muscle was
4.65 muscle lengths/s (ML/s) and the V,,,, of carp
white muscle was 2.5 times higher, 12.8 ML/s [7].
During steady swimming the red muscle is used over
ranges of velocities of about 0.7 to 1.5 ML/s (Fig.
6A, shaded part of the curve [7;13;23]). This



corresponds to a V/V,, of 0.17-0.36, which is
where maximum power is generated. At higher
swimming speeds (higher V's) the fish recruited
their white muscle because the mechanical power
output of the red muscle actually declines.

It is clear from Fig. 6A, that the red muscle
cannot possibly power the escape response. To
power the escape response, the red muscle would
have to shorten at 20 ML/s, which it clearly cannot
do, as this is 4 times its V,,,,. Even if white muscle
were placed in the same orientation occupied by the
red (i.e., same gear ratio), it could not power the
escape response either, because its V,,,, is only
about 13 ML/s. However, because of its 4—fold
higher gear ratio, the white muscle need shorten at
only 5 ML/s to power the escape response (Fig.
6B). This corresponds to a V/V,,,, of about 0.38,
which is where white muscle generates maximum
power [7;15].

If the white muscle does so well at producing
fast movements, then why don't fish have only one
fiber type and let the white muscle power the slow
swimming movements as well? The white muscle
could certainly power slow swimming, but it is not
used because its high V_, and four—fold higher
gear ratio would make its V/V,,. at slow swimming
speeds so low (i.e., 0.01-0.03; shaded portion of
Fig. 6B), that the muscle’s efficiency would be
nearly zero.

Thus the red and white muscle forms a two gear
system. To achieve a wide repertoire of movements
fish must use different fiber types with different
V.. and different gear ratios to power different
movements. The red muscle powers slow
movements, while the white muscle powers very
fast movements, both while working at the
appropriate V/V,,,. (0.17—0.38). The effectiveness
of white muscle to power fast movements depends
on the product of its gear ratio and V,,.. In terms
of backbone curvature, the white muscle can
produce 10—fold faster movements (2.5—fold higher
Vax X 4— fold higher gear ratio) than the red
muscle. If the red muscle had the same gear ratio as
the white, it could not produce the escape response,
nor could the white muscle if it had the gear ratio of
the red. What is needed is both the correct V,,,, and
the correct gear ratio to produce the full repertoire
of movements [7;15].

Additional studies have revealed that fast and
slow swimming species of fish [24;25], fish
swimming at low and high temperatures [13;23-25],
and even jumping frogs [4] also use their muscle at

optimal V/V_, (0.17-0.36). This provides additional
evidence that V/V .. is an important design
constraint.

It appears from these examples that many animals
use their muscles over a narrow range of
myofilament overlap and over a narrow range of
V/V ... where muscle generates maximum force and
maximum power with optimal efficiency. Therefore
during evolution, three design parameters (gear ratio,
V... and myofilament lengths), appear to have been
adjusted so as to obey these design constraints.
Hence, these design constraints appear to constitute
two of the rules by which muscular systems have
evolved [1;2].

Muscle activation, force generation, and
relaxation

As successful as myofilament overlap and V/V,,,,
are in explaining muscle design, it is important to
realize at this point that the SL-tension curve and the
force-velocity, power-velocity, and energy
utilization-velocity curves are steady-state properties
of maximally activated crossbridges. As such they do
not account for the fact that muscle must be turned
on and off during locomotion. Perhaps different from
artificial muscles, the processes of activation and
relaxation (i.e., turning on and off) exert a major
effect on the mechanical function ofreal muscle in
living animals and thus must be considered in overall
design. Hence, to fully understand the design of the
muscle system, it is important to consider non-steady
state properties of muscle.

Different muscle fiber types are designed to
activate, generate force and relax over a wide range
of frequencies. Here we examine the modifications
of muscles to operate at different frequencies.
Muscle is turned on by the release of calcium (Ca*)
from the sarcoplasmic reticulum (SR, which stores
Ca™) into the myoplasm. Ca’" in turn binds to
troponin removing the inhibition from the thin
filament, and thereby allowing the myosin
crossbridges to attach and generate force (Fig. 7).

For the muscle to relax, the process must be
reversed; Ca’" must unbind from troponin, so that
inhibition can be returned to the thin filament. Thus
the myoplasmic calcium must be lowered and this is
done by Ca™ being pumped into the SR. Ca™ must
then unbind from troponin, and finally the
crossbridges must detach.

To reveal how these processes are adjusted to
allow muscle to operate over a wide range of
frequencies, fish again have been advantageous
because in a single species the properties of superfast
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muscles used to produce sound could be compared
to slow and fast-twitch locomotory muscles used for
swimming [26]. The male toadfish (Opsanus tau)
produces a "boatwhistle" mating call 10-12
times/minute for many hours to attract females to its
nest. A tone is generated by oscillatory contractions
of the muscles encircling the fish's gas—filled
swimbladder at 200 times per second [27;28]. Such
high frequency stimulation of typical locomotory
muscles (which relax relatively slowly), would
produce a completely fused (i.e., constant force)
tetanus because they would be unable to relax
between stimuli. Because maintained tension
would simply compress the bladder, and prevent it
from vibrating and producing sound, sonic muscles
must be specifically modified to turn on and off
rapidly.

The muscle activation—relaxation rates vary by
~50—fold between locomotory and sonic fiber types
in toadfish [26]. Toadfish red muscle (used for
slow steady swimming at ~2Hz) has a twitch
half-width (the time duration at the 50% force
level) of about 500 ms, compared to approximately
200 ms for white muscle (used for burst swimming
at ~5SHz), and about 10 ms for the swimbladder
muscle (left and right top panel of Fig. 8).

For any muscle to activate and relax rapidly, two
conditions must be met. First, calcium, the trigger
for muscle contraction, must enter the myoplasm
rapidly and be removed rapidly (Fig. 7, step 1,4).
Second, myosin cross bridges must attach to actin

and generate force soon after the Ca®* level rises and
then detach and stop generating force soon after the
Ca* level falls (Fig. 7, Steps 2,3,5,6).

The time course of Ca*" release and reuptake
during contractions can be determined by injecting
muscle cells with a fluorescent Ca** sensitive dye,
and tracking fluorescence with time (Fig 8, bottom).
The Ca** transient in the sonic muscles is the fastest
ever measured for any fiber type (a half-width of
~3.4 ms at 16°C and 1.5 ms at 25°C) [26]. The
importance of the Ca®* transient duration in setting
the twitch duration can be seen in Fig. 8 which
shows that between the slow-twitch red fibers and
the superfast- twitch swimbladder fibers, the half-
widths of the Ca*" transient and the twitch sped up in
parallel (by ~50 fold)

2
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The significance of a fast Ca®" transient is most
apparent during repetitive stimulation. During
stimulation of slow red muscle at a modest 3.5 Hz
(Fig. 9, left), the time course of Ca™ uptake is so
slow that [Ca*" ] does not have time to return to
baseline between stimuli. Even the lowest
myoplasmic [Ca’"] between stimuli was above the
threshold required for force generation in this fiber
type, thus resulting in a partially fused tetanus. By
contrast, the swimbladder's Ca** transient is so rapid
that even with 67 Hz stimulation, the [Ca*"] return to
baseline between stimuli is complete (Fig. 9 right;
note the 50x faster time base). In addition, [Ca®" ] is
below the threshold for force generation for more
than half of the time in all but the first stimulus.
Hence, the Ca®" transient is sufficiently rapid to
permit the oscillation in force required for sound
production.

Even though [Ca® ] returns rapidly to baseline,
the swimbladder fiber could not relax quickly unless
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its troponin rapidly released bound Ca** (Fig. 7,
Step 5). Indeed, kinetic modeling indicates that if
the swimbladder troponin had the same off-rate for
Ca*™ (k) as fast-twitch fibers, then occupancy of
its troponin sites with Ca** would not decline
sufficiently rapidly to permit the observed rapid fall
in force. Experiments on the Ca*" sensitivity of
troponin suggest that swimbladder muscle has a 3-
fold lower affinity troponin than fast-twitch muscle,
and hence a 3-fold faster k ;.. With this higher kg,
the modeled rate of troponin deactivation no longer
appears limiting. Thus the less sensitive troponin
with its more rapid k., , may be another
modification for faster relaxation [26].

The final requirement for force to drop quickly
following the dissociation of Ca** from troponin is a
fast cross—bridge detachment rate (Fig. 7, Step 6).
Indeed, the maximum velocity of shortening (V
which is thought to be affected by crossbridge
detachment rate) of swimbladder muscle (~12
ML/s) is exceptionally fast, 5— and 2.5—fold faster
than toadfish red and white muscle. Further, direct
measurement of the crossbridge detachment rate
shows it to be exceptionally fast (~110 s or about
50 times faster than the toadfish red fibers and the
well-studied rabbit fast fibers). This fast detachment
rate would permit the rapid relaxation rate observed
[5].

The toadfish experiments have thus identified
three kinetic variables that change progressively as
twitch speed increases from the slow-twitch of red
fibers to the superfast-twitch of swimbladder fibers:
1) The duration of the Ca** transient must become
shorter, which in turn requires more rapid calcium
release and reuptake. This is achieved principally
by an increased density of SR Ca** pumps. 2)
Troponin needs a faster off-rate for Ca**, which
requires molecular modification of troponin to a

max?

lower affinity type. 3) Crossbridges must detach
more rapidly, which involves molecular modification
of myosin.
Evaluating muscle function by the workloop
technique

Optimal workloops Changes in all of these
parameters in concert enable swimbladder fibers to
perform mechanical work at high operating
frequencies (100 Hz at 15° C to over 200 Hz at 25°
C) [5;26]. In contrast, vertebrate locomotory
muscles lack these properties, and thus the red and
white swimming muscles of toadfish cannot perform
work over 2 and 12 Hz, respectively. This is
illustrated in Fig 10 which shows the power output
of the three fiber types as a function of frequency in
“optimized” workloop experiments. In workloop
experiments, the muscle is driven under a particular
length change (usually a sinusoid) and the muscle is
stimulated for a particular duration and at a
particular phase relative to the length change. In
“optimized” workloop experiments, the strain,
stimulation duration and stimulation phase are all
optimized to maximize net work (and hence power)
at each frequency (N. B., for determination of
maximum net power output of the muscle, frequency
too must be optimized). The rate of relaxation clearly
has a dominant effect on the frequency of operation
(recall that there is a 50X change in the Ca®*
transient and relaxation rate between swimbladder
and red muscle, but only 5-fold difference in V,,,,).
The fact that the ratio of maximum operating
frequency is much closer to the ratio of relaxation
speeds than the ratio of V,,,,, show the importance of
activation and relaxation rates in setting the
operational ability of the muscle. Note that to
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compensate for the 50-fold difference in
frequencies with only a 5-fold change in V,,, the
strain in swimbladder at 100 Hz must be reduced to
only ~1/10 that of the red muscle at 2 Hz [29].

In vivo workloops Although the processes of
activation and relaxation have a large effect in
“optimal” workloops, surprisingly, under “in vivo”
workloop conditions (where the muscle strain,
stimulation phase, stimulation duration, and
frequency are constrained to those values found
when the fish is swimming), the rates of activation
and relaxation have an even greater effect on
muscle performance. Figure 11 shows the in vivo
workloops of the red muscle at four different
positions (Ant-1, Ant-2, Mid, and Post) along the
length of a scup swimming at 80 cn/s at 20° C. The
first step was to measure the muscle length change
and stimulation pattern (i.e.., EMGs) the red muscle
undergoes at each position during swimming. The
second step was to remove the muscle from these
four different regions and drive each through the
length changes and stimulation pattern it sees in
vivo. We then measured the resulting force and
work generated by the muscle [3]. The work is
signified by the area of the loop. Figure 11 shows
that the amount of work per tailbeat varies
considerably with position—small levels are
generated at the head and large levels at the tail.
The principal determinant of these differences is the
muscle strain, which is large (+ 6% ) at the tail
because of the large backbone curvature, but small
(£ 1.5%) towards the head, because the fish holds
the front of his body stiff during swimming. There
are more subtle effects as well: the stimulation
duration is much longer in the front of the fish,
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giving the muscle very little time to relax between
tailbeats. In fact, if you take muscle from the Mid or
Post positions, and drive it under the length and
stimulation conditions of the ANT-1 region, the
muscle would not generate any net work (i.e., it
would generate negative work). It is only because the
Ant-1 muscle is endowed with a faster relaxation rate
than the Mid or Post, that allows it to generate any
power, albeit on a small scale.

The importance of relaxation rate as a
determinant of muscle function is clearly illustrated
by the effect of temperature on muscle and
locomotory performance in scup [30;31]. Although
under optimized workloop conditions, scup muscle at
10°C generates about 44% of that at 20°C, when the
muscle is constrained to “in vivo” conditions, the
level at 10°C varies from about 10% to none at all
(i.e., at some swimming speeds and anatomical
positions, the muscle generates negative work). The
reason is as follows: when the fish swims at the low
temperature, the rate of muscle relaxation is slowed
by factor of 3. During “optimized” workloop
experiments this slowing can be counteracted by
reducing the duration of the stimulus or by reducing
the oscillation frequency of the length change (i.e., in
scup max power is achieved at 2.5 Hz at 10°C and 5
Hz at 20°C). During swimming at a given speed,
however, scup swim with the nearly same tailbeat
frequency and the same stimulation duration at 10°C
as at 20°C (see middle two columns, Fig 12). Hence
the muscle at 10°C is not given any additional time
to relax, and thus is often not completely relaxed
when relengthened by muscle on the contralateral
side. Because active muscle generates greater forces
when being stretched than when shortening, this
results in more negative work than positive work,
and thus there is net negative work production
(signified by a clockwise workloop in Fig 12).

This creates a problem for scup swimming at low
temperatures. This effect is countered in the short
term by recruiting a faster muscle fiber type (e.g.,
pink muscle) which has a faster relaxation rate than
the red muscle at a given temperature. Therefore the
pink muscle can generate positive work under the
same in vivo conditions where the red muscle
generates negative work and in total, can generate 6-
fold more power than the red musculature while
swimming at 50 cm s at 10°C [22;32;33].

Scup also can deal with this problem over a long
time scale (weeks) which occurs during their annual
migrations between inland waters and the Gulf
Stream. Thermal acclimation to low temperatures
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permits the nervous system to reduce the
stimulation duration during swimming [34] and
permits the mechanical properties of the muscle to
become faster [35], both of which increase the
power output of red muscle during swimming at
10°C, see Fig 13.

Finally, the in vivo workloop technique
represents a novel approach for assessing the
amount of mechanical power that fish need to
generate in order to swim. By combining the in vivo
workloop values with the distribution of different
fiber types down the length of the fish [36], we can
estimate the total mechanical power generated by
the fish’s musculature at swimming speeds where
the muscle fiber type recruited as well as the
activity level is known [35]. Eventually, these data
can be compared to power values derived from new
hydrodynamics measurements (e.g., Digital Particle
Image Velocimetry or DPIV) to provide a robust
assessment of the power needed for swimming-a
value which until now has been elusive.

Muscle energetics

As we have seen, locomotory muscle can be
limited in activation and relaxation rates, but can
also be built to be very fast. Why not have all fast
muscle? The reason is simple, there is always a
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tradeoff between speed and energetic cost— the faster
the muscle, the more energy is used. Here muscle
energy usage is briefly examined. The energetic cost
of contractions is set by two components-—-the ATP
used by Ca** pumps to pump released Ca** back into
the SR (which accounts for about 30%-50% of the
total) and the ATP used by the crossbridges to
generate force (which accounts for the remainder
[11]; Fig 7). Fibers used for high frequencies have
high ATP utilization rates when active because the
rate of ATP utilization by both of these components
is rapid. For instance, swimbladder fibers appear to
pump Ca* back into the SR at about 50-times the
rate of red muscle fibers. Thus the swimbladder
fiber's Ca** pumps use ATP 50-fold faster than those
of the red muscle. Further, the crossbridges of
swimbladder fibers use ATP about 6-times faster
than red muscle fibers. Thus during sound
production (where Ca*" is being continuously
pumped and crossbridges are continuously
generating force and splitting ATP), the swimbladder
will use ATP at a far greater rate than the red
muscle.

Interestingly, because of the swimbladder’s high
SR volume and high crossbridge detachment rate
constant, it generates only a small fraction (~ 1/10)
of the force of the red muscle. The fact it also uses
energy at a much faster speed results in the cost of
force generation being about 20 times higher in
swimbladder than in red muscle. This makes it far
too costly for this superfast muscle to be used to
power relatively slow movements such as swimming.



By contrast, the locomotory red and white muscles
are far too slow to power high frequency sound
production. Hence, these different muscles
represent mutually exclusive designs to power
different activities [5].

PRINCIPLES OF ACTUATION

From the preceding description of the design and
function of the fish muscular system a series of
principles of actuation emerge:
1. Geometric amplification: piconewton-level
crossbridge forces, hundreds of nanometer-level
filament sliding at pm/s-level speeds are
amplified into to kg-level forces, cm-level length
changes at tens of cm/s-level speeds by placing
many thick filaments in parallel and many
sarcomeres in series. As we have seen, the forces,
length changes, and shortening speeds which take
place for one crossbridge on one thick filament in
one sarcomere are extremely small and without
amplification cannot power locomotion. Although
there are many functional differences between
muscle fiber types at the molecular level, it is this
geometric amplification which is the primary
transformer from the molecular
nanometer/piconewton world to macroscopic
movement in animals.
2. For muscles that must generate mechanical
power, the muscular system is designed so that
muscle fibers operate at optimal myofilament
overlap and optimal V/V_,_ where maximum
power is generated. Work on the red and white
muscle of carp, and the red and pink muscle of scup
(as well as work on frogs) illustrates that muscles
operate where they generate maximum power.

3. No one actuator can power all motor activities.

Multiple actuators are required to produce a
wide range of movements. This is well-
documented in the comparison of the red and white
swimming muscles in carp (and scup). The results
show that red muscle cannot shorten fast enough to
produce the rapid escape response whereas the
white muscle is too energetically costly to use
during slow swimming. Also, the comparison of the
locomotory and sound-producing muscles of
toadfish show that they operate over a mutually
exclusive range of frequencies and thus have
mutually exclusive function .

4. Differential gearing is an important element
of muscular system design. Comparison of steady
swimming and the escape response in carp shows
that changing only the actuator (i.e., from red

muscle to white muscle) is not sufficient to produce
the wide range of observed movements. Attaching
the muscle with different gear ratios is necessary as
well.

5. Muscle fiber types are configured differently
at the molecular level to provide the appropriate
macroscopic behavior for the required motor
behavior. The comparison of the three muscle fiber
types in toadfish show that specific molecular
alterations are necessary to enable the muscle to
power different activities (i.e., from swimming to
super-fast sound production).

6. In addition to the mechanical properties of
actuators, energetic and metabolic properties are
also important design parameters and must be
integrated into the overall design of the actuator.
Fish, like AUVs, have to be able to perform their
motor activities for a low energetic cost (food is the
limitation for fish, battery life for the AUV). This
fact provides another reason why fish have more
than one actuator. Because increased muscle speed
results in increased energetic cost, a basic tenet in
the design of muscular systems is that muscle speed
is set to be sufficiently fast to perform a given
activity, but not faster than necessary, as this would
entail a large waste of energy [37]. Thus, although
the white muscle could easily generate the
mechanical power needed for slow steady
swimming, it would require far more energy to do so
than the red muscle, and hence the red muscle is
used for slow swimming. Further, white muscle uses
energy so rapidly, there is no way that the
cardiovascular system could supply oxygen and
nutrients rapidly enough to use this muscle
continuously. Hence, all attempt to do so has been
abandoned and the white muscle uses anaerobic
metabolism and is reserved for infrequent, short-duty
cycle movements. The more efficient red muscle is
used for continuous activity, and thus is equipped
with metabolic support machinery (mitochondria and
blood supply). Thus the mechanical, energetic and
metabolic characteristics are all adjusted for the
function of the muscle.

7. Muscles often perform cyclical activities, so
that the Kinetics of muscle activation and
deactivation (relaxation) are equally important to
steady-state stress and strain-rate characteristics
in defining muscle performance. Hence
mechanical properties of muscle (and artificial
muscle) need to be evaluated using the both
“optimized” and “in vivo” workloop techniques.
The traditional way of evaluating muscle (and



artificial muscle) is to examine the maximum stress
it can generate, its maximum strain rate and the
relationship between stress and strain rate (which
determines the maximum power output). However
during cyclical activity like swimming or sound
production, the rates of muscle activation and
relaxation greatly affect mechanical performance
and this effect can only be quantified by the
workloop technique. For instance, optimized
workloop experiments of the different muscle fiber
types in toadfish show that they operate over a
wide, and effectively mutually exclusive, range of
frequencies. Further, the scup experiments show
that even subtle changes in muscle or nervous
system properties can manifest themselves as large
changes in net power output during swimming. A
fact which is only revealed during “in vivo”
workloop experiments.

8. Multiple tradeoffs exist in the design of
muscle for different activities. Tradeoffs should
be expected and rigid guidelines may not be
appropriate. Examination of toadfish swimbladder
clearly shows that muscle performance should not
be judged by single mechanical parameters such as
maximum stress. Alterations at the molecular level
to gain high frequency response, negatively impact
macroscopic performance at lower frequencies.
Using parameters such as maximum stress (or
power), the swimbladder muscle would be viewed
as ineffective, yet it is critically important to
organismal fitness due to its functional role of
producing sound for attracting mates. Also, as
shown by the scup experiments, the suitability of
muscle for its task can only be determined in the
exact physiological and anatomical context of the
animal performing the behavior (i.e., in vivo
workloops). Thus, the only accurate way to evaluate
the appropriateness of a muscle to perform a task is
to drive it through the length change and stimulation
pattern it undergoes during it in vivo function.

CAN FISH MUSCLE BE USED IN AN AUV?

Having examined these various principles it is
useful to address whether fish muscle, itself, could
be used to actuate some movements in an AUV.
We have seen that the mechanical capabilities of
fish muscle are certainly suitable for use in an
autonomous vehicles and the metabolic cost (and
thus efficiency) is suitable as well. The metabolic
delivery to isolated muscles, however, presents a
significant problem.

Bundles of muscle fiber can be dissected from
fish or other animals, but they can’t be any thicker
than about 1 mm thick because oxygen would not be
able to diffuse to the core of the bundle at a
sufficient rate. There are of course much thicker
muscles in the bodies of most animals. However, in
animals, the oxygen is supplied to within several
micrometers of the oxygen-consuming mitochondria
by the circulatory system. Typically, when muscle
fibers are dissected, the circulation system is
removed and muscle fibers are “super-fused” with a
Ringer solution containing oxygen and metabolites.
Because of this thickness limitation, to generate high
absolute force, we need to have many of these
bundles in parallel, and thus lies the problem. It takes
considerable effort to dissect and attach a large
number of muscle bundles and although they can last
for several days, a whole new batch would have to be
dissected again. Whole muscles can be removed
from animals and artificially perfused by blood (or
some solutions with high oxygen carrying capacity),
but this takes considerable effort. In short, although
the energy usage by muscle is modest for the amount
of mechanical work it produces, delivering the
metabolites and oxygen represents a significant
limitation which must be addressed.
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