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Type of Skeletal Systems

elephant trunk. A hydrostatic skeleton may be used
in combination with a rigid skeletal support (e.g.,
the vertebrate tongue). In this article we describe the
biomechanics and movement control of hydrostatic
skeletons, giving examples of the diversity and unique
adaptations.

Basic Structure of Hydrostatic Skeletons

The combination of muscles (force production mechanisms) and skeletons enable animals to move in a
variety of ways. There are basically three types
of skeletons: endoskeletons, the rigid internal skeleton of vertebrates; exoskeletons, the rigid external
skeleton of arthropods; and hydrostatic skeletons,
which are the focus of this article.
Hydrostatic skeletons do not posses rigid elements
but rely on pressure to create stiffness. This can be done
based on two types of structures. The first involves
a fluid-filled cavity (FFC) which is surrounded by
muscles and connective tissue. The second structure is
composed mainly of muscles without any internal
cavity, termed a muscular hydrostat (MH). In some of
the literature, the term hydrostatic skeletons is used
exclusively to denote the FFC skeletons, whereas in
other publications (as here) this term refers to both
types: FCCs and MHs.
FFC skeletons can be found in annelids (segmented worms, e.g., earthworms), echiurans, nematodes (roundworms), nemertean (ribbon worms),
echinoderms (starfish and sea urchins), and mollusks
(e.g., the foot of bivalves and gastropods). The extent
and volume of the FFC is variable. Some animals have
this internal cavity divided among body segments
(annelids, such as earthworms and leeches), whereas
in others it is continuous (echiurans and nematodes).
MH skeletons, on the other hand, are neither segmented nor have a fluid-filled extracellular space but
are composed of a tightly packed three-dimensional
array of muscle fibers. Examples of MH are the
vertebrate tongue, the elephant trunk, the arms, the
tentacles and fins of cephalopods, the foot of snails,
and the feeding apparatus of some mollusks (e.g.,
Aplysia). MH skeletons have the greatest potential
for localized, complex, and diverse movements – much
greater than in other types of skeletons.
Hydrostatic skeletons are abundant and diverse,
ranging in size from minute worms with a scale
of few millimeters and grams to the giant squids
reaching 20 m in overall length and giant octopuses
attaining an arm span of 6 m and weighing over 40 kg.
The hydrostatic skeleton of some animals, such as
worms, encompasses their entire body, whereas in
others it is used only for a specific organ, as in the

Fluid-Filled Cavity Skeletons

Animals with FFC hydrostatic skeletons usually comprise both circular and longitudinal muscle fibers,
and their shapes are typically cylindrical. Diagonal
elements (either as muscle fibers, connective tissue,
or both) are usually an essential component that
prevents kinking. We describe the structure of FFC
skeletons here using three examples: the earthworm
and the leech (both annelids) and Ascaris (a nematode).
Annelids have a segmented body in which each
segment is separated by septa. Their FFC is a true
coelom; that is, the cavity is completely lined with
mesoderm-derived tissue. In the Hirudinean (such as
the leech), the coelom is dramatically reduced and
septa have been lost, making them more of a MH
than a FCC skeleton (Figure 1). This is in contrast
to our second annelid example, the earthworm, which
has a clearly segmented structure and noticeable
fluid-filled compartments (Figure 2).
An earthworm has approximately 150 segments,
each with circular (circumferential) muscles responsible for radial contraction and longitudinal muscles
that shorten the segment. This shortening causes
radial expansion based on a mechanism described
later in the article. Waves of alternating activation
of the longitudinal and circular muscles produce a
peristaltic wave, moving from tail to head, which is
used for locomotion and burrowing.
In segmented structures, the larger the number of
segments, the greater is the potential for localized
control of forces and shape changes. The number
and dimensions of the segments are also important
in determining the leverage system – the amplification
of forces or velocities.
In nematodes (the round worms, such as Ascaris)
there are no circular muscles but, instead, fibrous cuticle that prevents shortening of the animal (Figure 3).
They have longitudinal muscles, located at the body
wall and arranged in four groups that can be contracted
differentially to produce local shortening and bending.
The whole interior of the animal, inside the fibrous
cuticle, acts as a hydrostatic skeleton. They have a
FFC in the form of a pseudocoelom (i.e., the body
cavity is not completely lined with mesoderm), in
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Figure 1 A cross section of a leech (Hirudo). The reduction of the coelom results in a body structure that is effectively aceolomate. Note
the four different muscle groups: circular, oblique, dorsoventral, and longitudinal. Reproduced from Brusca RC and Brusca GJ (1990)
Invertebrates. Sunderland, MA: Sinauer, with permission from Sinauer Associates, Inc.
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Figure 2 A cross section of an earthworm. The fluid-filled compartments (coelom) are separated by septa (not shown). Each segment
contains longitudinal and circular muscles. Reproduced from Wallace RA, Sanders GP, and Ferl RJ (1990) Biology, the Science of Life,
3rd edn. New York: HarperCollins.

contrast to the annelids. Their muscle composition
allows undulatory motion but not peristalsis, due to
the lack of circular muscles.
Muscular Hydrostat Skeletons

MHs are mainly composed of tightly packed muscle
fibers that are organized in one or more of three
major directions: parallel to the long axis of the
organ, perpendicular to the long axis, and wrapped
helically or obliquely around the long axis. The
different MHs show a large variability in the availability, arrangement, and positioning of the different

muscle groups. In some cases, connective tissue is the
major structural element in one or more of these
directions.
The muscle fibers that are parallel to the long axis
are termed longitudinal. Their location varies among
different species, ranging from locations mainly near
the inner core of the organ and up to the periphery
of the organ. The perpendicular fibers may show a
transverse pattern made of horizontal and vertical
fibers in the core of the organ, as in the mammalian
tongue, squid arm and tentacle, and octopus arm
(Figure 4). A different arrangement is found in the
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Figure 3 Stylized cross section of a nematode such as Ascaris. All body-wall muscles are obliquely striated longitudinal muscles
arranged in four groups. The muscle cells are connected to the ventral or dorsal nerve cords by muscle arms – an extension of the muscle
cells and not by neurons. Reproduced from Brusca RC and Brusca GJ (1990) Invertebrates. Sunderland, MA: Sinauer, with permission
from Sinauer Associates, Inc.

elephant trunk and the tentacles of the chambered
nautilus; there the muscles are attached to connective
tissue in the center and radiate toward the periphery.
Another type of perpendicular organization, that of
circular muscles is found in most lizard tongues, in
some mammalian tongues, and in the squid tentacles.
The third group of muscle fibers is wrapped helically around the long axis and arranged in opposite
directions. This is done based on the combination
of muscle fibers and connective tissue to complete
the helix (in the octopus arm or the monitor tongue)
or using only muscles (as in the squid tentacle).

Biomechanics of Hydrostatic Skeletons
and Comparison to Rigid Skeletons
The rigid skeleton (either internal or external) serves
some important functions in the generation of movement and the maintenance of posture. The skeleton
provides the stiffness needed to resist external and
internal forces and supports other organs. Muscles
can only exert a pulling force and are unable to push
themselves back into their original positions. The rigid
skeleton enables the return of muscles to their working regime and the reversibility of shape changes via
muscle antagonism, an arrangement of two or more
muscles connected to opposing sides of a joint. The
relative location of the anchoring points between muscles and bones allow for the amplification of force
versus displacement and speed using leverages. In

hydrostatic skeletons, these functions are carried out
with no rigid elements but, instead, by muscles,
connective tissue, and the incompressibility of fluid.
Constant Volume and Muscle Antagonism

The biomechanics of FFC skeletons is based on
pressurizing the structure using muscle contraction
and resistance of other muscles or connective tissue.
Because fluids are incompressible, if the rate of
flow out of the cavity is small the enclosed FFC is
practically constant in volume. Any change in one
dimension will change the pressure in the entire
volume and will be compensated for by a change in at
least one other dimension. For example, contraction of
circular muscles decreases the width of the structure
and, as a result of the constant volume constraint,
increases its length. This in turn lengthens the longitudinal muscles, which can be later contracted to shorten
and widen the structure. Thus, different muscle groups
of different fiber orientations act antagonistically.
In MH skeletons, the fluid that maintains a constant volume is contained within the densely packed
muscle cells and not in a distinct extracellular cavity.
Nevertheless, the biomechanic principle is similar to
those of FFC skeletons. Any change in one dimension will cause a compensatory change in at least one
other dimension. As in FFC skeletons, the contraction
of longitudinal muscles shortens and widens the structure. Contraction of the circular or transverse muscles
reduces the diameter and elongates the organ.
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Figure 4 The musculature and connective tissue of an octopus arm as an example of a muscular hydrostat. Reprinted from Trueman ER
and Clarke MR (eds.) The Mollusca (11): Form and Function, New York: Academic Press, Kier WM, The arrangement and function of
molluscan muscle, pp. 211–252, Copyright 1988, with permission from Elsevier.

Leverages

Helical Fibers

The relation between the length and diameter of
elongated MH and FFC structures enables the amplification of force or speed, resulting in a leverage
system. Here we approximate these structures by a
constant-volume cylinder. When the structure is long
(the ratio of length to width is large), a small one-unit
change in diameter creates a large change in length
(Figure 5, from C to D), thus amplifying the displacement and speed. In the other extreme, when the structure is short (has a small length to width ratio), the
same one-unit change in diameter results in a much
smaller increase in length (Figure 5, from A to B),
amplifying the force. Because the length to width
ratio itself changes with length, such a system has a
variable leverage, depending on the length to width
ratio the movement is carried in. This is used in the
squid tentacle and some lizards’ tongues to protrude
the organ very rapidly when these animals catch prey.

Some MH skeletons have helical fibers, and their
arrangement and orientation have important implications. Naturally they function in torsional movements
in which the organ is twisted along its long axis.
But their contribution is not restricted to creating
torsion or resisting torsional forces. Depending on
their angle relative to the long axis, the contraction
of the helical fibers can either elongate the structure
(when the angle is less than 54  440 ) by functioning as
circular muscles that decrease diameter or shorten the
structure (when the angle is more than 54  440 ) by
functioning as longitudinal muscles.

Bending

Bending in hydrostatic skeletons is the outcome of
differential activation of longitudinal muscles in two
sides of the organ and some resistance to compression.
The location of the longitudinal fibers at the outer
regions of the structure, as found in the elephant
trunk, the mammalian tongue, and the octopus arm,
creates larger moments. In contrast, tongues that
are used for protrusion have their major longitudinal
bundles in the center of the organ.

Stiffness

Generating stiffness is very important in providing
structural stability against internal and external forces
and in shaping the organ. Stiffness in MHs is achieved
by co-contraction of the different muscle groups. When
the longitudinal muscles exert the same force as the
transverse (or circular) fibers, pressure builds up to
stiffen the structure. In MHs such as the octopus arm,
this activation scheme not only increases its ability to
withstand internal and external forces but also straightens the activated region of the organ. Helical fibers, if
present, can also contribute to stiffening of the structure by simultaneous activation of the right-handed
and left-handed fibers. This does not result in torsion
movement but in increased pressure and in a tendency
of the structure to achieve and maintain a stable shape.
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Figure 5 The relationship between diameter and length in a fixed volume cylinder is not linear. A unit decrease in diameter when the
cylinder is short and wide (from A to B) results in a small increase in length of about 0.6 units. A unit length change applied on a longer and
thinner cylinder (from C to D) increases length by more than 10 units. Reproduced from Kier WM and Smith KK (1985) Tongues, tentacles
and trunks: The biomechanics of movement in muscular-hydrostats. Zoological Journal of the Linnaean Society 83: 307–324, with
permission from Blackwell Publishing Ltd.

This biomechanical organizational principle may
be seen as a way to simplify control; irrespective of
the current shape of the organ, equal and concurrent
activations of all muscle groups shape the organ to
a standard shape with a degree of stiffness that is
dependent on the level of activation. This standard
shape is the shape in which all muscle forces are
balanced, and its actual dimensions depend on the
relative number of muscle fibers in each orientation
and their contractile properties.
A similar mechanism can be found in FFC skeletons. Here, too, body stiffness is the result of
co-contraction of antagonistic muscles. Moreover, in
the leech, contracting the oblique muscles contributes
to the stiffness, as well as to the achievement of an
intermediate body length, similar to the effect of
the helical muscles of MHs.
Interestingly, controlling stiffness by co-contraction
of muscles is a known phenomenon for rigid skeleton
structures. There, activating of the antagonist muscles
around a joint has a stabilizing effect. But this is
confined, of course, to stiffness control around a
given joint. MHs and some FFCs, on the other hand,
have the ability to create a dynamic skeleton by
producing stiffened sections at various parts along
the structure and by controlling the amount of stiffness of these sections. This is something that is
impossible to achieve in rigid skeletons, in which the
rigid elements are given and do not change their
mechanical characteristics or location along the organ
at will.
Localization of Movement

How fine is the ability to perform local movements?
This depends on the organization of the biomechanical

system, as well as the control system. In segmented
structures such as the earthworm, the single segment
is the smallest functional unit of movement generation.
Naturally a larger number of segments results in a finer
ability to perform localized and complex movements.
Unsegmented FFCs are limited by the same factor –
their one internal FFC transmits forces via its pressure
to all the muscles and connective tissue surrounding it.
MHs, on the other hand, have the potential for a finetuned local control. Their actual ability depends on the
size of muscles, the spatial resolution of muscle activation, the capability of controlling muscles independently, and the sensory systems relaying information
about their movements. The great degree of localization can be appreciated by considering the arm of
Octopus vulgaris. It has 3.8  105 motor neurons per
arm, with muscle cell dimensions of 0.01  1 mm,
motor unit size of 3300 muscle cells (occupying a
volume of 0.2 mm3, which is 10 ppm of the entire
arm) and localized mechanoreceptors. This complexity of anatomy and physiology, combined with a
sophisticated motor control system, is the infrastructure for the amazing motor abilities of the octopus.
Mechanical Degrees of Freedom

Related to the issue of localization of movement and an
important factor in describing the biomechanics and
the motor control system is the number of degrees
of freedom (DOFs) of the actuators. The number of
mechanical DOFs for rigid skeletons depends on the
number and type of their joints. MHs are continuous
and flexible structures, and it is difficult to estimate
their (obviously huge) number of DOFs or even to use
this term to describe such systems. Anyhow, the potential repertoire of movements for an elephant trunk, an
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octopus arm, or a tentacle of a squid is vast. Borrowing
terminology from robotics, these can be considered as
hyperredundant manipulators, meaning that they have
many more DOFs than the minimal number needed to
perform tasks in space. Planning and executing movement in hyperredundant manipulators is a real challenge in human-made machines. Studying how this is
done in animals with MH skeletons may provide
important insights for roboticists in the quest to
advance technology and allow the production of truly
flexible robots. (Later in this article, we describe some
of the solutions to motion planning and control problems the octopus uses to deal with the complexity of
controlling its arm.)

Variation on a Theme
Following are some examples of different behaviors
and typical movements performed by flexible structures with hydrostatic skeletons with their specific
adaptations.
Peristalsis and Burrowing

Peristalsis is a common mode of locomotion of many
soft-bodied animals (e.g., earthworms, sea cucumbers,
caterpillars, and snails). Alternating waves of muscle
contraction and relaxation move along the body,
anchoring the body to the substratum only in widened
regions (Figure 6). In contrast to rigid skeleton animals,
in this mode of locomotion there is no change in joint
angles between rigid links but, instead, changes in
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the dimensions of body regions. A region may shorten
while increasing in diameter or elongate and contract
radially. The changes of body dimensions, especially
in FFC skeletons, imply the flow of fluids, increasing
the importance of viscous damping forces and decreasing the role of natural frequencies in shaping motion
when compared to rigid articulated skeletons.
Peristaltic movements are also used in burrowing.
Urechis caupo (of the phylum Echiura, unsegmented
worms related to the annelids) is a worm specialized
for burrowing that lives in U-shaped burrows in
marine mud flats. It has longitudinal and circular
muscles surrounding a large FFC. It uses peristaltic
contractions to pump water through the tube and
retrograde contractile waves to move around in its
tube and to enlarge its tube by burrowing through
the substratum. This body plan can be compared
to the segmented body of the earthworm, another
burrowing animal; segmentation isolates the effects
of muscle contraction, enabling much more localized
control of shape and movement and conservation
of energy.
Burrowing is also a common behavior of many
vertebrates, and unique among them are the caecilians.
These are limbless amphibians, found throughout most
of the humid tropics, that maintain their body shape
during locomotion using hydrostatic pressure. They
have obliquely oriented body wall muscles and a
vertebral column that moves independently of the
skin. This unique morphology enables the generation
of a powerful forward force, approximately twice the
force found in burrowing snakes of similar size. The
snakes rely solely on longitudinal muscles and vertebral
column for forward force production, in contrast to
the caecilians, which apply force to a crossed-helical
array of tendons that surrounds their body cavity,
using it as a hydrostatic skeleton. Caecilians are the
first vertebrates known to use the entire body as a
hydrostatic system for locomotion.

3

Figure 6 Peristaltic movement of an earthworm through (or
over) the soil is achieved by alternating waves of muscle contraction and relaxation that move along the body. Reproduced from
Purves WK, Orians GH, and Helle HC (1994) Life: The Science of
Biology, 4th edn. Sunderland, MA: Sinauer, with permission from
Sinauer Associates.

Some of the elongated MH structures are generalized
and some specialized. This distinction comes from
considering the type of movements done by the flexible
organ and its structure. The squid tentacle is a remarkable example of specialization. It is a tool specifically
constructed for the rapid elongation characterizing the
protrusion movement used to catch its prey (70–100%
elongation in 20–40 ms, velocities of up to 2 m s1, and
accelerations of up to 250 m s2). The tentacle is composed of a muscular stalk and a terminal club equipped
with arrays of suckers used to grasp the prey. Various
adaptations have been described. The transverse and
circular muscles fibers are much more numerous than
the longitudinal muscle fibers (they occupy more than
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60% of the cross-sectional area, compared to 45% in
the squid arm). They exhibit a cross-striated pattern
typical of fast-contracting muscle cells and differ from
other muscles of both squid and cephalopods in general. The tentacle muscle fibers achieve maximal velocity of shortening of 15.5 L0 s1(where L0 is the length at
which active isometric muscle force is maximal; it is
usually a bit more than the relaxed muscle length),
compared to 1.5 L0 s1 in arm muscle fibers. The sarcomere structure is especially built for rapid contraction, with almost 10 times shorter thick filaments.
A mechanical lever that amplifies speed is also used
with a length to width ratio of 20:1 in the resting
squid tentacle. When both transverse and circular muscle fibers contract, the result is a rapid increase in
length. Approximately 70% elongation of the tentacle
is achieved with only a 23% decrease in diameter. The
biomechanical adaptations for this fast-protruding
mechanism result in a structure that is prone to buckling. This is compensated for by extrinsic support of
two of the eight arms in the initial rapid extension
phase during prey capture.
The squid protrusion movements and the adaptations allowing this fast movement were studied by
various means: using high-speed filming to describe
the movement kinematics, studying the muscle ultrastructure and physiology, and using mathematical
modeling. The modeling showed that the unusually
short myosin filaments of squid extensor muscles are
necessary to create the rapid elongation behavior.
In tongues adapted for protrusion, as found in some
lizards, in snakes, and in mammalian anteaters, most
of the longitudinal muscles are located centrally. In
contrast, MHs that are designed for manipulation,
such as the elephant trunk, octopus arms, and introoral tongues, have smaller length to width ratios; their
cross sections show similar amounts of transverse and
longitudinal fibers; and their longitudinal muscles are
located at the periphery of the organs, providing better
leverage for bending.
The tongues of advanced snakes have an interesting
subdivision of the arrangement of muscles. At the
proximal portion of the tongue, the longitudinal
muscles are arranged in two large bundles surrounded
by four sheets of transverse muscles – an organization
that facilitates protrusion. At the distal parts of
the tongue, the longitudinal muscles are arranged in
bundles at the periphery with the transverse at the
middle – enabling bending.
Some MHs, such as the tongue of the frog Hemisus,
are composed of muscles fibers oriented in only two
directions: longitudinally and vertically. The third
dimension has connective tissue but no muscles. The
width of the tongue remains constant due to a transversely aligned connective tissue capsule that surrounds

the dorsoventral muscle fibers. When the vertical fibers
contract, the tongue protrudes with a linear increase in
length compared to the geometric increase in the squid
tentacle. This difference might partially explain why
squid tentacles have higher acceleration (250 m s2)
than the tongues of Hemisus (3.5 m s2).

Motor Control of Hydrostatic Skeletons
Next we give examples from some of the more
advanced studies done on the motor control of hydrostatic skeletons in different animals. Among them are
the octopus arm, the tongues of frogs, and the whole
body of the leech. Many important systems are not
described here due to lack of space (e.g., the control
of the human tongue, the feeding mechanism in
Aplysia, and the tongue protractions of salamanders
and chameleons).
The Octopus Arm

The octopus is a solitary animal and an active predator. It uses its eight arms for various motor tasks
such as locomotion (swimming and walking), object
manipulation (building shelters and pulling or pushing objects), and catching and grasping prey. It can
exert great force (as when opening a clamp) and
shows immense dexterity (opening jar lids). Octopus
movements provide an extreme example for the potential complexity of motor control because the arm
can move in any direction from any point along
the arm, operating well in constrained and nonpredictable environments.
The motor control of the octopus is divided between the brain and the arms. The brain is composed
of 15  107 nerve cells, whereas the nervous system of
the arms contains 4.75  107 neurons in each arm,
of which 3.8  105 are motor neurons, 2.3  106
are sensory receptors, and 32 000 axons connect the
arm and the brain. The majority of the arm nervous
system (4.5  107 neurons) consists of interneurons.
The size of the arm nervous system, the dominance
of interneurons within it, and the small number of
fibers running between it and the brain suggest a
high level of autonomy in the neuromuscular systems of the arms. Indeed, this is supported by the
complex local motor reflexes evoked by pain, tactile,
or chemical stimuli to the arm. The division of motor
control between this autonomous system and the brain
suggests a hierarchical organization for the motor
control system.
The reaching movement of the octopus is its stereotypical way of extending an arm toward a target
by propagating a bend along the arm (Figure 7(a)).
First, a bend is created somewhere along the arm.
Then the base of the arm is directed toward or slightly
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Figure 7 The reaching movement of the octopus: (a) a freely behaving octopus reaching toward a target using two of its arms;
(b) a similar movement electrically evoked in an arm whose neural connections to the brain were severed; (c) sequence of images from a
simulation of arm extension using a dynamic model of the octopus arm. The input to the model was a simple signal of muscle activation
propagating from the base of the arm to its tip. Red represents areas of the arm in which all muscles are fully activated; blue represents
areas that are not activated. Reproduced from Yekutieli Y, Sagiv-Zoahr R, Aharonov, R, et al. (2005) Dynamic model of the octopus arm,
I: Biomechanics of the octopus reaching movement. Journal of Neurophysiology 94: 1443–1458, used with permission from
The American Physiological Society.

above the target and the arm is straightened until it
reaches the target (or misses). When the arm of an
octopus touches a target, usually with the suckers, it
wraps around the target and brings it back to the
mouth (Figure 8).
Kinematic studies of the reaching movement
showed that the bend follows a slightly curved planar
path. Its velocity has a bell-shaped profile invariant
to the direction and the duration of motion. Electromyography (EMG) studies of this movement revealed
a characteristic muscle activation wave that moves
along the arm and precedes the bend. Moreover,
the amplitude of the EMG signal measured at the
beginning of the movement was best correlated
with the maximal velocity of subsequent bend propagation, meaning that it is possible to predict the
kinematics of this movement based on the initial
EMG signal. In a denervated arm preparation
(whose nervous system was disconnected from the
brain), electrical stimuli to the axial nerve cord of

the arm or mechanical stimuli to the skin can evoke
extension movements similar to natural reaching
movements (Figure 7(b)). In the same preparation,
the initial posture of the arm determined the direction
of the path of the evoked movements.
The control of this movement is characterized by
two important principles. The first is the reduction in
complexity by the coupling among different DOFs.
This is based on the observation that the reaching
movement kinematics is dictated by three parameters:
two angles in space to control the direction of the
base of the arm and a third parameter to control the
propagation of the bend along the arm. The second
principle is hierarchical organization demonstrated
by the division of labor between the central nervous
system (presumably controlling the orientation of
the base and sending commands to the arm neural
network) and the periphery – the neuromuscular
system of the arm that executes the movement in an
autonomous way.
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Figure 8 A quasi-articulated structure is formed during the fetching movement of the octopus. Red arrow marks the location of the food;
green, yellow, and blue arrows mark the distal, medial, and proximal bends, respectively. Reprinted from Current Biology, 16, Sumbre G,
Fiorito G, Flash T, and Hochner B. Octopuses use a human-like strategy to control precise point-to-point arm movements, pp. 767–772,
Copyright 2006, with permission from Elsevier.

A forward dynamic model of the octopus arm was
used to study the relation between biomechanics and
control. The simulations supported the stiffening
wave hypothesis, which states that a simple wave of
muscle contraction, propagating distally from the
base of the arm, can push forward a bend in the arm
and straighten it, creating an extension movement
(Figure 7(c)). It was shown that water drag forces
have a major role in shaping octopus arm movements
and that the extension movement is not only a way to
simplify control but also an efficient way to move the
arm in water. Symmetrical and simultaneous activation of all muscles of the modeled arm was shown
to straighten the arm and bring it to the same standard shape irrespective of its initial configuration.
Last, dynamic modeling showed that it is possible
to control arm stiffness independently of arm kinematics during an extension movement. This stiffness
may serve to resist external perturbing forces while
performing desired movements. Whether this strategy
is actually used by the octopus is not known.
Bringing food to the mouth is achieved by a fetching movement (Figure 8), in which three bends acting
like joints are formed along the arm. The arm functions then quite similarly to an articulated structure, with the part of the arm holding the food and
bringing it accurately to the mouth. This stereotypic
movement also shows a reduction in complexity by

coupling DOFs to form a small number of control
parameters – the angles of the three joints. Measuring
the EMG signals during this movement showed that
prior to the formation of the medial joint, two waves
of muscle contraction propagate toward the middle,
one from the base of the arm and the other from
the area holding the food. This observation provides
evidence for a mechanism allowing the establishment
of the position of the medial joint.
Octopuses use several modes of locomotion. Their
fastest mode (also common in squids) is jet propulsion, in which the muscles on the mantle wall contract
and squeeze water through their narrow funnel. Benthic species also crawl on the surface, using all or
most of their arms. Recently, it was reported that
some octopus species use bipedal walking, combining
locomotion with the ability to remain disguised.
Analyzing these movements revealed an alternating
pattern of bend propagation moving along the two
walking arms. Each arm in its turn is brought ahead
by rotating its base forward. Pushing the octopus
forward is achieved by a rotation of the base backward while the part of the arm that touches the
surface propagates distally in a form of a bend.
Using muscles to create joints is not unique to
elongated MHs such as the octopus and squid arms
or the elephant trunk. A novel form of flexible joint
mechanism was recently described for the buccal

Encyclopedia of Neuroscience (2009), vol. 2, pp. 189-200

Author's personal copy

198 Biomechanics: Hydroskeletal

mass of the octopus, the cuttlefish, and the squid.
Their beaks are capable of complex movements using
a unique muscular-hydrostatic mechanism to control
the location of the pivot between the upper and lower
beaks and to generate the force required for beak
movements. All this is performed with no articulation
of the beaks – that is, they do not have any contact
in the form of a skeletal joint.
Tongue Protrusion in Frogs

Tongue protrusion in frogs is done by three main
mechanisms, of which only one is based purely on
hydrostatic skeleton biomechanics. We briefly describe here these mechanisms and show the relation
between the hydrostatic mechanism used to protrude
a tongue and other mechanisms from which it probably
has evolved.
The first mechanism, and probably the most primitive one, is mechanical pulling. The tongue shortens
and the genioglossus muscle (one of the major tongue
muscles) contracts, pulling the tongue pad forward
over the mandibular symphysis. The tongue is protruded only modestly and unless a prey item is very
close, the frog has to lunge forward to catch the prey.
The second mechanism, and the most common one
(in terms of the number of species using it), is inertial
elongation. Angular momentum generated by the
opening of the mouth is transferred to the tongue
and elongates it. It requires a tight coordination of
tongue and jaw movements that flips the tongue over
the mandibles, extending it up to 180 % of its rest
length in a very fast, ballistic movement (2.5–4 m s1
with accelerations of more than 310 m s2). The
amount of elongation and precision of movement
allow the animal to remain relatively stationary
during feeding time. However, frogs using this mechanism are unable to correct the tongue direction
during movement.
The third mechanism is hydrostatic elongation, in
which the genioglossus muscle has parallel fibers
(genioglossus longitudinalis) as in other frogs and
also unique vertical fibers (genioglossus dorsoventralis). When the vertical fibers contract, tongue thickness decreases and, due to the constant volume, the
length increases. As in inertial elongation, the tongue
rotates forward over the mandibular symphysis,
but it can also be aimed laterally and in elevation
relative to the head. Tongue protrusion in some
hydrostatic elongators (e.g., Hemisus) is too slow
for the inertia to play a role in the movement, whereas
others (e.g., Dyscophus) protract their tongues fast
enough so that inertia may play a significant role in
addition to hydrostatic elongation. There appears to
be an accuracy versus speed trade-off in hydrostatic
elongators.

The force production of protractor muscles in the
different frog species cannot explain the differences
among these three mechanisms because it differs
by only 20–30%. Several other biomechanical and
anatomical differences were described.
Mechanical pullers have the largest number of collagen fibers parallel to the long axis, resisting elongation. Inertial elongators have fewer fibers and
hydrostatic elongators have the fewest. In Hemisus,
a hydrostatic elongator, most of the collagen fibers
are oriented perpendicularly to the long axis of the
tongue.
Other differences exist with regard to the motor
control of movement. Inertial elongators use fast,
ballistic, movements with feed-forward control to
coordinate jaw and tongue movements. They need a
precise coordination of tongue and jaw to achieve
accurate and successful movements. In contrast,
mechanical pullers and hydrostatic elongators have
slower movements and use both feed-forward and
feedback control of tongue movements. They do not
rely on the precise coordination of tongue and jaw. In
mechanical pullers, the tip of the tongue is only a few
millimeters out of the lower jaw, and in hydrostatic
elongators, the tongue movements do not depend
on inertia for elongators and thus are controlled
independently of the jaw.
These differences are manifested anatomically.
Mechanical pullers and hydrostatic elongators lack
hypoglossal afferents (carrying proprioceptive information about the tongue) that modulate the phase
of activity in the jaw muscles. This is in contrast to
inertial elongators, in which it appears that these
fibers have evolved convergently at least four times
independently.
There is also a difference in the size of the motor
units. In inertial elongators (Bufo marinus and Rana
pipiens), approximately 250 motor neurons innervate
the genioglossus muscle, compared to approximately
950 motor neurons for the same muscle in a hydrostatic elongator (H. marmoratum). This may serve
for a more localized and diverse tongue movement
and for sequential recruitment to support the tongue
against gravity in slow and gradual protraction.
Leech Motor Control

Many aspects of the control of movement in the medicinal leech were investigated in great detail, including
the control of its hydrostatic skeleton. The leech is a
member of the annelids whose coelom is dramatically
reduced and septa have been lost, making them more of
a segmented MH than a FCC skeleton.
The leech has four types of muscles used for overt
movements: longitudinal, circular, oblique, and dorsoventral (Figure 1). The four muscle activations produce
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different movements: the contraction of the longitudinal muscles produces shortening, circular muscle contractions produce a reduction in cross section and
elongation; contraction of the oblique muscles cause
stiffening at an intermediate body length, and dorsoventral muscle contractions cause a flattening of the
body and contribute to elongation. The innervation
pattern of the muscles allows fine control of shape
and movement. The motor neurons are either excitatory (using acetylcholine (ACh) as the neuromuscular
transmitter) or inhibitory (using g-aminobutyric acid
(GABA)). Each motor neuron connects to a subset of
muscle fibers of a single type in a specific region of one
segment only (e.g., the longitudinal muscle fibers on
the right dorsoventral side). The leech has stretch
receptors embedded in the dorsal, lateral, and ventral
body walls of each segment.
Figure 9 shows four distinguishable behaviors that
leeches perform by combinations of lengthening,
shortening, and bending using a characteristic temporal and spatial pattern of muscle contraction. As

Dorsal

Ventral

Lateral
a
b

c
d
Figure 9 Example of four leech behaviors: (a) local bending as
a response to light touch on different body sides; (b) swimming
using undulatory movements of the whole body (swimming direction is to the left); (c) rapid shortening of the whole body as
a response to touch; (d) crawling by the coordination of body
elongation and shortening with sucker attaching and detaching
(crawling direction is to the right). Reprinted from Kristan WB Jr.,
Calabrese RL, and Frissen O (2005) Neuronal control of leech
behavior. Progress in Neurobiology 76, pp. 279–327, with
permission from Elsevier.

described for other hydrostatic skeletons, the internal
pressure functions as the mechanism for the transfer of forces between the different muscle groups,
rendering them antagonist muscles.
Some of the behaviors described are rhythmic and
produced by central pattern generators (CPGs) and
can be reproduced in the isolated nervous system.
These include swimming (Figure 9(b)), crawling
(Figure 9(d)), and feeding. Other movements such
as local bending (Figure 9(a)) and shortening (Figure
9(c)) are elicited in response to a well-defined stimulus
in a reflexive way.
Local bending in response to light touch is produced by the contraction of longitudinal muscles
on the side of the touch and relaxation of the other
side. The response is mainly based on a feed-forward
mechanism of a simple network that maps sensory
locations on to motor space. This mapping resembles
the computations described for other systems, such
as eye movements in mammals, arm movement in primates, escape responses in crickets and cockroaches,
and flight orientation in insects.
As in other hydrostatic skeletons, shortening is caused by the simultaneous contraction of all longitudinal
muscles. This can be either localized to a small number
of segments or span the whole body.
Swimming in the leech is an undulatory movement
of a flattened body shape. The flattening is achieved
by tonic contracting the dorsoventral muscles, forming a paddlelike structure that is better for propelling
the body in water. Then, alternating contraction and
relaxation of dorsal and ventral longitudinal muscles
produce rhythmic bending of the body. An isolated
nerve cord preparation is capable of producing rhythmic bursting in the motor neurons. The cycle period
is longer than in the actual swimming, and the intersegmental phase lags are reduced. This indicates the
role of sensory information and feedback loops.
Stretch receptors in the leech body wall are the
mediators of the sensory information.
The crawling of the leech involves a more complex
movement than the peristaltic locomotion of the
earthworm. The leech uses front and back suckers
to attach to the surface, and their activity must
be coordinated with the extension and contraction
of the body. Elongation of each segment is produced by the contraction of the circular muscles
and contraction of all longitudinal muscles within
that segment. Measuring the activity of the motor
neurons of a single segment during crawling reveals
an alternation of bursting of the circular and longitudinal motor neurons. The same pattern of activity has
been reproduced in semi-intact and isolated nervous
preparations. As in swimming, this fictive motion
had longer cycle periods than the intact animals.
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The Role of Modeling
Modeling is an essential component of our understanding of the hydrostatic skeletons’ dynamics and
control. Combined with other experimental techniques, it is a powerful tool. The complexity of
biomechanics and control of hydrostatic skeletons,
especially of MHs, require detailed and quantitative
models of these systems. Such models were used to
test ideas and predict aspects of the design of the
system (sarcomere of the squid); confirm assumptions
about the biomechanics (stiffening wave hypothesis
of the reaching movement in the octopus); show the
relative significance of the biomechanical design (the
forward model of frog tongue protrusion); illuminate
the relative importance of the different forces (the
drag forces in the reaching movement of the octopus);
and allow us to investigate the interaction of dynamics, sensory information, and neuronal control (leech
bending and crawling).
Modeling should be based on accurate and reliable measurements of the different properties of the
system: architectural, anatomical, and physiological
(e.g., tissue properties; muscle fiber orientation, composition, and forces; EMG; and neuronal signals).
It must be based on kinematic and dynamic movement data (e.g., positions, velocities, and forces).
This calls for the development of new tools for
data acquisition and description, as well as ways to
incorporate and integrate multiple-level data with
modeling techniques.
See also: Central Pattern Generators; Central Pattern
Generators: Sensory Feedback; Computational
Approaches to Motor Control; Development of Drosophila
Neuromuscular Junctions; Kinematics and Dynamics;
Mechanoreceptors; Motor Control of Feeding and Drinking;
Motor Primitives; Neuromuscular Transmission Modulation
at Invertebrate Neuromuscular Junctions; Pattern
Generation; Population Coding; Presynaptic: Mitochondria
and Presynaptic Function; Reaching and Grasping;
Representation of Movement; Swim Oscillator Networks;
Swimming: Neural Mechanisms ; Walking in Invertebrates.
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and structural anatomy of Caenorhabditis elegans).
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