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ABSTRACT The squid mantle is a complex structure
which, in conjunction with a highly sensitive sensory sys-
tem, provides squid with a wide variety of highly con-
trolled movements. This article presents a model describ-
ing systems of collagen fibers that give the mantle its
shape and mechanical properties. The validity of the
model is verified by comparing predicted optimal fiber
angles to actual fiber angles seen in squid mantle. The
model predicts optimal configurations for multiple fiber
systems. It is found that the tunic fibers (outer collagen
layers) provide optimal jetting characteristics when ori-
ented at 318, which matches empirical data from previous
studies. The model also predicted that a set of intramus-
cular fibers (IM-1) are oriented relative to the longitudi-
nal axis to provide optimal energy storage capacity within
the limiting physical bounds of the collagen fibers them-
selves. In addition, reasons for deviations from the pre-
dicted values are analyzed. This study illustrates how the
squid’s reinforcing collagen fibers are aligned to provide
several locomotory advantages and demonstrates how
this complex biological process can be accurately modeled
with several simplifying assumptions. J. Morphol.
273:586–595, 2012. � 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Squid jet propulsion produces the fastest swim-
ming velocities seen in aquatic invertebrates
(O’Dor and Webber, 1991; Anderson and Grosen-
baugh, 2005). Although jetting is an inherently
less efficient form of locomotion than undulatory
swimming (O’Dor and Webber, 1991; Vogel, 2003),
squid morphology has evolved to fully exploit it.
Soaring and climbing vertically through ocean cur-
rents, negotiating prey capture, or hovering near
the surface are a few of the squid’s many swim-
ming capabilities (O’Dor and Webber, 1991). The
fluid dynamics of propulsive jetting in squid, and
other jetting invertebrates such as jellyfish has
inspired a great deal of research (Dabiri et al.,
2006; Lipinski and Mohseni, 2009; Sahin and Moh-
seni, 2009; Sahin et al., 2009). However, the physi-
ology of the squid mantle structure, which plays
an integral part in creating the propulsive jet, has
received less attention.

In general, jetting locomotion begins when the
squid inhales seawater through a pair of vents or
aperture behind the head, filling the mantle cavity.
The mantle then contracts forcing fluid out
through the funnel which rolls into a high momen-
tum vortex ring and imparts the necessary propul-
sive force (Anderson and Grosenbaugh, 2005). The
versatility of the system permits both low-speed
steady swimming or cruising, and fast impulsive
escape jetting. Two distinct gaits are seen in
steady swimming as determined by the nature of
the expelled jet (Bartol et al., 2009) (those being
above or below the jet formation number). During
cruising, squid swim at nominal speed with a
higher efficiency; whereas, escape jetting involves
a hyperinflation of the mantle followed by a fast
powerful contraction to impart significant accelera-
tion at the cost of fluid dynamic losses; similar to
the loss in efficiency seen in high velocity jet loco-
motion of jellyfish (Sahin et al., 2009).

The squid mantle has a complex collagen fiber
system that provides structural support and stores
elastic potential energy to reduce reliance on mus-
cle force during both the inhalant and exhalant
phases (Ward and Wainwright, 1972; Gosline and
Shadwick, 1983; Thompson and Kier, 2001a). This
study develops a mathematical model to predict
the effect that structural dynamics related to fiber
orientation have on both jetting thrust (which we
relate to volume constraints) and potential energy
storage capacity of the mantle. Although the model
is rather simplistic (treating the mantle as a
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straight uniform cylinder, despite the tapered
shape of actual squid mantle), it takes key fea-
tures of the structural dynamics into account
which have largely gone ignored in previous mod-
els; such as the nonuniform strain distribution in
mantle thickness and nonzero deformation in the
longitudinal direction. Although these issues might
seem trivial in such a simplified model, they actually
allow for an optimal arrangement to be determined
which helps to explain the regular layout of collagen
fibers seen in the squid mantle. This analysis pro-
vides new insight to the function of the fibers.

The Squid Mantle

The powerful squid mantle primarily consists of
muscle packed between two helically wound collag-
enous tunics which are oriented at an angle of �278
6 18 to the longitudinal axis of the squid, for Lolli-
goguncula brevis (Ward and Wainwright, 1972).
The arrangement of a single layer of collagen fibers
in the tunic and a definition of the tunic fiber angle,
y, are shown in Figure 1. Circumferential muscles
ring the mantle and radial muscles run from the
inner tunic to the outer tunic (Fig. 2). The robust
nature of the collagen fibers in the tunic, their
inelastic properties, and low axial angle suggest
that they act to prevent elongation and deformation
of the mantle tissue during jetting.

Wound through the muscle layer, are three sys-
tems of intramuscular (IM) collagen fibers conven-
tionally dubbed, IM-1, IM-2, and IM-3. IM-1 runs at
an oblique angle through the muscle layer that is
difficult to measure unless the angle is known a pri-
ori. Measurements of the IM-1 fiber angle relative

to the squid’s long axis, therefore, rely on both sag-
ittal and tangential sections (see Fig. 2 for defini-
tion of primary sections) to accurately describe the
path. We will refer to the respective fiber angles in
these planes (demarcated by some authors as IM-1
sag and IM-1 tan) as b and k. Values differing by as
much as 208 are reported for both b and k. Ward
and Wainright (1972) measured b in L. brevis at
288. Bone et al. (1981) measured k at 158 in Alloteu-
this subulata. MacGillivray et al. (1999) reported
similar values in Loligo pealei. These low angles
are in contrast to those reported by Thompson and
Kier (2001a), who measured an angle of 438 for b
and 328 for k in juvenile Sepioteuthis lessoniana
(although this value varies significantly throughout
ontogeny). Thompson and Kier (2001a) suggest that
the less streamlined appearance of hatchling and
juvenile squid is related to the larger fiber angles.
The differences between findings may also have
resulted from species differences, or largely differ-
ent ratio of mantle cavity volume to total volume as
will be discussed in sections Maximizing Energy
Storage and Results.

The exhalant phase of the jetting cycle begins
when the squid contracts the circumferential
muscles reducing the circumference of the mantle
and thickening the muscle layer, while producing

Fig. 1. The squid tunic fibers are wound in a spiral helix
arrangement, and are oriented at a uniform angle (y) to the lon-
gitudinal axis. The tunic fibers form a cylindrical tube with
length L and radius a. Although the tunic consists of multiple
layers of spiraling fibers only a single layer is shown for clarity.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

Fig. 2. Conceptual diagram of the squid mantle structure.
Depicted are the three primary reference planes defining the
(IM) collagen fiber angles, and the muscle structure. The sagit-
tal plane cuts through and runs parallel to the longitudinal
axis; the tangential plane runs parallel to the longitudinal axis
and is locally tangent to the surface; the transverse plane runs
normal to the longitudinal axis. IM-1 fibers run at oblique
angles through the mantle and form angles b and k with the
longitudinal axis in the sagittal and tangential sections, respec-
tively. The IM-2 fibers are found localized in the radial muscles
and form an angle u with the circumferential axis in the trans-
verse plane. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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only a small increase in length (Trueman and
Packard, 1968; Ward and Wainwright, 1972). The
rapid reduction in the mantle cavity volume forces
seawater through the funnel and results in a high-
energy jet that rapidly accelerates the squid. After
coasting, the inhalant phase begins and the inner
and outer tunics are brought closer together, thin-
ning the muscle layer (Young, 1938). This is
achieved by a combination of radial muscle con-
traction and energy transfer from deformed IM-1
and IM-2 fibers (Gosline and Shadwick, 1983). In
fact, it was shown that the refilling of the mantle
cavity can occur in the absence of any radial mus-
cle power (Gosline et al., 1983).

Regardless of the measurement discrepancies,
the function of the IM-1 fibers is generally agreed
on. During the circumferential muscle contraction,
the muscle layer thickens, and as the collagen
fibers are stretched they store elastic potential
energy. Once the circumferential muscles relax,
the fibers pull the tunics closer together and
increase the mantle circumference. We will show
that the orientation of these fibers allows them to
store an optimal amount of energy during contrac-
tion in the Results Section.

The IM-2 measurements have been more consist-
ent between studies. When mantle tissue was
viewed in transverse sections, the IM-2 angle rela-
tive to the mantle surface has been reported from
508 to 558 (Ward and Wainwright, 1972; Gosline and
Shadwick, 1983; Thompson and Kier, 2001a). How-
ever, the exact function of these fibers is less clear.

The IM-3 fibers lie parallel to the circumferential
muscle fibers, and are observed to be coiled up
while the mantle is in a resting state (Macgillivray
et al., 1999). Their orientation suggests that the
IM-3 fibers are rarely fully extended while the
squid is cruising, but rather aide in the contraction
of the mantle after hyperinflation has been used for
an especially large jet (Macgillivray et al., 1999).

Problems Addressed

First, the difference between maximizing ejected
jet volume and maximizing total volume must be
examined. Squid draw propulsive power from a
transfer of momentum to a fluid jet. The force act-
ing on the squid during this process is equal to the
rate at which the squid transfers momentum to
the jet. This force is equal to the product of the jet
mass flux and velocity. Both of these quantities are
intrinsically related to the muscle contraction rate
and the dynamic response of the mantle geometry
associated with muscle contraction. Jet velocity
and mass flux can be determined from the rate of
change of the mantle cavity volume. In this study,
we model the muscular contraction as a geometric
constraint rather than modeling the complicated
dynamics of the muscles themselves. Therefore,
the thrust experienced by the squid can be explic-

itly determined by the structural kinematics of the
mantle. The change in mantle cavity volume is
modeled with respect to tunic fiber orientation in
the subsection Maximizing Jet Volume.

The energy storage capacity of the IM-1 fibers
was modeled next. We considered a squid swim-
ming at a steady rate with regular contractions
and without hyperinflation. We modeled the squid
mantle as a tube circled by inner and outer walls
(the tunics) and determined the energy stored by
the IM fibers according to the mantle stress–strain
dynamics. In developing the energy storage model,
it was determined that the elongation of the squid
played a crucial role in the energy storage
capacity. The fact that the IM-1 collagen fibers lie
at a low angle in the sagittal plane causes the
strain of individual fibers to have a strong depend-
ence on longitudinal deformation. Although this
deformation is small, inclusion in the energy stor-
age model resulted in an optimal fiber orientation
in the sagittal plane. This methodology is found in
the subsection Maximizing Energy Storage.

METHODS
Maximizing Jet Volume

To analyze the effect of collagen geometry, we constructed a
rigid mathematical definition of the fiber orientation. The squid
mantle is essentially a tube of interwoven muscle and collagen
fibers. The mantle is encased by the tightly woven spiral stacks
of the inner and outer tunics. For the purposes of this analysis,
each tunic will be modeled as a perfect cylinder composed of
helically spiraling fibers (Fig. 1). The parametric equations,

x ¼ a cosðxzÞ
y ¼ a sinðxzÞ and ð1Þ

describe the layout of a single tunic fiber, where z is the loca-
tion of a point along the fiber in the longitudinal direction
(starting at the anterior and extending toward the posterior),
and x and y are the geometric coordinates of a point on the col-
lagen fiber in the plane normal to the longitudinal axis a dis-
tance z from the origin (transverse plane at z). The coordinates
in the transverse plane are centered on the longitudinal axis;
positive y extends toward the dorsal side, and positive x forms a
right handed coordinate system with y and z. The orientation of
this coordinate system is depicted in Figure 1. In addition, a is
the spiral radius, and x is a parameter which controls the slope
of the spiral (the inverse of x is the spiral wavelength).

This construct allows us to easily determine several geometric
parameters of the cylinder that are necessary to model the
mantle mechanics. The cylinder diameter is simply, D 5 2a, the
total cylinder length, L, is the maximum value of the paramet-
ric length L 5 zmax, and the tunic fiber angle is defined as y 5
arctan(ax). The length of the tunic fiber is the total arc length
of the spiral which is,

s ¼
Z L

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_x2 þ _y2 þ 1

p
dz ¼ L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2x2 þ 1

p
: ð2Þ

With these definitions, the cylinder geometry is defined in
terms of the tunic fiber angle, y. This allows the cylinder vol-
ume to be calculated as,
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V ¼ p
4
D2L ¼ p

4

s

2pm
sin u

8: 9;2
s cos u ¼ s3

16pm2
sin2 u cos u ð3Þ

Here, m is the number of spiral windings in the cylinder and s
is the fiber length defined in (Eq. 2). It can be seen from (Eq. 3)
that the total cylinder volume is purely a function of fiber
length, s, and fiber angle, y. As the collagen fibers are known to
have a large low extensibility, we hold the fiber length constant.
This imposed constraint reduces the cylinder volume to a func-
tion of a single variable, y. A similar approach has been used to
analyze the total squid volume (Vogel, 2003). In the next section
of this manuscript, a model is derived describing the energy
storage in the collagen fibers which requires deformation of col-
lagen fiber lengths. However, these deformations are very small
and can be neglected when defining mantle geometry with mini-
mal error.
It is convenient to clarify our naming convention as there are

several characteristic volumes which describe the squid. Equa-
tion 3 describes the volume of a cylinder defined by a fiber of
length s and angle y. The total squid volume is the outer tunic’s
cylindrical volume, V2. The total internal volume is the inner
tunic’s cylindrical volume, V1. The sum of the mantle cavity vol-
ume and the internal organs comprises the total internal vol-
ume. The difference between the outer tunic cylinder volume
and the inner tunic cylinder volume is the mantle volume (or
volume of the mantle tissue).
Assuming water to have a constant density, q, the mass flux

across the funnel will be proportional to the rate of volume
change of the inner tunic. Jet velocity can be easily determined
from the volume flux if the funnel area, A, is known. This
allows the thrust, T, to be described in terms of the tunic geom-
etry to a first-order approximation as:

T ¼ _muj ¼ q
A

_m2 ¼ q
A

@V1

@t

8>:
9>;2

¼ q
A

@V1

@C1

8>:
9>;2 @C1

@t

8>:
9>;2

ð4Þ

Here, _m is the mass flux across the funnel, uj is the jet velocity,
A is the funnel cross-sectional area, and C1 5 pD1 is the cir-
cumference of the inner tunic. The rate of change of inner tunic
volume, qV1/qt, is decomposed according to the chain rule into
the rate of change of the inner tunic volume with respect to
change in the inner tunic circumference, qV1/qC1, and the time
rate of change of the inner tunic circumference itself, qC1/qt. As
was mentioned previously, the rate at which the circumference
contracts is purely defined by the dynamics of the ring muscles
and will be treated as a constant. Although the funnel area, A,
is known to oscillate with the jetting cycle (Anderson and
Demont, 2000; Bartol et al., 2001), for simplicity we will assume
that it remains constant. Therefore, the fiber orientation which
maximizes qV1/qC1 will also maximize the thrust capacity of
the squid for any given muscle contraction. It should be noted
that maximum qV1/qC1 represents the maximum change in the
inner tunic cylinder volume, V1, for a unit differential change
in the inner tunic circumference, C1. This partial derivative is
defined here as a function of the inner tunic fiber angle, y1, by
use of the chain rule:

@V1

@C1
¼ @V1

@u1

@u1
@C1

/ tan u1 3 cos2 u1 � 1
� �

where
@V1

@u1
/ sin u1 3 cos2 u1 � 1

� �

and
@u1
@C

/ 1

cos u1

; ð5Þ

where constants have been omitted since we only seek to opti-
mize with respect to y1, and are somewhat indifferent to the
exact value of qV1/qC1 (i.e., the angle which maximizes the vol-

ume derivative will be the optimal tunic fiber angle because it
results in the largest jet volume for some small contraction of
the circumferential muscles, but the actual jet volume for a
given contraction is less important).

Maximizing Energy Storage

During slow swimming, the power stroke comes from con-
tracting the circumferential muscles that ring the mantle and
contribute the bulk of its mass. The inhalant phase is powered
mainly by releasing elastic energy stored during the contraction
phase. There is also a set of radial muscles that extend between
the inner and outer tunics (Fig. 2); a contraction of these
muscles will thin out the mantle layer causing its circumference
to re-expand. The IM collagen fibers IM-1 and IM-2 are pre-
dicted in some studies to store the necessary mechanical energy
with an efficiency approaching 75% (Gosline and Shadwick,
1983). This restoring mechanism allows the mantle composition
to heavily favor the circumferential muscles, with a small num-
ber of radial muscles accounting for energy losses and providing
power for the hyperinflation, required for escape jetting and
large amplitude ventilation. This arrangement gives the squid a
larger range of jetting capabilities, as such a large portion of
the mantle structure is composed of circumferential muscles
used actively during jetting.

To model the energy storage process, we investigated the
stress–strain dynamics in the mantle structure. We modeled
the mantle as a tube defined by an inner and outer helical shell
(the inner and outer tunics), whereby the geometry of each shell
is defined by Eqs. 1 and 3, and depicted in Figure 1. The mantle
geometry can be explicitly defined in terms of shell geometries.
The mantle volume is,

Vm ¼ p
4

D2
2L

2
2 �D2

1L
2
1

� �þ p
6

D2
2 �D2D1 þD2

1

� � ¼ f u1; u2ð Þ ð6Þ

Here, D1, L1, D2, L2 are the diameter and length of the inner
and outer tunics, respectively, which can be defined in terms of
the inner and outer tunic fiber angles, y1 and y2, and fiber
lengths, s1 and s2, as described in the previous section (we
assumed that the inner and outer tunic fibers have the same
angle at rest y1 5 y2). Here, again, the tunic fiber lengths are
considered to remain constant during the mantle contraction,
which means that the tunic fiber angles must change to allow
for any change in tunic length and diameter. Therefore, a defor-
mation of the tunic will be modeled by a small shift in the tunic
fiber angle, defined as a. It should be noted that a shift in fiber
angle will result in coupled changes in volume, length, and di-
ameter. As the jet volume will be equal to the change in inter-
nal volume, the shift in inner tunic fiber angle, a1, can be deter-
mined if the jet volume, initial tunic fiber angle, and initial
inner tunic volume are known (i.e., Vj 5 V (y1 1 a1)–V(y1)
where V is the volume defined by (Eq. 3) and Vj is the jet
volume). Thus, the shift in the inner tunic fiber angle is calcu-
lated as the value which achieves the desired jet volume. It
should be noted that the actual jet volume, ejected during
swimming, has been minimally studied. Most experiments rely
on indirect measurements based on wet and dry weights of
deceased specimens (Trueman and Packard, 1968; O’Dor and
Webber, 1991). The study by Thompson and Kier (2001b) meas-
ured the mantle cavity volume more accurately by weighing
anesthetized squid with both empty and full mantle cavity. This
method should give an appropriate upper bound for the ratio
between the jet volume and the total volume, but does not
address the possibility that certain swimming behaviors only
eject a portion of the fluid in the mantle cavity. This uncer-
tainty will be discussed later in the Results section. Anderson
and Demont (2000), approximated the jetting volume during
swimming by determining the squid two-dimensional (2D) pro-
file in the sagittal plane and interpolating the total squid vol-
ume assuming perfect axial symmetry. However, this approach
completely ignores any oblateness or nonuniformity which
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might arise during swimming. It has also been qualitatively
observed that the paralarvae (early development stages) hold a
proportionally greater volume of water in their cavities than ju-
venile and adult squid (Gilly et al., 1991; Preuss et al., 1997).
To calculate the shift in the outer tunic fiber angle, a2, we

assumed that the mantle volume remained constant during con-
traction (constant muscle tissue density). The shift in the inner
tunic fiber angle is directly correlated to the change in volume
required for jetting. This is coupled to a contraction of the di-
ameter and elongation of the length. As a result, the outer tunic
must experience a corrective shift in fiber angle which pre-
serves the mantle volume. This shift can be determined by set-
ting the initial mantle volume equal to the final mantle volume,

f u1 þ a1; u2 þ a2ð Þ ¼ f u1; u2ð Þ; ð7Þ

where f is the mantle volume function defined in (Eq. 6). a2 can
now be calculated from (Eq. 7) as y1, y2, and a1 are all known.
Thus, the geometry of the entire mantle can be determined
before and after contraction. The change in geometry will be
used to determine the mantle strain characteristics (which will
not be uniform).
The energy stored in the mantle structure is directly related

to the strain distribution. Similar to a spring system, the
energy stored in the collagen fibers is equal to the integral of
the stress (force) applied during stretching over the distance
(Pilkey and Pilkey, 1974). Furthermore, the stress applied to a
material is intrinsically related, by the elastic properties of the
material, to the strain (stretching) it experiences. The strain
experienced throughout the mantle structure is modeled accord-
ing to the change in geometry experienced during contraction,
and the strain experienced in the fibers themselves is calculated
according to their orientation in the mantle. The axial symme-
try of the mantle model allows us to define the 3D strain in cy-
lindrical coordinates. In general, the contraction of the mantle’s
circumferential muscles not only causes the tunic cylinders to
decrease in circumference and volume, but also causes the man-
tle to increase in length and thickness. Thus, the strain in the
radial and longitudinal directions will be positive, but the strain
in the tangential direction (hoop strain) will be negative during
contraction. We analyzed the orientation of the IM-1 fibers in
the sagittal plane since this involves the radial and longitudinal
components of strain, which are both positive.
Consider a longitudinal slice through the top of the mantle in

the sagittal plane. Figure 3 shows the strain orientation and
projection of the IM-1 fibers onto this plane. According to the
original model construction, the diameter of each tunic is
assumed to be constant along its length. This means that the
thickness of the mantle will increase uniformly throughout the
mantle during contraction. Consequently, the radial component
of strain throughout the section will be constant, ey 5 (hf2h0)/
h0, where h 5 (D22D1)/2 is the thickness of the mantle, and

the subscripts 0 and f refer to the initial and final states of the
mantle (before and after contraction), respectively. The lateral
strain is slightly more complicated. Both tunics experience a
contraction, which results in elongation. However, the amounts
by which they contract are not equal (a1 = a2), so their elonga-
tions will not be strictly equal either. The lateral strain of each
tunic can be determined from the length deformation,
ei ¼ Lif�Li0

Li0
, where ei is the tunic strain, and the subscript i can

take a value of either 1 or 2 and refers to either the inner or
outer tunic, respectively. Assuming that the material on the
surface of the tunic experiences the same strain as the tunic
itself, and a linear strain distribution, the lateral strain at any
location in the section is el(y) 5 e2 1 (e12e2)y/hf, where y is the
distance from the inner tunic in the radial direction, and hf is
the final mantle thickness. This gives a complete strain distri-
bution in the longitudinal and radial directions, which allows
us to define the total strain imposed on a collagen fiber lying in
this section.

The stress–strain relationship for collagen fibers is only
defined in the direction of the fibers’ primary axis, as collagen
fibers only support tensile loads, and the energy stored in a
given fiber is determined purely by the strain in the direction of
that fiber. For a fiber of length b, which is oriented at the IM-1
sagittal angle b with respect to the longitudinal axis, the nor-
mal strain can be calculated as,

efiber ¼ 1

b

Z b

0

e‘ y gð Þð Þ cosbþ ey sinb
� �

dg ¼ e1 þ e2
2

cosbþ ey sinb ;

ð8Þ

where g is a variable which describes position along the length
of the fiber (see Fig. 3). Given the final strain in a single fiber
as defined by (Eq. 8), the energy stored in that fiber is defined
by a simple integral equation

Efiber ¼
Z df

0

FðeðdÞÞ dd ¼ bAfiber

Z efiber

0

rðeÞ de ð9Þ

In this equation, d is the change in fiber length, df is the total
change after contraction, Afiber is the cross-sectional area of the
fiber, F is the stretching force acting on the fiber (tension), and
r is the stress of the fiber which is a function of the strain. Gos-
line and Shadwick examined the stress–strain relationship for
the mantle tissue of Loligo opalescens (Gosline and Shadwick,
1983; Fig. 7). A section of the mantle tissue was compressed in
the circumferential direction to mimic natural muscle contrac-
tion, and the resulting reaction forces were recorded. The man-
tle tissue was determined to be relatively stiff with an elastic
modulus of 2 3 106 Nm22. Unfortunately, these findings only
give the bulk material properties rather than the elastic modu-
lus of the collagen fibers themselves, which is the relationship
required for our potential energy model (Eq. 9). To the authors’
knowledge, there are no studies which present the elastic prop-
erties of individual IM fibers; however, Gosline and Shadwick
(1985) performed tensile testing on thin isolated sheets of tunic
fibers. As the fibers in the tunic are at very acute angles, this
stress–strain relationship should be considered a decent approx-
imation for the stress–strain relationship of individual IM
fibers, and has been recreated in Figure 4. These experiments
indicated that collagen fibers exhibit a parabolic stress–strain
relationship in the low-strain regime (‘‘toe’’ region), but the
slope quickly becomes close to linear and maintains a linear
proportionality for the majority of the strain domain. Before
reaching the critical breaking stress, there is a very small
region where the stress–strain relationship asymptotically pla-
teaus, which is a typical behavior for elastic fibers which
deform plastically at high strains, but the transition in collagen
is very sharp. Therefore, we modeled the stress–strain relation-
ship as,

Fig. 3. Strain model construction in the sagittal plane. Here,
e is the mantle strain (subscripts indicate direction of strain), y
is the radial distance from the inner tunic, g is the length in
the direction of the IM-1 fiber.
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r ¼
c1e2 :e � ea

r1 þ Ee :ea � e � eb
c2 eþ c3ð Þ1=n : eb � e � em

0 : em < e

8>><
>>:

;

where

ea ¼ 0:04
eb ¼ 0:13
em ¼ 0:14

;

r1 ¼ 5MPa
r1 ¼ 48MPa
rm ¼ 49MPa
E ¼ 540MPa

;

c1 ¼ r1=e2a

c2 ¼ r2
m�r2

2

em�eb

8: 9;1=n

c3 ¼ rm=c2ð Þ

ð10Þ

where ea, eb, and em are the critical strains in the stress/strain
profile corresponding to the beginning and end of the linear
region and the critical failure strain, respectively. E is the mod-
ulus of elasticity in the linear range (540 MPa), r1, r2, and rm

are the stress values corresponding to strains ea, eb, and em.
The values used for all these coefficients were estimated from
Gosline and Shadwick (1985, Fig. 5).
This form was chosen because it closely matches the shape

of empirical curves obtained for both invertebrate and mam-
malian collagen (Rigby et al., 1959; Viidik, 1972; Wainright
et al., 1976; Gosline and Shadwick, 1983). However, it is
hypothesized that the ‘‘toe’’ region is due to the fact that the
collagen fibers are still not perfectly aligned with the strain
direction, and this is in essence a straightening process.
Therefore, the stress–strain relationship was also modeled as
a perfect spring with the modulus of elasticity equal to that of
the linear region; however, this had very little effect on opti-
mal fiber angles predicted by the model, which is mostly sensi-
tive to the critical stress/strain values, rather than the profile
in the low-strain region.
Now all the relationships in the mantle model have been

defined so that the total energy stored in a single fiber is found
by numerically approximating the integral of Eq. 9, using the
stress relationship defined by Eq. 10.
To determine an actual value for total energy storage in the

mantle structure several constraints must be imposed. The ini-
tial geometry of the mantle was defined according to the length,
diameter, and thickness of S. lessoniana as were reported in
(Thompson and Kier, 2001a). We also assumed that the inner
and outer tunics start at the same length which gives a rela-
tionship between the fiber lengths of each tunic. The predictions

of this model under these constraints will be compared with
observed data in the Results section.

RESULTS
Tunic Fiber Orientation

To maximize thrust production, the fiber angle
should be aligned so that the ejected volume flux
is maximized rather than the total volume. The
rate at which fluid is ejected should be considered
proportional to the rate of change in the total vol-
ume with respect to a change in the circumference,
as is derived in Eq. 5.

Figure 5 shows the instantaneous change in
tunic cylinder volume with respect to a differential
change in circumference, as a function of the ini-
tial fiber angle. It can be seen from this figure
that, for a small contraction of the circumferential
ring muscles, the squid will expel a maximal jet if
the initial fiber angle is near 318. This jet will
result in maximum thrust assuming that the ring
muscles have a constant rate of contraction (Eq.
4). This angle approaches the actual orientation of
tunic fibers measured by Ward and Wainwright
(1972).

Intramuscular Fiber Orientation

The squid mantle is oriented so that the circum-
ferential ring muscles (which constitute the bulk
of the mantle muscle tissue) provide sufficient
compression forces during the jetting phase. How-
ever, the refilling phase is driven by sparsely
packed radial muscles as well as a release of elas-
tic potential energy stored in the deformed mantle
fiber structure.

Fig. 5. Differential change in cylinder volume with respect
to a contraction of circumference. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Fig. 4. Stress versus strain relationship used in the model
[estimated from Gosline and Shadwick (1985) for a sheet of
tunic collagen fibers]. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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There is an obvious dichotomy between the
tightly packed collagen fibers in the tunics and the
scarce IM collagen fibers. The tunic fibers are
wound in layers of alternating orientation to form
a more or less uniform tube of collagen. The IM
fibers, by contrast, are arranged more sparsely
throughout the muscle tissue, accounting for 0.1–
7% of the total mantle volume, depending on the
age of the squid (Thompson and Kier, 2001a). The
abundance of collagen fibers in the tunics suggest
that these self-reinforced fibers experience mini-
mal stretching compared to the IM fibers. As dis-
cussed in the subsection Maximizing Energy Stor-
age, energy is directly related to the deformation
of the fibers. The small deformation of tunic fibers
results in a low capacity for energy storage, indi-
cating that the tunic fibers primarily serve a struc-
tural purpose. In contrast, the high deformation of
the IM-1 fibers suggests that they serve as the pri-
mary energy storage devices.

Figure 6 shows the normalized energy storage
capacity of the IM-1 fibers as a function of the sag-
ittal plane orientation angle b, as was modeled in
the subsection Maximizing Energy Storage. The
storage capacity was normalized by the maximum
achievable energy storage over the b distribution.
Figure 6a shows the fiber storage capacity versus
b for a jet volume ratio of 0.25, and Figure 6b for
a jet volume ratio of 0.45. It can be seen that a
squid expelling a jet with a low volume ratio will
store a maximum potential energy when the IM-1
fibers are oriented with an angle b 5 678. The
peak in the energy storage capacity curve is very
oblate giving a large range of fiber angles with
similar energy storage capacity. Conversely, the
energy storage capacity for the squid ejecting a jet

with a larger volume ratio has a very distinct peak
at b 5 238. This peak does not actually correspond
to an equilibrium balance between axial and radial
strain, but rather is associated with the failure
strain of the collagen fibers; as the fiber angle
increases so does the strain in the fiber until the
failure strain is reached and the fiber is ruptured.

Data reported for S. lessoniana in Thompson
and Kier (2001b) was used to define the initial ge-
ometry of the mantle (length, diameter, and thick-
ness). This data set was chosen because the man-
tle geometry and mantle cavity volume ratio,
required for the energy storage model, is presented
for a large range of squid developmental stages. In
addition, the IM fiber angles are given in Thomp-
son and Kier (2001a) corresponding to a similar
squid population, providing a reference to validate
the model. The values for b over this data set are
shown as a vertical band in Figure 6 (bounded on
either side by the maximum and minimum
observed fiber angles). The cavity volume ratio can
vary quite drastically throughout ontogeny, and is
more precisely, a maximum bound on the jet vol-
ume, and ignores the possibility that during cruis-
ing the squid might not eject the entire cavity vol-
ume. We used our model to predict optimal fiber
angle for the entire range of cavity volume ratios
seen in S. lessoniana using the mantle geometry
associated with that cavity volume ratio, and
assuming complete evacuation of the cavity. We
also calculated the optimal fiber angle for the
same range of jet volume ratios using the mantle
geometry of a single adult squid. The optimal fiber
angles determined for both ranges of initial condi-
tions are shown in Figure 7. It can be seen that
the optimal fiber angles for both conditions are

Fig. 6. Energy storage capacity of the mantle structure and IM-1 collagen fiber strain versus fiber angle b. Energy storage
capacity as a function of fiber angle is represented by the solid line, fiber strain is shown by the dash-dotted line, and actual distri-
butions of fiber angles are bounded by the vertical band. Energy storage capacity for a cavity volume ratio of 0.25 (a) and cavity
volume ratio of 0.45 (b). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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nearly identical, indicating that the squid mantle
grows such that the relationship between jet vol-
ume ratio and mantle strain is preserved.

In addition, the longitudinal strain on the inner
tunic was calculated for the same set of volume
fractions, and the result is also shown in Figure 7.
For the entire range of volume fractions, the longi-
tudinal tunic strain remains very small <8%; a
fact which has been observed in previous experi-
ments (Packard and Trueman, 1974). As a result
many models have ignored longitudinal tunic
strain entirely, thus losing knowledge of a key
energy storage mechanism as will be analyzed in
the Discussion Section.

The model predicts an optimal fiber angle with
respect to jet volume ratio (cavity volume ratio),
which can be related to dorsal mantle length (via
Thompson and Kier (2001b)). Therefore, we can
directly compare the optimal fiber angle predicted
by the model with the actual fiber angles observed
in the squid (Thompson and Kier, 2001a) over the
range of dorsal mantle lengths reported. The large
variability in cavity volume fraction for a given
dorsal mantle length, results in the model predict-
ing a similarly large range of optimal fiber angles
for a given dorsal mantle length. To aid in visual-
izing this data, the predicted optimal fiber angle
was averaged for three mantle length regions
(hatchling, juvenile 1 and juvenile 2) which are
compared to the actual fiber angle distribution in
Figure 8.

DISCUSSION

The use of helically wound high-tensile strength
fibers has been examined in the anatomy of sev-
eral invertebrates with respect to spiral orienta-
tion angles. Harris and Crofton (1957) first looked
into the effect of the orientation of reinforcing
fibers on the length and volume relationship in

nematodes. This analysis was extended and
applied to both nemerteans and turbellarians
(both of which are adept at changing shape) in
Clark and Cowey (1958), and determined a rela-
tionship between volume and fiber angle for a
given length of worm. The volume attains a maxi-
mum for a fiber angle near 558. Similarly, this
nominal angle was identified by Harris and Crof-
ton (1957) as the angle that would maintain a con-
stant worm volume for a small deflection in the
fiber orientation angle. Vogel (2003) adapted this
analysis to squid tunic structures and noted that
actual tunic fiber angles will result in a structure
that decreases volume with decreased diameter,
despite an increase in length, and that the squid
volume is maximized at the nominal fiber angle of
558. However, as is shown in Figure 5, a tunic fiber
angle close to 318 will maximize the jet volume
flux for a given circumferential muscle contraction
(directly related to the jetting thrust), which is
very close to actual tunic fiber angles. Figure 5
also shows that when the fiber angle is 558, there
will be no change in volume for a small contraction
in circumference (or equivalently diameter), as
observed by Harris and Crofton (1957).

Unlike previous studies (Clark and Cowey, 1958;
Ward and Wainwright, 1972) which assert that the
low angles of the tunic and IM fibers prevent the
mantle from changing length, our model incorpo-
rates the variation in mantle length during con-
traction. Our analysis predicts that IM-1 fibers
have an optimal angle in the sagittal plane that
allows for maximum energy storage. In addition,
we find that as length, diameter, and volume are
intrinsically coupled, a purely constant mantle
length is an overly restrictive assumption and is

Fig. 8. IM-1 sagittal fiber angle, b, throughout ontogeny.
Predicted optimal fiber angles shown by large square, diamond,
and triangle markers and actual fiber angles marked by star.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

Fig. 7. Optimal IM-1 sagittal fiber angle b as well as inner
tunic longitudinal stress e1 shown as a function of the volume
ratio Vj/V. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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not required to achieve maximal jet volume. Fur-
thermore, the large aspect ratio of the mantle
(being much longer than it is thick), causes a small
deformation in length to result in substantial
potential energy storage in the longitudinal direc-
tion. In fact, the predicted longitudinal strain in
the tunics is quite small, 4% in the outer tunic
and 4.8% in the inner tunic, which is within the
range of longitudinal strains measured by Packard
and Trueman (1974). These longitudinal tunic
strains were determined assuming a volume ratio
of 0.45. In the Results Section, we calculated the
longitudinal strain on the inner tunic for several
other volume ratios. The sensitivity of tunic strain
to volume ratio was shown in Figure 7. It can be
seen that even as the jet volume approaches a
maximum value of 0.8, the longitudinal tunic
strain remains below 8%.

The sensitivity of the optimal IM-1 fiber angle b
with respect to cavity volume fraction and jet vol-
ume fraction was also shown in Figure 7. The
large variation in the optimal fiber angle can be
primarily attributed to the fact that large volume
ratio contractions produce critical strain in the IM-
1 fibers with larger orientation angles in the sagit-
tal plane. In fact, if the fiber is assumed to have a
boundless linear stress–strain relationship, the
optimal fiber angle varies by only 38. This means
that squid can eject several different size jets with
similar mantle energy storage properties. As was
previously mentioned, Figure 6a shows that the
energy storage capacity has a rather broad peak
(when critical strain is not a factor), meaning that
there is a large range of fiber angles, b, with favor-
able energy storage characteristics. Moreover, even
the minimum fiber angle observed throughout on-
togeny, still has an energy storage capacity close to
70% of predicted maximum for low jet volume ra-
tio. Therefore, the IM-1 fibers are most likely ori-
ented to provide the maximum energy storage,
within the limiting physical bounds of the collagen
fibers.

The comparison of IM-1 sagittal fiber angles in
Figure 8 shows decent agreement between pre-
dicted optimal b and actual measured b; but the
optimal energy storage model predicts b more
acute than that observed, for both hatchling and
shorter juvenile squid. First, it should be noted
that both of these age groups have the most uncer-
tainty in cavity volume ratio, which will certainly
carry over to uncertainty in predicting optimal
fiber angles. In addition, the squid mantle is not a
perfect cylinder but tapered (like a conical tube),
this shape is more pronounced in younger squid,
so the cylinder mantle approximation may not be
as valid for these young developmental stages.

In the transverse plane, the components of man-
tle strain were quite different. The radial compo-
nent of strain (through the thickness) was still
defined by the mantle thickness expansion. How-

ever, the circumferential component (tangent to
the tunic) was negative due to the contraction of
the circumferential muscles. As fibers can only
store energy under tension (not compression), the
IM-2 fibers would store a maximum amount of
energy if they were oriented radially (908). The
fact that these fibers are oriented at an angle
between 508 and 558 suggests that these fibers are
not purely energy storage components, but also
serve to transmit forces from the discrete radial
muscles to the rest of the mantle.

The various systems of collagen fibers within
squid mantle tissue form a complex mechanical
system. Several studies have observed a nearly
universal orientation of these fiber systems across
several species. We have provided a rigid mathe-
matical model to analyze the structural mechanics
of the tunic fiber systems, and have determined
that the tunic fiber’s angle of incidence maximizes
the expelled jet volume for a given contraction of
circumferential muscles. We have also modeled the
energy storage dynamics of the IM-1 fiber system
in the sagittal plane. It was shown that the orien-
tation of these fibers maximizes their energy stor-
age capacity, within the physical limitations of the
collagen fibers themselves. In addition, it was
determined that previous assumptions about the
role of IM-1 fibers in restricting longitudinal defor-
mation are not supported by the energy analysis.
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