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The skin of aquatic vertebrates surrounds all the mechanical lineages of the body and must,
therefore, play an important role in locomotion. A cross-woven collagenous dermal design has
converged across several clades of vertebrates. Despite this intriguing pattern, the biomechanical role of skin in swimming fishes remains largely unknown. A direct force transmission role for
fish skin has been proposed, a hypothesis that is supported by the arrangement of the connective tissues linking the skin to the axial musculature. To evaluate this direct force-transmission
hypothesis, we undertook hundreds of uniaxial tensile tests on skin samples from coho salmon
(Oncorhynchus kisutch), Florida pompano (Trachinotus carolinus), and red snapper (Lutjanus campechanus). To do this, we developed highly precise, low-cost, custom-built material testing units.
To augment our data, we also assembled a data set of skin stiffness of four additional species of
actinopterygians fishes from previously published studies. We found that stiffness varies significantly between species and that the skin of our study species was increasingly stiff along a rostrocaudal gradient. Placing our results in the context of the limited body of previous work, we
found that species with lower skin stiffness exhibit shorter propulsive wavelengths and low
thrust production at the caudal fin and species with higher skin stiffness possess longer propulsive wavelengths and high thrust production at the caudal fin. In addition, we found that mean
collagen fiber angle was close to 50 and that fiber angle was lower in posterior samples than in
anterior and midlateral samples. Taken as a whole, our mechanical and morphological results
support the hypothesis that the skin functions as an important direct force-transmission device
in actinopterygians whereby muscular force generated in anterior myotomes is transmitted to
the posterior of the body through the increasingly stiff skin.
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clades of vertebrates: ray-finned and cartilaginous fishes and aquatic
tetrapods, including lissamphibians, and cetaceans. The repeated evo-

The skin of aquatic vertebrates surrounds all the musculoskeletal link-

lution of this architecture has led some scientists to hypothesize that

ages of the body and thus plays an important role in locomotion

the skin must play a role in aquatic locomotion (Pabst, 1996). Specific

(Long, Hale, Mchenry, & Westneat, 1996, Wainwright et al., 1978). As

hypotheses for the function of the cross-helical arrangement of colla-

a consequence, the material properties of this critical tissue may

gen fibers include a role of the skin as a lateral “exotendon” whereby

determine the kinematic and mechanical behavior of these linkages by

increased internal pressures caused by bending moments of the fish

resisting motions or even storing strain energy that muscles can

prevent hoop contraction and, thus, also resist longitudinal lengthen-

release in oscillatory or undulatory movements. In addition, the dermis

ing (Wainwright et al., 1978). When the musculature on one side of

is composed of semiorthogonally arranged helices that wrap around

the body shortens during swimming, the skin overlying that side of

the body (Pabst, 1996). This architecture has converged across several

the body will shorten as well, resulting in a fiber angle increase. This
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stores elastic energy that can be released to help snap the concave
vertical
septum

side back to place.

epaxial
myotome

collagen
fibers

Wainwright et al. (1978) were the first to propose this function
by showing that internal pressures increase with faster swimming

dermis

speeds in a single species of shark, Negaprion brevirostris [Poey],
resulting in a stiffer exterior and more energy storage for returning

vertebral
column

the body back to a straight alignment. Beyond this seminal study, the
biomechanical role of skin has been evaluated for only a few other
horizontal
septum

taxa and the resulting body of work offers no clear functional pattern.
While the internal pressure dynamics of the lemon shark and skin
deformation properties under biaxial loading in American eel (Anguilla
DAC

rostrata Lesueur; Hebrank 1980) corroborate the exotendon and
energy-storage hypotheses (Hebrank, 1980; Wainwright et al., 1978),
deformation of the skin under biaxial loading in the Norfolk spot
(Leiostomus xanthurus Lacépède) and skipjack tuna (Katsuwonus pelamis [L.]) did not (Hebrank & Hebrank, 1986). Long et al. (1996)

epinerual
tendon

lateral
tendon

DPC
epaxial
myoseptum

lateral
attachment
site

FIGURE 1

Oblique view of the generalized myoseptal configuration
of epaxial musculature at mid body in gnathostomes (modified from
Gemballa & Vogel, 2002). DAC, dorsal anterior cone; DPC, dorsal
posterior cone

reported that cutting the dermis in the posterior trunk of live longnose
gar (Lepisosteus osseus [L.]) significantly reduced the passive flexural

Furthermore, if skin material properties contribute to force trans-

stiffness of the body and reduced tailbeat frequency and propulsive

mission in body-caudal fin locomotion, we may expect a consistent

wave speed during swimming. Szewciw and Barthelat (2017) also

relationship between locomotor pattern and skin stiffness. The

found that surgical alteration of the skin of dead striped bass (Morone

involvement of the caudal fin in thrust production varies along a con-

saxatilis [Walbaum]) reduced whole-body stiffness. These later studies

tinuum from negligible, as typified by an anguilliform swimming mode,

suggest the skin may contribute to tuning the stiffness of a body

to extremely high, as typified by a thunniform swimming mode (Webb,

hydrostat system and would therefore have an important role in mod-

1984). The relative contribution of the caudal fin to thrust production

ulating swimming kinematics.

is mediated by the propulsive waveform of the body, with high-ampli-

An alternative, as yet unevaluated, hypothesis has been proposed

tude, short wavelengths resulting in modest thrust at the caudal fin,

for the biomechanical function of fish skin: a direct force-transmission

while low-amplitude, long wavelengths contribute to high levels of

material (Gemballa et al., 2003; Gemballa & Röder, 2004; Pabst,

thrust production at the caudal fin (Sfakiotakis, Lane, & Davies, 1999).

1996). Under this hypothesis, the skin serves as a simple mechanical

Therefore, we also hypothesize that species that produce high levels

linkage between the anterior body musculature and posterior sections

of thrust at the caudal fin through the generation of long propulsive

of the body. Accordingly, muscle tension developed anteriorly will be

wavelengths (i.e., those with carangiform or thunniform swimming

transmitted by the skin to the caudal region where thrust can be pro-

modes) will have stiffer skin than those species that generate more

duced. Current support for this function is based only on the anatomi-

modest thrust at the caudal fin and shorter propulsive wavelengths

cal position and structure of the skin and the arrangement of the

(i.e., those with anguilliform or subcarangiform swimming modes).

connective tissues associated with axial musculature rather than

To address these two hypotheses, the specific goals of this study

empirical data. In all gnathostomes, the skin is anchored to the dorsal

were to (a) quantify skin stiffness along the trunk in three actinoptery-

and ventral posterior flexures of the myosepta (Figure 1; Gemballa &

gian fishes that demonstrate subcarangiform or carangiform swimming

Bartsch, 2002, Gemballa & Vogel, 2002). In addition, superficial fibers

kinematics and (b) to compare skin stiffness between species exhibit-

of the epaxial and hypaxial muscle, the lateral tendon of the myosep-

ing these swimming types as well as a others from the literature that

tum, and collagen fibers of the skin are aligned (Figure 1). When the

demonstrate anguilliform and thunniform locomotion. In pursuit of

epaxial and hypaxial muscles shorten in such an arrangement, muscu-

this, we undertook over 450 uniaxial tensile-loading experiments using

lar force is applied to both the anteriorly and posteriorly directed collagen fibers of the skin. Furthermore, Gemballa and Röder (2004)
elaborated on the complexity of this structure and found that the
myosepta and lateral myoseptal tendons demonstrate a rostrocaudal
gradient of increased elongation and thickness and emerge posteriorly

custom-made material testing units (MTUs) and assembled similar data
from an array of previous studies that focused on skin stiffness of
other actinopterygians fishes. In addition, to evaluate the contribution
of skin structural properties to stiffness, we measured collagen fiber
angle in anterior, midlateral, and posterior regions of the trunk.

with a more longitudinal (i.e., horizontal) orientation. This pattern suggests that skin in the posterior of the trunk receives larger magnitudes

2 | M A T E R I A L S A N D M ET H O D S

of muscular force and may act as an important linkage in transmitting
this force to the caudal region. Skin, as a passive linkage under this
model, should therefore increase in stiffness posteriorly to effectively

2.1 | Specimens

transmit force to the caudal region. Thus, in this study, we set out to

We chose three study species that were readily available at a local fish

evaluate the hypothesis that skin material properties demonstrate a

market and swim with undulation limited to the posterior third to half

rostrocaudal gradient of stiffness.

of the body and the generation of a long propulsive wavelengths that
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result in thrust at a large caudal fin: coho salmon (O. kisutch [Wal-

R3 microcontroller communicating with a laptop computer via USB

baum]) and red snapper (L. campechanus [Poey]), both subcarangiform

connection (see Supporting Information). Motor direction and speed

swimmers (Fulton, 2007; Webb, Kostecki, & Steven, 1984), and Flor-

were controlled via a MegaMoto Plus H-bridge motor control shield

ida pompano (T. carolinus [L.]), a carangiform swimmer with yet longer

for Arduino (Robot Power, Roy, WA). To adjust for the size of the test

propulsive wavelengths and more concentrated thrust at the caudal

sections of our study species, two sets of clamps measuring 1.5- and

fin (Hymel, Baltz, Chesney, Tarr, & Kolok, 2011). We obtained five

3-cm wide were printed with polylactic acid thermoplastic using a

whole specimens of coho salmon (55–71 cm total length [TL]), pom-

Creator Pro 3-D printer (FlashForge, Zhejiang, China). For each MTU,

pano (26–32 cm TL), and red snapper (26–28 cm TL). Specimens were

a clamp was mounted to the free end of the linear actuator and force



bought fresh and frozen in a − 5 C freezer until dissection and test-

transducer. For pompano and salmon, the forces produced by the skin

ing. For the snapper and salmon, the skin and the underlying epaxial

as a result of strains generated by the movement of a 5-lb (22.2-N) lin-

and hypaxial muscle from just posterior to the neurocranium and pec-

ear actuator (model L12-P, Actuonix, Victoria, BC, Canada) were mea-

toral girdle to the beginning of the caudal-fin rays was removed via a

sured with a 2-lb (8.90-N) S-beam load cell (Model LSB200, Futek,

parasagittal incision. The skin was then carefully removed from the

Irvine, CA). Because of the larger size of snapper skin sections, strain

axial musculature with a filleting knife. For pompano, skin samples

was produced with a 150-lb (667-N) linear actuator (model FA-PO-

were removed directly from the intact body.

150-12, Firgelli Automations, Ferndale, WA). Resultant forces for this

Our initial sampling began with red snapper and after successful

species were measured with a 5-kg (49.0-N) binocular-beam load cell

tensile tests and the determination of a rostrocaudal gradient of skin

(model CZL635, Phidgets, Calgary, Canada). Analog voltage signals of

stiffness, we moved on to the other two species. For red snapper, we

the load cells in both MTUs were amplified and converted to digital

cut the skin into five sections: anterodorsal, anteroventral, midlateral

signals with a load-cell amplifier shield (model RB-Onl-38, Robot Shop,

dorsal and ventral, and posterior (Figure 2a). From these five sections,

Mirabel, QB, Canada). A more detailed outline of the design features,

we cut rectangular samples of approximately 3 × 5 cm (h × w). For

including a fabrication guide for our prototypes and an example Ardu-

both coho salmon and pompano, we similarly excised 6–7 anterior,

ino sketch is presented in Supporting Information and available

midlateral, and posterior skin samples of 1.25–2.0 × 2.0–3.5 cm (h ×

through this link on GitHub: github.com/ckenaley/uniaxialMTU.

w) in size from each of the five specimens. We used this smaller skin

The quality of our stress–strain data is predicated on the acquisi-

sample size to densely sample the remainder of two entire trunk sec-

tion of precise and accurate load and position data from MTU proto-

tions of each species (Figure 2b). This procedure resulted in 156 and

types. The design of our inexpensive MTUs (<$1 K) is similar in

83 samples from two salmon and 46 and 36 samples from two pom-

components to much more expensive uniaxial commercial platforms

pano. For all specimens, we classified anterior, midlateral, and poste-

used in other biomaterials studies (Bauer, Russell, & Shadwick, 1989;

rior samples as those excised from the anterior, middle, and posterior

Clark, Crawford, King, Demas, & Uyeno, 2016; Lailvaux, Leifer,

third of the trunk length (Figure 2). Trunk length was calculated as the

Kircher, & Johnson, 2015; Porter, Beltrán, Koob, & Summers, 2006;

entire longitudinal length of the trunk musculature. Scales were left

Rivera, Savitzky, & Hinkley, 2005) in that they make use of linear

intact for all skin samples.

motors that strain and impose a load on a material clamped to a load

To avoid alteration of the in situ arrangement of the skin and its

cell. Therefore, once assembled, calibrated, and programmed, our

fibers during excision, great care was taken to apply a depressing or

MTUs should produce data identical to commercial and other custom-

punching motion rather than a slicing motion to a razor blade. We also

built units. To evaluate this, we compared data from five uniaxial tests

ensured that longitudinal margins of all samples were parallel to the

on a homogeneous rubber specimen from both of our prototypes to

long axis of the body. Using this technique, we noticed very little

those from a Univert commercial material tester (CellScale, Waterloo,

deformation of the skin sample once the incisions were complete.

ON, Canada). The dog-bone shaped specimen was strained to 20% at

Once skin sections were removed, they were placed in phosphate

20% × s−1 over 5 cycles. To ensure consistent quality in our load data,

buffered saline to prevent desiccation before mechanical testing. For

we regularly calibrated our load cells with a two-point load method by

each specimen, the location of each sample was recorded by taking a

inverting them and suspending 200- and 500-g calibration weights. In

digital photograph. The position of the salmon samples was indicated

addition, displacement and load data were regularly calibrated for

by tracing the outlines of the incision with permanent marker on the

each MTU by stretching the same rubber sample.

underlying cardboard, while the position of the snapper and pampano
samples were recorded digitally in an image of the samples before

The linear position of the actuators and resultant skin extension
was used to compute skin engineering strain with the following:

they were removed from the specimen.
ε=

2.2 | Material testing

Li −L0
,
Lo

where Li and Lo are the instantaneous length and original length of the

The first experimental goal of the project was to determine the stiff-

sample, respectively. Arduino microcontrollers were programmed to

ness of skin sections along the longitudinal axis of the body. To

produce a target strain of approximately 20% for all samples with a

achieve this, we conducted uniaxial tensile stress–strain experiments

strain rate of 0.3 L × s−1, a value that likely reflects in vivo rates of

of all samples with one of two custom-built MTUs. Both MTUs con-

live, free-swimming fishes at typically low speeds (Wainwright el al.,

sisted of a DC linear actuator with potentiometer position feedback

1978; Hebrank & Hebrank, 1986).

and a load cell controlled and read, respectively, by an Arduino Uno

Engineering stress (σ) in MPa was calculated according to:
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FIGURE 2 Sampling methodology to establish stiffness and fiber angle of skin in three actinopterygian fishes. (a–c) schematic of representative
sampling locations for red snapper, Florida pompano, and coho salmon, respectively. Key in lower left represents shaded areas compared in an
analysis of fiber angle: Anterior (a), midlateral (M), and posterior (P) regions. For red snapper (a), both fiber angle and Young's modulus data for
anterodorsal (ad) and anteroventral (av), and midlateral dorsal (md) and ventral (mv) samples were pooled into anterior and midlateral regions,
respectively. For pompano and salmon (b and c, respectively), small samples of 1.5 × 2.5–3.5 cm (h × w) were taken from along the trunk. (d) a
micrograph image of coho salmon skin in cross section with representative measurements to determine skin thickness: Area was measured by
establishing a perimeter of the stratum compactum (p) and dividing by the width of the perimeter (w). (e) Micrograph of the medial side of a skin
sample of red snapper with representative measurements of anterior (ant) and posterior (pos) fiber angles. Left and right sides of the image
correspond to the posterior and anterior margins of the sample, respectively; the horizontal dashed line represents the longitudinal axis of the
sample. Scale bars in both D and E represent 0.5 mm

F
σ= ,
A

subcarangiform and carangiform swimmers. Not all samples strained

where F is the force measured by the strain-gauge force transducer

three intermediate strain values of 5, 10, and 15% (E5, E10, and E15,

to 20%. Hence, we computed Young's modulus of elasticity, E, at

and A is the cross-sectional area of the skin sample. The cross-

respectively) by calculating the slope of the stress–strain relationship

sectional area of the stratum compactum was calculated in imageJ

at three data points. The second of these three values was the closest

(Schneider, Rasband, & Eliceiri, 2012) from digital cross-sectional

to 5, 10, or 15% strain (Figure 3).

images taken through a Zeiss Stemi IV dissecting microscope
(Figure 2d). We note that this does not include the stratum spongiosum

2.3 | Skin architecture

nor the scales. Given its fatty composition, it is unlikely that the stratum spongiosum contributes to the tensile properties of the skin. Simi-

We also sought to determine the role played by collagen fiber angle in

larly, recent work has shown that the presence of imbricate scales

skin longitudinal stiffness and direct force transmission. As reported

does not alter skin stiffness (Vernerey & Barthelat, 2014).

by Gemballa and Röder (2004), the lateral tendons of the myosepta

Although great care was taken to cut symmetrical 1.5- or 3-cm

demonstrate a rostrocaudal gradient of increased longitudinal orienta-

wide samples, due to the slippery texture of the skin, some samples

tion. For direct transmission to be effective, fiber angles should also

had slightly asymmetrical longitudinal edges. Thus, we captured

demonstrate this same pattern and an increasingly acute angle toward

images of mounted skin samples preceding experimentation at Lo and

the posterior of the body. At more acute fiber angles, loading is closely

measured the perimeter coordinates of the samples in imageJ and

aligned with the fibers of the stratum compactum and we assumed

used a custom script in R (R Core Team, 2017) to determine the width

that the collagen, a very stiff tensile material (Wainwright et al., 1978),

of the specimen. We were careful to ensure that all samples were free

would resist elongation to a greater degree, that is, increase the stiff-

of damage, particularly circumferential tears that would compromise

ness of the skin. To assess fiber angle variation along the length of

the tensile properties of the skin.

body, we transmitted light through our skin samples under the same

We set maximum strain to a goal of 20%, a value that covers the

dissecting scope, captured an image, and measured fiber angle using

range of in vivo skin strain for angulliform swimming (Hebrank, 1980)

imageJ. For snapper, we measured fiber angles in each of the five

and thus likely to also span the range of in vivo values of our

samples for all five specimens. For the salmon and pompano, we
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and trunk position (p = .27 and .36, respectively) and there were no

extension

differences between specimens (p = .16 and .54, respectively). With

relaxation

no interactions or significance associated with specimen, we pooled

retraction

the samples from each of the two specimens for each species to com-

1.0

pare means and slopes of regression with repeated measures

σ (MPa)

ANCOVA with trunk position as the covariate, strain value as a factor,
and random-effect terms that accounted for within sample and specimen variation. We then performed subsequent post hoc THSD multiple comparisons of slopes to assess differences in stiffness versus

0.5

trunk position between the three strain values. For this latter analysis,
we included all 156 and 83 sections of skin from the skin of the
salmon and 46 and 36 sections from the two pompano. Where
reported, mean values of various variables are accompanied by 1
standard error of the mean.

0.0
0

5

10

15

20

ε (%)

For the two completely sampled salmon and pompano, we also
assessed 2D-variation of skin stiffness along the trunk by bivariate
interpolation of E onto the 2D field of digitized sample position. For

A stress–strain relationship of snapper skin under uniaxial
tensile loading in the longitudinal direction. This represents results
typical of all material tests in the study: “J”-shaped stress–strain
curves in tension and retractions and a dramatic reduction in stress
during a 5-s relaxation phase. Shaded areas correspond to data from
the extension portion of the curve at 5, 10, and 15% used to compare
E across species, samples, and regions of the body

this, we used bilinear interpolation of our irregularly spaced input data

measured fiber angle in 6–7 anterior, midlateral, and posterior samples

only on two specimens each of pompano and coho salmon, are meant

(Figure 1e).

to accompany and expand on the more extensive analysis based on

FIGURE 3

using the interp function in the “Akima” package for R (Akima &
Gebhardt, 2016). We set the output resolution of the interpolated
values so that the analyses increased the sample resolution by a factor
of 4. Interpolated values were projected onto digitized outlines of the
whole specimen.
We note that these regression and interpolation analyses, based

five specimens. Any conclusions based on these regressions and inter-

2.4 | Data analysis

polations are made cautiously.
To place our results in a comparative context and evaluate if skin

To compare force data between prototype and commercial MTUs, we

stiffness varied across a broader range of swimming modes not repre-

used analysis of covariance (ANCOVA) with displacement as the

sented by our study species, we assembled stress–strain data from

covariate and individual MTU as a factor. To characterize variation in

other studies that have evaluated skin material properties in fishes.

skin stiffness and collagen fiber angle among species and body

This data set included American eel from Hebrank (1980), Norfolk

regions, we took a number of approaches. In the first, we compared

spot and skipjack tuna from Hebrank and Hebrank (1986), penpoint

the three E values and fiber angle of skin samples taken from the ante-

gunnel (Apodichthys flavidus Girard), from Clark et al. (2016), and

rior, midlateral, and posterior sections of the trunk (Figure 2). To com-

striped bass (Morone saxatilis [Walbaum]) from Szewciw and Barthelat

pare E values, we treated body region, species, and predetermined

(2017). All of these studies reported stiffness from beyond the exten-

strain value as factors in a repeated-measures, three-way analysis of

sible, nonlinear toe regions of the stress–strain curve and often well

variance (ANOVA). Because we sampled repeatedly from each speci-

beyond 25% strain. One of our experimental goals was to investigate

men and calculated E5, E10, and E15 from each skin sample, we

stiffness at three biologically relevant strain values of 5, 10, and 15%

included random-effect terms for specimen and sample in our ANOVA

(Hebrank & Hebrank, 1986). Therefore, to place our results in the con-

model. To compare fiber angle, we undertook a three-way ANOVA

text of this previous work, we compared E values at our maximum

with species, body region, and direction (anterior vs. posterior;

strain value of 15% in our study species to those values from the lin-

Figure 2e) as factors as well as a random-effect term for each speci-

ear elastic region reported in these studies. At 15% strain,

men to account for within-specimen variation. Subsequent post hoc

E represents the steepest portions of our stress–strain curves of the

multiple comparisons were made with Tukey's honest significant dif-

three strain values (Figure 3). To compare our results more directly to

ference tests (THSD) as implemented in R's “lsmeans” package

these studies, we used imageJ to extract data from the single stress–

(Lenth, 2016).

strain curves for American eel in Hebrank (1980: fig. 3) and Norfolk

For salmon and pompano, we also undertook separate regression

spot and skipjack tuna in Hebrank and Hebrank, (1986: figs. 5–6). We

analysis of E versus trunk position (as % trunk length). We performed

also extracted data from 30 of the 33 longitudinal stress–strain curves

preliminary repeated measures ANCOVA analysis with an error term

published for 10 striped bass by Szewciw and Barthelat, (Szewciw &

that accounted for variation within samples to test for an interaction

Barthelat, 2017: fig. 5). Data from Clark et al. (2016) was provided

of specimen and the trunk position covariate and then significance of

directly by the senior author of that study (A. Clark, personal commu-

specimen on the stiffness as it covaries with trunk position. For both

nication, November 22, 2017). From these data, we calculated E at

salmon and pompano, we found no interaction between specimen

the predetermined strain values in a manner identical to the analysis

6
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anterior

midlateral

posterior

will provided valuable insights into the in vivo tensile conditions of
the skin during swimming.

E (MPa)

60
species
coho
pompano
snapper

40

3 | RE SU LT S
3.1 | Skin material properties
There was no significant difference in force versus displacement
among each of our prototypes and the Univert commercial system

20

(ANCOVA, p = .86) and both prototypes produced extremely precise
data (Supporting Information Figure S1; note that the error bars represent 20 times standard error of the mean to be visible on the plot).
Therefore, the data we acquired from our MTU prototypes were of a

0
5

10

15

5 10 15
Strain (ε)

5

10

15

FIGURE 4

Comparison of mean Young's modulus (E) between
5 specimens of coho salmon, Florida pompano, and red snapper
between positions on the trunk and across three different strain
values: 5, 10, and 15%. Symbols and bars represent the mean 1
standard error of the mean. Stiffness varied significantly according to
species, strain value, and position on trunk. Posterior samples
(“posterior”) of the trunk were greater than anterior (“anterior”) and
midlateral (“midlateral”) positions. Anterior and midlateral stiffness did
not vary significantly

quality at least as high as those that would be acquired from much
more expensive commercial units.
Uniaxial tensile tests revealed a nonlinear “J”-shaped stress–strain
relationship and a considerable amount of hysteresis for all samples, a
property predicted by the viscoelastic nature of fish skin (Vogel,
2013). A representative result is presented in Figure 3 as a stress–

Strain(ε)

5%

Specimen

10%

coho 1

15%

coho 2

p<0.001
r2=0.156

2
of our own data. Because body region was not consistently reported
for all of these studies, we computed overall mean stiffness at 5, 10,

1

and 15% strain where there was more there one sample reported
from the study. We subsequently simply compared these values to
overall mean stiffness values for snapper, salmon, and pompano.

The skin of fishes is under tension in both the longitudinal and hoop
directions (Summers & Long, 2006). In contrast, our approach is based

p<0.001
r2=0.159

6

E (MPa)

2.5 | Uniaxial versus biaxial testing

0
8

solely on uniaxial tensile tests along the longitudinal axis. We assert
that, although biaxial tensile tests may reproduce more realistic in situ

4
2
0

mechanical behavior, our relatively simple uniaxial tensile approach

12.5

p<0.001
r2=0.125

will uncover important patterns that would emerge through both uni-

10.0

axial and biaxial experiments alike. If the skin of a fish can be treated
as the thin wall of a bending cylinder, fibers on the convex side will

7.5

experience positive strain and their angle would become more acute

5.0

(Alexander, 1987). Our experiments intend to mimic bending under

2.5

these conditions in that the fibers will no doubt experience positive

0.0

strain as their angles become more acute. Under tension in the hoop

0

direction, skin strain in the longitudinal direction would be resisted
more than under uniaxial tension due to the longitudinal component
of the load born by the oblique fibers, thereby decreasing extensibility
of the skin (Frolich, LaBarbera, & Stevens, 1994). Therefore, direct
comparisons of our stiffness values to those produced under biaxial
conditions should be avoided; however, because extensibility of the
skin is based on the rotation and strain of collagen fibers under both
uniaxial and biaxial conditions, we contend that our uniaxial approach

FIGURE 5

25

50
% trunk

75

100

Linear regression analysis of Young's modulus (E) versus
positions along the trunk of two coho salmon at three different strain
values: 5, 10, and 15%. p and r2 values for each analysis are given in
the upper left of each panel. regressions represent data combined
from two specimens (n = 156 and 83) as preliminary ANCOVA
revealed no significance in stiffness as it covaries with trunk position
between specimens (p = .16)
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Strain(ε)

5%

Specimen

10%

pompano 1

15%

relaxation phase that resulted in a dramatic reduction in stress. During

pompano 2

unloading, stress declined more gradually with a much less steep slope
to the stress–strain relationship.

p<0.001
r2=0.242

20

Comparison of overall mean stiffness, without regard to body
region, between pompano, salmon, and snapper revealed that pompano

15

samples were stiffer than those of salmon and snapper across strains at
E5 = 4.4, E10 = 13, and E15 = 19 MPa while overall mean stiffness was

10

lowest in coho salmon at E5 = 1.5, E10 = 2.6, and E15 = 3.8 (Table 1).

5

This range of E corresponds to similar mean stiffness values calculated
from previous studies with the exception of striped bass (Szewciw &

0
125

Barthelat, 2017) which had mean stiffness that ranged from 800 to

E (MPa)

1,500% higher than the next stiffness species (pompano) at each of the

p<0.001
r2=0.319

100

three strain values (Table 1). When accounting for species, body region,
and predetermined strain value, stiffness differed significantly for each

75

of these factors (ANOVA: all p < .0001; Figure 4). As expected due to

50

the “J”-shaped stress–strain relationship, E15 was significantly higher

25

than E10 and E5 (ANOVA: both p < .0001) and E10 was significantly
higher than E5 (ANOVA: all p = .0001; Supporting Information Table S1;

0

Figure 4). Pompano skin was significantly stiffer than coho and snapper
(THSD: p = .0001 and p = .0130, respectively) and snapper skin was sig-

p<0.001
r2=0.280

200

nificantly stiffer than coho (THSD: p = .022; Supporting Information
Table S1; Figure 4). The stiffness of posterior samples of the trunk was
significantly greater than anterior and midlateral positions (THSD: both
p < .0001), while anterior and midlateral sections were not significantly

100

different (THSD: p = .700; Supporting Information Table S1; Figure 4).
For completely sampled specimens of the salmon and pompano,

0

stiffness varied significantly with position along the trunk at all three

0

25

50
% trunk

75

100

strain values (Table 2; Figures 5 and 6), increasing linearly from anterior to posterior positions. For both coho and pompano, the relation-

FIGURE 6

Linear regression analysis of Young's modulus (E) versus
positions along the trunk of two pompano at three different strain
values: 5, 10, and 15%. p and r2 values for each analysis are given in
the upper left of each panel. regressions represent data combined
from two specimens (n = 46 and 36) as preliminary ANCOVA
revealed no significance in stiffness as it covaries with trunk position
between specimens (p = .54)

ship of increasing E with posterior position along the trunk was
weakest at the lowest strain value of 5% as indicated by the low r2
values of the linear models presented in Figures 5 and 6. In addition,
we found a significant difference in slopes among the three strain
values in both salmon and pompano (Table 2). Post hoc comparisons
revealed that in both coho and pompano, the slope of the relationship
between stiffness and position along the trunk was significantly
greater at 15% strain than at 10 and 5% strain and stiffness at 10%

strain curve. At low strain values below 5%, stress increased slightly

was greater than at 5% (Table 2; Figures 5 and 6).

until moderate to high strain values greater than 10% at which point

Linear interpolations of the field of samples for each specimen of

stress increased much more steeply. After extension, we applied a 5-s

coho and pompano revealed a clear spatial pattern of increased

TABLE 1

Mean stiffness (E) values of skin samples from species considered in this study (five coho salmon, five Florida pompano, and five red
snapper) and those from Hebrank (1980), Hebrank and Hebrank (1986), and Szewciw and Barthelat (2017). E was calculated at 5, 10, and 15%
strain (ε) and correspond to E5, E10, and E15 values reported elsewhere. Values represent mean 1 standard error of the mean
Stiffness (E in MPa)
Study

Number of samples

E5

E10

E15

Coho

This study

295

1.5  0.22

2.6 0.29

3.8 0.38

Pompano

This study

138

4.4 0.46

13  2.9

19 3.3

Snapper

This study

25

4.5 0.3

6.5 0.64

9.5 1.1

American eel

Hebrank (1980)

1

0.21

0.31

0.75

Norfolk spot

Hebrank and Hebrank (1986)

1

1.9

3.1

3.0

Skipjack tuna

Hebrank and Hebrank (1986)

1

1.6

4.4

5.2

Penpoint gunnel

Clark et al. (2016)

13

0.34 0.09

1.2 0.43

3.1 1.0

Striped bass

Szewciw and Barthelat (2017)

30

68.9 10.6

121.6 20.8

151.7 24.4
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TABLE 2

Analysis of covariance results for skin stiffness at three strain values (E5, E10, and E15) with percentage trunk as the covariate in coho
salmon and Florida pompano. Subsequent post-hoc multiple comparisons between E5, E10, and E15 were made with Tukey's honest significant
difference tests (THSD)
THSD p value

Slope
Specimen

ANCOVA p value

5%

10%

15%

MPa x % − 1

E5–E10

E5–E15

E10–E15

Coho (n = 249)

p < .001

0.61

2.0

3.7

10–4

<0.001

<0.001

<0.001

Pomano (n = 82)

p < .001

0.8

4.0

5.7

10–3

0.005

<0.001

0.022

stiffness over the peduncle directly anterior to the caudal fin

4 | DI SCU SSION

(Figures 7 and 8). Although there were areas of high stiffness values in
the anterior of the trunk in both salmon and pompano, particularly

We have found that skin stiffness varies significantly among our study

near the pectoral fins, the peduncle represents the stiffest area of skin

species and those species for which data have been reported and that

in both species (Figures 7 and 8).

the skin of all three of our study species was increasingly stiff along a
rostrocaudal, longitudinal gradient (Table 1, Supporting Information
Table S1; Figures 4–8). We have also found that mean collagen fiber

3.2 | Skin structural properties

angle was close to 50 , fiber angle was significantly lower in posterior

Mean collagen fiber angle across all samples was 47.6 0.41 (range

sections than in anterior and midlateral positions, and that anteriorly

32.3–69.3 ). Our three-way ANOVA revealed that fiber angle varied
significantly according to species (ANOVA: p < .0001), fiber direction
(p = .007), and position on the trunk (p < .0001; Figure 9). Mean snap-

directed fiber angles were typically higher than posteriorly directed
fibers (Figure 9). Taken as a whole, our results offer valuable insights
into the functional role of skin in ray-finned fishes.

per fiber angles were higher than pompano and coho salmon (THSD:
between pompano and coho (p = .112; Figure 9). Fiber angle in the

4.1 | Contrasting material and structural properties
between species

posterior of the trunk was significantly lower than mean anterior and

We have uncovered considerable differences in the tensile properties

midlateral fiber angles (THSD: p = .004 and p < .0001, respectively)

of skin between three species of actinopterygian fishes. All three spe-

while anterior fiber angles were lower than midlateral angles

cies had significantly different skin stiffness with coho having the least

(p = .036; Figure 9).

stiff and pompano the most stiff skin (Figure 4). Placing these results

both p < .0001) while there was no significant difference in fiber angle

FIGURE 7 Bicubic linear interpolation of Young's modulus (E) over the skin of the trunk of two coho salmon based on 156 (coho 1, left column)
and 83 samples (coho 2, right column) at 5, 10, and 15% strain. Note the different scales for each strain value
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in a comparative context is challenging. Despite the important influence skin has in the movement of biomechanical systems in fishes
(Videler, 1993), skin material properties have been reported for only a
very few ray-finned fishes. Hebrank (1980) and Hebrank and Hebrank
(1986) were some of the first studies that investigated skin stiffness
in ray-finned fishes and, perhaps until this study, remain the most
comprehensive. These studies included tensile test results from 10 longitudinal tests from 11 specimens of American eel in Hebrank (1980)
and 13 longitudinal tests from five Norfolk spot specimens and
19 tests from four skipjack tuna in Hebrank and Hebrank (1986). Clark
et al. (2016) performed 16 longitudinal tensile tests on the skin from
four specimens of penpoint gunnel. Szewciw and Barthelat (2017)
performed dozens of longitudinal stress–strain experiments on the
skin of three individual striped bass.
Szewciw and Barthelat (2017) reported maximum tangent
moduli—the highest instantaneous slope of the stress–strain curve—
for striped bass that range from approximately 100 MPa to over
600 MPa. These are extraordinarily high values that far exceed the
E15 values of our study species, and the terminal stiffness of American
eel, Norfolk spot, and skipjack tuna, in some cases, by two orders of
magnitude. Furthermore, the moduli values of Szewciw and Barthelat
(2017) exceed those for all other vertebrate skin tissues and are more
in line with those of other biological materials that undergo much
lower in vivo ranges of strain under substantially higher stresses,
FIGURE 8

Bicubic linear interpolation of Young's modulus (E) over
the skin of the trunk of two pompano based on 46 (pompano 1, left
column) and 36 samples (pompano 2, right column) at 5, 10, and 15%
strain. Note the different scales for each strain value

including human tendon (Wang, 2006; Wegst & Ashby, 2004). Therefore, we see limited value in comparing our results and those from
Hebrank (1980), Hebrank and Hebrank (1986), and Clark et al. (2016)
with those of Szewciw and Barthelat (2017).
Hebrank (1980) reported a mean longitudinal terminal stiffness of

anterior

midlateral

posterior

65

3.5 MPa for American eel and Hebrank and Hebrank (1986) reported
2.4 and 6.9 MPa for Norfolk spot and skipjack tuna, respectively.

Fiber angle (°)

60

55

ant. directed
fibers

These values are rather similar to the mean E15 we report for individ-

post. directed
fibers

E15 for Florida pompano (Supporting Information Table S1, Figure 4).

ual red snapper and coho salmon and considerably lower than mean
Clark et al. (2016) found that mean preyield stiffness of the penpoint
gunnel to be approximately 20 MPa, values similar to E15 our red
snapper. Comparisons of mean E values from across the body com-

50

puted from within the nonlinear toe region of the stress–strain curves
for these species reveal a much different pattern. At all three strain

45

values considered, the American eel is least stiff and the pompano is
stiffest (Table 1). Our snapper and coho salmon have E5, E10, and E15

40
per

Species
FIGURE 9

penpoint gunnel (Table 1).

snap

pano
pom

coho

per
snap

pano
pom

coho

er
snap
p

pano
pom

coho

similar to those Norfolk spot, skipjack tuna, and slightly higher than

Comparison of skin collagen fiber angle between five
specimens of coho salmon (n = 92), pompano (n = 90), and five red
snapper (n = 25). Collagen fiber angle varied significantly according to
species, fiber direction, and position on the body. Mean snapper fiber
angles were higher than pompano and coho salmon. Anteriorly
directed fiber angles (red points) were higher than posteriorly directed
fiber angles (blue points). Mean fiber angle in the posterior of the
trunk (“posterior”) was significantly lower than anterior (“anterior”)
and midlateral (“midlateral”) fiber angles

4.2 | Material properties and swimming mechanics
Despite a data set that now includes as many as seven ray-finned
fishes, these species represent relatively few of the extraordinarily
diverse Actinopterygii and thus any inference concerning the relationship between material properties and swimming mechanics must be
made cautiously. With so few species sampled, several factors, especially phylogenetic nonindependence, may confound any patterns we
can establish. However, we can now point to an emerging, if only preliminary, pattern in this regard: skin of low stiffness, especially within
the extensible tow region of the stress–strain curve, is associated with
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more elongate species with shorter propulsive wavelengths, while
higher skin stiffness is associated with species that produce longer
propulsive wavelengths and more thrust at the caudal fin. Anguilliform
swimmers, including anguillid eels and the penpoint gunnel, engage in
relatively slow locomotor speeds and whole-body undulations that
consist of more than one waveform (Donatelli, Summers, & Tytell,
2017; van Ginneken et al., 2005). Their skin stiffness is reduced com-

4.3 | Skin architecture and material properties
Our collagen-fiber data provide evidence of a few significant patterns.
First, posterior fibers had significantly more acute angles than midlateral and anterior regions across species (Figure 9). All three species
had mean posterior fiber angles lower than 50 . This feature likely
contributes, at least in part, to the increased stiffness in posterior sections of the trunk. If the trunk of a fish is modeled as a wound cylin-

pared to snapper and coho salmon, both subcarangiform swimmers,

der, at angles less than 60 , fibers on the convex side are stretched

and pompano, a carangiform swimmer. Florida pompano, species in

less than fibers on the concave side shorten; however, net strain

our study with the stiffest skin in the toe region, swims with longer

energy is positive (Alexander, 1987). Alexander (1987) also reasoned

waveforms and is capable of high locomotor speeds (Hymel et al.,

that this is especially so for non-Hookean materials which become

2011). Lutjanids and salmonids, represented in our study by the mod-

stiffer with increasing strain, a relationship presented in Figure 3.

erately stiff red snapper and coho salmon, are both subcarangiform

Thus, as the trunk bends, skin on the convex side composed of fibers

swimmers that display intermediate propulsive wavelengths and

with more acute angles will attain angles closer to 0 and the skin

speeds (Fulton, 2007; Webb et al., 1984).

strain due to bending will be resisted by the very stiff collagen much

This pattern is largely congruent with theoretical models that

more than in skin with more obtuse angles. In addition, for a simple

treat the fish body as a thin-walled cylinder and the skin as the exte-

cross-fibered material, a load applied to fibers of lower and unequal

rior tissue of a hydrostat. The skin surrounding the pressurized muscle

angles in the hoop direction will result in a negative component of

alters body stiffness (Long et al., 1996) and also affects the length as

that load directed along the longitudinal axis, thereby increasing the

well as the frequency of the propulsive wave (Long, 1998; Long et al.,

stiffness (Frolich et al., 1994).

1996). Thus, if the skin contributes to a hydrostat system, we would

It is more difficult to draw a clear inference concerning our sec-

expect stiffness to vary across taxa according to swimming speed and

ond pattern: different angles for anterior-facing and posterior fibers.

kinematic pattern, just as our preliminary results suggest. Further-

This could be the result of a biased sampling technique, specifically

more, body stiffness is a property that has different optima for high

that the longitudinal axis of our skin samples could have been rotated

accelerations or low cost of transport, with stiffer bodies capable of

in a manner that altered angles relative to the field of view. We note,

faster accelerations at higher energetic demands, while less stiff bod-

however, that we were extremely cautious in aligning the specimen

ies are capable of more modest accelerations that incur lower ener-

with the field of view. Cutting of skin samples could have also pro-

getic costs (Tytell et al., 2016; Tytell, Hsu, Williams, Cohen, &

duced a misleading artifact. Once cut and untensioned, fibers could

Fauci, 2010).

lose their in situ orientation (Summers & Long, 2006) and our pattern

A tradeoff between slow, yet efficient versus fast and expen-

could be produced if incisions around the perimeter of the samples

sive transport mediated in part by skin stiffness is supported by our

were consistently made in a clockwise or counter-clockwise manner

data and those of Hebrank (1980), Hebrank and Hebrank (1986),

according to position. However, we also took great care in excising

and Clark et al. (2016), with the notable exception of the modulus

our samples with a direct depression motion with a razor blade as

for skipjack tuna. Tunas are extremely rigid swimmers that recruit

opposed to a slicing motion that could produce this artifact. Given the

only the peduncle and caudal fin in high-frequency oscillatory pro-

cautious nature of our sampling method and that our fiber-angle pat-

pulsion (Donley & Dickson, 2000; Sfakiotakis et al., 1999). Thus, to

tern is largely similar to Hebrank and Hebrank's (1986) for Norfolk

generate long, yet fast, waveforms, one might expect high stiffness

spot and skipjack tuna in that there is considerable variation in

in skin on the trunk, especially the posterior, of a tuna. Hebrank and

anterior- versus posterior-facing fiber angles and regional differences

Hebrank's (1986) low stiffness value for skipjack tuna does not support this hypothesis. There is at least one possible explanation for
this contrast. First, Hebrank and Hebrank (1986) did not indicate
precisely where they sampled skin on the body. With a majority of
the trunk surface area distributed toward the anterior of the body, it

between these angles, we assert that our results represent reasonably
accurate estimations of in situ fiber arrangement. Nonetheless, future
studies should use methods that assess in situ fibers directly, perhaps
by a combination of staining that targets collagenous tissues and
tomographic imaging (e.g., Metscher, 2009).

is likely that they tested very few if any samples from the posterior
another study (Kenaley et al., unpublished data), we found that ten-

4.4 | Functional consideration of stiffness along the
trunk

sile tests on the skin from the peduncle of yellowfin tuna (Thunnus

Perhaps the most intriguing outcome of our study is a pattern of

albacrares [Bonnaterre]) exceeded the E5 and E10 of Florida pom-

increasing stiffness along the trunk common to all our study species.

trunk where, as we found, stiffer skin is likely. Furthermore, in

pano reported here. We have not yet tested samples from the ante-

(Figures 4, 6–8). This gradient matches patterns of power generation

rior trunk; however, with such high values of a closely related

and myoseptal morphology along the trunk that together indicates the

species, we posit that Hebrank and Hebrank (1986) did not sample

importance of skin as a linkage in force transmission. In most swim-

the posterior trunk and thus only less stiff anterior and midlateral

ming fishes, muscle contractions in the anterior of the trunk power

sections were included in that study.

the propulsive wave and, through both active stiffening of the muscles
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and passive components of the musculoskeletal system, muscle power

and J. Ackerman constructed MTU prototypes, collected and analyzed

is transmitted to the caudal fin (Altringham & Ellerby, 1999; Altring-

data, and helped write the manuscript.

ham, Wardle, & Smith, 1993). The linkages between muscles and the
skin—the myoseptal tendons—are thicker and have more acute inser-

ORCID

tion angles on the medial face of the skin in the posterior regions of

Christopher P. Kenaley

http://orcid.org/0000-0003-3832-7001

the trunk and thus transmit muscular force to the skin more effectively in the precaudal region (Figure 1; Gemballa et al., 2003; Gemballa & Röder, 2004). We assert that the increasingly stiff skin toward
the posterior of the trunk ensures that muscular force transmitted by
the myoseptal tendons is not lost to skin deformation. This indicates
that the skin itself is an important linkage in the transmission of muscular force via the myoseptal tendons and that myoseptal and skin
components work in series to generate propulsive thrust at the
caudal fin.

5 | CO NC LUSIO NS
We have uncovered a number of mechanical and architectural patterns associated with the skin of our study species that address longstanding and open questions concerning the function of this tissue in
ray-finned fishes. Higher uniaxial skin stiffness is associated with locomotor behaviors based on longer propulsive wavelengths and high
thrust production at the caudal fin while lower skin stiffness is associated with shorter propulsive wavelengths and low thrust production
at the caudal fin. In addition, more posterior skin samples had lower
fiber angles, a configuration that is likely to increase the stiffness of
skin at low strain values and facilitate a more efficient transfer of muscular force in the precaudal region of the trunk. Taken together, these
findings support the hypothesis that the skin functions in an important
direct force-transmission role.
Lastly, we hope that our development of low-cost and highly precise MTUs will inspire other biologists and engineers to pursue material
properties research of other biological tissues. The inclusion of a
manual-like reference for the fabrication and operation of these MTU
prototypes (see Supporting Information) may perhaps remove a financial barrier confronting scientists pursuing biomaterials research by circumventing the need to acquire very expensive tensile testing units.
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