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Our goal was to assess regional differences in denticle density and skin 

tensile properties in four coastal species of shark.  We hypothesized that the 

denticle density, tensile strength (MPa), stiffness (MPa), and toughness of skin 

(MJ·m-3) would vary regionally along the body of an individual and among 

species.  An hourglass-shaped punch was used to extract the skin samples at 10 

anatomical landmarks and denticle density was quantified.  Denticle density 

varied significantly among both regions and species, and showed a significant 

species by region interaction.  Skin samples were tested in tension at a strain 

rate of 2 mm-s until failure.  We found significant species and region effects for all 

tensile and denticle density properties.  Also, denticle density increases with skin 

stiffness but decreases with toughness.  Shark skin toughness is similar to that of 
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mammalian tendons.  These data show shark skin functions as an exotendon, 

able to conserve energy during swimming.    
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INTRODUCTION

Shark skin plays a major role in locomotion acting as an external tendon, 

or exotendon, with a direct connection to the muscle and an ability to transmit 

force to the caudal peduncle during swimming (Meyer and Seegers, 2012; Motta, 

1977; Naresh et al., 1997; Wainwright et al., 1978).  In addition to the exotendon 

function, previous studies have shown that dermal denticles found on shark skin 

reduce drag during swimming (Diez et al., 2015; Meyer and Seegers, 2012; 

Motta, 1977; Motta et al., 2012; Oeffner & Lauder, 2011; Reif, 1985).  These 

studies have investigated the functional aspects of skin; however, little is known 

about the effects of dermal denticles on mechanics or how the tensile properties 

enable the skin to behave as an exotendon.      

A shark’s body functions as a large hydrostatic cylinder due to increasing 

internal pressure (Wainwright et al., 1978).  As sharks swim faster, internal 

pressure rises causing the skin to stiffen.  During body undulation, muscles pull 

on the myosepta, vertebral column, and skin, and force is propagated from head 

to tail (Gemballa & Roder, 2004; Wainwright et al., 1978).  The ability to act as a 

hydrostatic system depends on the arrangement of the collagen fibers 

surrounding the body.  The network of collagen fibers varies between 45-70° in 

alternating layers of right and left-handed helices, and fiber angle changes as the 

skin stretches from left to right during body undulation (Motta, 1977; Naresh et 

al., 1997; Wainwright et al., 1978).  Collagen fibers contribute significantly to the 
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mechanical behavior of the skin in eels, bats, teleosts, and sharks (Hebrank, 

1980; Long et al., 1996; Naresh et al., 1997; Swartz et al., 1995).  For example, 

Naresh et al. (1997) found significant regional differences in diagonally-oriented 

skin samples in the spadenose shark (Scoliodon laticaudus).  Near the tail, skin 

had increased collagen fiber bundle thickness, decreased fiber angles, and 

increased stiffness compared to the mid- body (Naresh et al., 1997).  The skin 

from this shark is an example of anisotropic material, meaning that the 

mechanical properties will differ depending on loading direction.  Data on the 

spadenose shark gives notable insights on the anisotropic behavior of skin and 

regional variation along the body in a single species.   

In addition to the collagen fiber network, dermal denticles are an integral 

component to the dermis layer of shark skin.  Dermal denticles are tightly 

anchored to fibers in the lower stratum compactum layer of the dermis (Meyer & 

Seegers, 2012; Motta, 1977).  Each denticle is covered in a layer of enamel and 

dentine and has a longitudinally-oriented pattern of riblets aligned in rows in the 

direction of water flow (Meyer & Seegers; Motta, 1977; Reif, 1985).  Previous 

studies have shown that denticles vary in morphology, flexibility, density, and 

size (Diez et al. 2015; Lang et al., 2011; Motta et al., 2012; Oeffner & Lauder, 

2011; Raschi & Tabit, 1992; Reif, 1985).  For example, Motta et al. (2012) noted 

differences in the morphology and flexibility of denticles between the fast 

swimming shortfin mako and slower blacktip sharks.  Blacktip denticles are larger 

and broader compared to the shortfin mako, which have longer crowns and 

compose larger angles relative to the surface of the skin (Motta et al., 2012).  
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They proposed that the larger angles contribute to the range of denticle flexibility, 

especially in the flank region, and angles are hypothesized to control flow 

separation, reduce drag, and facilitate rapid burst swimming (Lang et al., 2008; 

Lang et al., 2011; Lang et al., 2012; Lang et al., 2014; Motta et al., 2012; Raschi 

& Tabit, 1992).  These studies investigated the variation in dermal denticle 

function and morphology along the body and correlated variables with swimming 

performance across species.   

The present study provides the first comparative description of denticle 

density and material properties regionally across a shark’s body.  Naresh et al. 

(1997) showed there are significant regional and directional differences in tensile 

properties of shark skin; however, they did not examine the mechanical 

properties in a comparative context or the contribution of denticle density on skin 

mechanics.  The goals of this study were to: (1) quantify denticle density (number 

of denticles·mm-2) and material properties (ultimate tensile strength (UTS; MPa), 

stiffness (Young’s Modulus; MPa), toughness (MJ·m-3) at ten anatomical 

landmarks from each shark, (2) compare these data regionally within individuals 

of the same species, (3) compare tensile properties and denticle density among 

species, and (4) correlate denticle density with material properties.  We chose 

these properties because they will allow us to further investigate the exotendon 

function of shark skin.  We hypothesized that denticle density values will vary 

across the body, where greater densities will be seen in the cranial and caudal 

regions (Diez et al., 2015).  Second, there will be significant differences in the 

ultimate tensile strength, stiffness, and toughness among regions and species, 
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where the cranial and caudal regions of the body will show greater values 

compared to the midbody regions (Diez et al., 2015; Naresh et al., 1997).  Third, 

that greater denticle density values will correlate with greater tensile stiffness and 

ultimate tensile strength among regions and species.
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MATERIALS AND METHODS

Study species 

We obtained skin samples from species of two orders and three families 

ranging in total length from 56-85 cm: Carcharhiniformes (Carcharhinidae - 

blacktip, Carcharhinus limbatus (n=3, 72-84.5 cm TL); Sphyrnidae - scalloped 

hammerhead, Sphyrna lewini (n=2, 56-58 cm TL); bonnethead, Sphyrna tiburo 

(n=3, 59.5-63 cm TL) and Lamniformes (Lamnidae - shortfin mako, Isurus 

oxyrinchus (n=1, 77.5 cm TL)).  The blacktip, scalloped hammerhead, and 

bonnethead specimens were juveniles and obtained as incidental mortalities 

collected by gill nets in Pine Island Sound, FL by Mote Marine Laboratory (survey 

FWC-SAL-13-0041-SRP).  A juvenile shortfin mako specimen was collected by 

NOAA from long-line fishing in La Jolla, CA.  The bull sharks, Carcharhinus 

leucas (n=4, 61-70 cm TL), which were near-term embryos, were collected from 

fishermen in the Florida Keys. 

Tissue preparation and dermal denticle density 

Sharks were stored freshly frozen.  We dissected skin samples from 

thawed sharks at 10 anatomical landmarks across the body (Fig. 1), where we 

hypothesized the tensile properties may differ regionally due to the differences in 

denticle morphology and density across the body (Diez et al., 2015; Motta et al., 

2012).  We dissected each skin sample in approximately a 2x2 cm square.  

However, if the size of the individual did not permit the 2x2 cm, we dissected a 
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smaller square with the largest area possible.  We used a scalpel to remove the 

skin with at least 1 cm of muscle attached and then removed the underlying 

muscle carefully.  A thin layer of connective tissue remained attached to the skin, 

preserving the integrity of the sample and preventing damage to the hypodermis 

from the scalpel.  The thin connective tissue was removed from a small subset of 

samples to determine if that layer impacted mechanical properties.  An important 

caveat to note: the sharks for this study have been frozen for two years, so 

effects of freezing may impact mechanical properties.  However, these effects 

will be consistent among species, and previous studies have shown that freezing 

and thawing does not affect the stiffness of soft vertebrate skeletal tissues such 

as mammalian tendon and articular cartilage (Jung et al., 2011; Szarko et al., 

2010).   

Using a Leica EZ4W dissecting microscope (Wetzlar, Germany), we 

digitally photographed each skin sample three times in different areas and 

denticle density×mm-2 was quantified using ImageJ (Schneider et al., 2012).  We 

took averages of the three denticle density counts.  To dissect skin samples for 

tensile testing, we placed each sample on a cutting board and used a hydraulic 

press with an hourglass-shaped punch, which pressed against the skin in the 

cranial to caudal direction, the direction of biological relevance to lateral 

undulation (Naresh et al., 1997).  The hourglass-shaped punch was made of tool 

steel and had a gage length of 10mm.  We used the hourglass shape to 

concentrate the stress in the region of least cross-sectional area during tensile 

testing.  We submerged the samples in elasmobranch Ringer’s solution (280 mM 
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NaCl, 6 mM KCl, 5 mM CaCl2, 3 mM MgCl2, and 350 mM of urea (Forster et al., 

1972) and stored them in petri dishes to prevent tissue degradation and maintain 

hydration.  Submersion and refrigeration of samples occurred for no more than 

24 hours before mechanically testing.   

Material properties 

Skin samples were lightly blotted with paper towels to reduce excess fluid 

prior to testing.  An Instron E1000 Materials Testing System (Norwood, MA) with 

a 2kN load cell was used to tensile test the skin from 10 regions within individual 

sharks.  Samples were loaded between two stainless steel clamps and 

dimensions (thickness and width) of each sample were measured with calipers to 

calculate area.  During each tensile test, samples were stretched in the cranial to 

caudal direction at a strain rate of 2 mm-s until failure.  Load-displacement data 

were converted into an engineering stress-strain curve then ultimate strength, 

stiffness, and toughness were calculated. 

Stress, σ (MPa), is the force loaded on a material and is calculated by the 

applied force divided by the cross-sectional area.  Strain, ε (dimensionless), is 

the displacement of an object in response to stress and is calculated by taking 

the change in length, ΔL, and dividing by the original length, L.  Stiffness, Ε 

(MPa), is the ability of a material to resist deformation in response to an applied 

force.  Stiffness is calculated from the slope of the tangent at the steepest linear 

portion of the stress-strain curve, where stress, σ, is divided by strain, ε.  Ultimate 

tensile strength, UTS (MPa), is the maximum stress at failure.  Toughness 

(MJ×m-3), is the ability of a material to absorb energy and deform without 
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fracturing, and is calculated by taking the energy divided by the volume (area 

under the stress-strain curve) (Vogel, 2003).  Energy (J) is the ability to do work 

and volume (m3) is the space occupied by an object. 

Statistical analysis 

We tested ultimate strength, stiffness, toughness, and denticle density for 

normality and homoscedasticity using the Anderson-Darling normality test.  All 

mechanical properties were normal following log transformation.  We were not 

able to find a transform for the denticle density data that would meet these 

assumptions and statistics were performed on non-normal data.  Since we tested 

multiple skin samples in each region for all individuals, we used the means for 

each region of each individual in statistical analyses.  We used a Two-Way 

ANCOVA where species and region were main effects.  In this test, we examined 

the species by region interaction term and included individual sharks as a 

covariate.  Within each species, post hoc t-test comparisons tested for 

differences among regions.  The shortfin mako was excluded from all statistical 

analyses due to a sample size of one shark.  Linear regression analyses were 

used to examine the relation between mechanical properties and denticle 

density.  All statistical tests were done using JMP v.5.0.1.a (SAS Institute Inc., 

Cary, NC, USA).  Data presented in figures are untransformed.  Figures are 

separated by species and differences among regions are shown.  Post hoc t-test 

comparisons showing differences among species and regions are reported in 

Table 2.
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RESULTS

Dermal denticle density and regressions model 

Dermal denticle density varied significantly (F40,79=55.9688; p<0.0001) 

among the 10 anatomical landmarks across the body (p<0.0001) and among 

species (p<0.0001; Table 1; Fig. 2).  We found a significant species by region 

interaction (p<0.0001).  Denticle density was greatest in the cranial (D1) region of 

all species except for the shortfin mako (Isurus oxyrinchus) (D3) and the blacktip 

shark (Carcharhinus limbatus) (V3).  Some of the least denticle densities were 

found on the ventral surfaces (V2 and V4) of the sharks (Fig. 2).  In the 

bonnethead shark (Sphyrna tiburo) the greatest denticle density (17 mm-2) was 

found in the cranial (D1) region in contrast to the least number of denticles (7 

mm-2) found near the jaw region (V2) (Fig. 2A, 3A).  The scalloped hammerhead 

(Sphyrna lewini) had a greater denticle density by 50% in the cranial region (D1) 

in contrast to the mid-body ventral region (V4) (Fig. 2B, 3B).  In the blacktip the 

greatest denticle density (28 mm-2) was found in the V3 region in contrast to the 

lateral mid-body (L2) region with the least number of denticles (16 mm-2) (Fig. 

2C, 3C).  The bull sharks (Carcharhinus leucas) showed the least number of 

denticles in the lateral (L2) region by over 50% in contrast to the greatest number 

of denticles in the cranial (D1) region (Fig. 2D, 3D).  In the shortfin mako, we 

found the greatest number of denticles in the D3 region by 50% in contrast to the 
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V2 region (Fig. 2E, 3E).  We found no effect of individual shark in the statistical 

analyses (Table 1).   

Material properties 

We found no significant differences among samples with and without the 

connective tissue layer for any of the mechanical properties.  The data presented 

herein are all for skin with the connective tissue remaining (see description in 

methods).  We found significant differences in ultimate tensile strength (UTS; 

F40,79=7.6301; p<0.0001), significant species (p<0.0001) and region (p<0.0001) 

effects, and a significant species by region interaction (p=0.0063; Fig. 4; Table 

1).  The bonnethead (Sphyrna tiburo) had the greatest UTS value of 47 MPa in 

the caudal region (L3) in contrast to the least UTS value of 9 MPa in the ventral 

region (V2) (Fig. 4A).   The greatest UTS values were found in the dorsal cranial 

(D1) region for the scalloped hammerhead (Sphyrna lewini), blacktip 

(Carcharhinus limbatus), bull (Carcharhinus leucas), and shortfin mako (Isurus 

oxyrinchus) sharks (Fig. 4B, C, D, E).  The least number of denticles were found 

in the ventral and anterior-lateral regions.  We found no effect of individual shark 

in the statistical analyses (Table 1).   

We found significant species (p=0.0015) and region (p<0.0001) effects for 

stiffness (F40,79=11.9605; p<0.0001), with a significant species by region 

interaction (p=0.0070) (Fig. 5; Table 1).  In all species, the greatest stiffness was 

measured in the dorsal-cranial (D1) region of the body and was an order of 

magnitude larger than the least stiffness values which were found among the 
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lateral (L2, L3) and mid-dorsal (D3) regions (Fig. 5).  We found no individual 

shark effect (Table 1). 

For toughness (F40,79=5.3670; p<0.0001) we found significant species 

(p<0.0001) and region (p < 0.0001) effects, and no significant species by region 

interaction (Fig. 6; Table 1).  The greatest toughness was measured in the 

cranial (D1) region of the scalloped hammerhead and blacktip sharks, the caudal 

(L3) region of the bonnethead and bull sharks, and the dorsal (D3) region of the 

shortfin mako.  We found the least toughness values in the jaw region (V2) for all 

species except the blacktip (V1).  We found no individual shark effect (Table 1). 

Regressions examining the relation of denticle density to ultimate strength were 

not significant (Fig 7A; p=0.0946).   Stiffness becomes greater with denticle 

density (R2=0.1535, p<0.0001) whereas toughness decreases with denticle 

density (R2=0.2554, p<0.0001) (Fig. 7B,C).
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DISCUSSION

In this comparative study, we report that denticle densities and mechanical 

properties of skin vary significantly among species and among regions along the 

body of four coastal shark species.  For the bonnethead, scalloped hammerhead, 

and bull sharks, we found the greatest denticle densities in the cranial region of 

the body.  We also found the greatest tensile properties near the cranial and 

lateral regions of the body for all four of the coastal species.  Skin stiffness and 

ultimate tensile strength of these species are similar to the ranges of other fish 

tissues and even mammalian skin (Brainerd, 1994; Fudge et al., 2003; Porter & 

Summers, 2004; Shadwick et al., 2002; Summers and Koob, 2002; Swartz et al., 

1995).  Finally, we found that as denticle density increases, stiffness also 

increases whereas toughness decreases (Fig. 7).   

Denticle density and morphology 

Denticle density varied along the body and among species (Fig. 2; Table 

1) (Diez et al., 2015; Motta et al., 2012).  Denticle densities of shark skin were 

greater in the cranial (D1, V1) and post-dorsal (D3) regions, and the least 

denticle density values were found in the mid-body and ventral regions (Fig. 2, 

3).  These trends are consistent with Diez et al. (2015), where denticle densities 

are greater in the anterior region of the body and decreases towards the center 

and then increases again towards the posterior region.  In this study, the denticle 
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density in the shortfin mako varied between 26-49 denticles×mm-2, which is in the 

lower range reported by Diez et al. (2015) (Fig 2E).  The shortfin makos in this 

and the Diez et al. (2015) studies were juveniles, and both report a sample size 

of one animal.  The least denticle densities reported in this study were found in 

the bull shark near-term embryos, and this could be due to the developmental 

stage (Fig. 2, 3).  Denticle densities vary significantly among species, however 

these differences may not be biologically relevant considering the similar 

ecologies and hypothesized swimming speeds of these four coastal sharks (Fig. 

2).  The denticle density ranges in shark skin reported here are greater than the 

densities seen in 35 benthic/sedentary shark species, whose ranges varied 

between 0.49 - 18.4 denticles×mm-2 (Raschi & Tabit, 1992).  In the four coastal 

species presented here, density data ranged between 7- 60 denticles×mm-2.  

This suggests that demersal species may have much larger, but fewer denticles, 

to accommodate regular contact with the substrate and a lack of hydrodynamic 

function in fast swimming (Fig. 2). 

As dermal denticle density varies across the body, so does denticle 

morphology.  Our observations of denticle morphology support previous studies 

that have investigated the differences across species (Meyers and Seegers, 

2012; Motta et al., 2012; Raschi & Tabit, 1992; Reif, 1985).  We observed 

longitudinal riblets for each denticle, a characteristic of coastal species, and 

significant regional differences.  Denticles from the cranial region of the body are 

more rounded than denticles from the rest of the body (Fig. 3) (Diez et al., 2015; 

Motta et al., 2012; Raschi and Tabit, 1992; Reif, 1985).  More narrow and flexible 
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denticles with pronounced riblets and crowns are found on the mid-body and 

flank regions, and these are hypothesized to reduce drag and control the flow of 

water during body undulation (Raschi & Tabit, 1992; Reif, 1985; Motta et al., 

2012).  These differences in morphology along the body correlate with 

hydrodynamic function.  Oeffner and Lauder (2011) tested biomimetic shark skin 

to further investigate the role of denticles in drag reduction.  They tested the skin 

samples with and without denticles on different robotic flapping devices.  They 

found that swimming speed decreased by 12.3% when they sanded off the 

denticles from the flexible shark skin membrane (Oeffner & Lauder, 2011).  

These results suggest that denticle density and morphology have a significant 

impact on shark movement and hydrodynamics.  

Mechanical properties 

Data show ultimate tensile strength (UTS) and stiffness of shark skin are 

comparable to other fish tissues.  UTS for shark skin from the four species 

presented here are within the same range reported by Naresh et al. (1997) for 

the spadenose shark (Scoliodon laticaudus) (7-43 MPa; 24-32 MPa; respectively) 

(Fig. 4).  Interestingly, we calculated greater stiffness values in contrast to 

Wainwright et al. (1978), who recorded stiffness between 0.8 and 3.0 MN×m-2, 

which may show the difference in testing shark skin to failure and testing a live 

shark during swimming.  Shark skin UTS is also in the same ranges as 

elasmobranch cartilage, hagfish tendon, and osteichthyes tendon (Porter & 

Summers, 2004; Shadwick et al., 2002; Summers and Koob, 2002).  Stiffness of 

shark skin (17-229 MPa) was greater compared to osteichthyes skin and tendon, 
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which ranged from of 1-10 MPa; however, our greatest stiffness values did fall 

into a similar range as hagfish slime fibers (290 MPa) and into the lower ranges 

of batoid propterygia (140-2533 MPa) (Brainerd, 1994; Fudge et al., 2003; 

Macesic & Summers, 2012; Shadwick et al., 2002).  The stiffness of shark skin 

was more than an order of magnitude lower than elasmobranch vertebral 

cartilage (Porter et al., 2006; Porter et al., 2007).  Vertebral columns are a 

significant contributor and predictor of whole body stiffness.  Although, skin 

stiffness was less than that of vertebral cartilage, we hypothesize that skin may 

still be a significant contributor to body stiffness in sharks. 

We found significant differences regionally along the body and among 

species for ultimate tensile strength (UTS), stiffness, and toughness; supporting 

our hypotheses (Fig. 4, 5, 6; Table 1).  Almost all measurements for UTS and 

stiffness were greatest in the cranial and mid/posterior lateral caudal regions for 

all species (Fig. 4, 5).  Significant differences among the bonnethead and 

scalloped hammerhead are unexplainable due to their relatedness.  UTS and 

stiffness data are consistent with the regional variation found in the Naresh et al. 

(1997) study, which showed the caudal region to be less extensible and stiffer.  

We suspect that mechanical properties of skin must be greater in the cranial and 

caudal regions, which experience less movement compared to the mid-body 

where greater curvature is produced during swimming.       

Swimming speed is greatly impacted by denticles, which have been 

shown to reduce drag and control the boundary layer, especially in faster-

swimming sharks such as the shortfin mako (Lang et al., 2008; Lang et al., 2011; 
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Lang et al., 2012; Lang et al., 2014; Motta et al., 2012; Raschi & Tabit, 1992).  

Denticles also play an important role in determining mechanical properties 

affecting stiffness (Fig. 7; Table 1).  The stiffness of shark skin increased with 

denticle density (Fig. 7).  Dermal denticles are tightly anchored by collagen fibers 

to the stratum compactum layer of the dermis, and this connection may be 

contributing to the stiffness of the skin (Meyer & Seegers, 2012; Motta, 1977).  In 

contrast, flexural stiffness did not change when scales were removed from the 

skin of the longnose gar, but scales were important for resisting medio-lateral 

compression (Long et al., 1996).  Previous studies have shown that benthic 

sharks are slow swimming and have fewer denticles (Raschi & Tabit, 1992).  

Based on our data, we hypothesize that their skin may be less stiff than the skin 

of the faster swimming coastal or pelagic sharks tested here.  Shark skin 

stiffness can impact body mechanics, as Wainwright et al. (1978) also found skin 

stiffness increased at higher pressures and swimming speeds.  These data 

suggest that the skin from benthic sharks may not be as stiff; however, the 

differences in denticle size between pelagic and benthic sharks may counteract 

the effects of denticle density examined here, and would need to be further 

investigated (Meyer & Seegers, 2012; Raschi & Tabit, 1992).   

Toughness is another mechanical property that may affect body 

movement during undulation.  Our data on shark skin toughness was variable, 

and therefore difficult to see any specific trends among species and regions.  We 

report toughness in the ranges of 2.5 - 16 MJ×m-3 (Fig. 6).  These toughness 

measurements are similar to the ranges reported for aorta (0.5 MJ×m-3) and 
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tendon (2.8 MJ·m-3); however, they are an order of magnitude smaller than 

spider silks (111-180 MJ·m-3) (Vogel, 2003; Swanson et al., 2006).  As denticle 

density increases, toughness decreases, suggesting that denticles may be 

inhibiting the amount of resilience and energy stored within the skin (Fig. 7) 

(Dumont, 2010).  These data show skin has the ability to store energy in tension 

and conserve energy acting as an exotendon (Wainwright et al., 1978).  A 

shark’s body behaves as a pressurized cylinder, where the skin shortens and 

lengthens in parallel with the underlying muscle during undulation.  Wainwright et 

al. (1978) showed the direct muscle force exerted on the skin makes the body 

function as one system.  They noted that the fibers near the skin shorten with 

less force to produce the same amount of flexure compared to fibers near the 

vertebral column, suggesting the skin is a tendon (Wainwright et al., 1978).  They 

showed that the energy stored by the skin was much higher during fast 

compared to slow swimming.  Based on their results, we expected to see greater 

skin toughness in faster swimming sharks such as the shortfin mako.  However, 

the mako had some of the least toughness values in our study, which could be 

due to life stage and our small sample size.  Additional specimens are needed to 

thoroughly test this hypothesis. 

Mechanical properties are impacted by the arrangement of collagen fibers 

during testing (Motta 1977; Naresh et al., 1997; Wainwright et al., 1978). The 

collagen fiber network is oriented in helices that surround the body and vary 

between 45-70° (Wainwright et al., 1978).  The orientation and abundance of 

collagen fibers have been shown to contribute to the anisotropic behavior of skin 
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in fish and other marine animals (Arumugam et al., 1984; Hebrank, 1980; Naresh 

et al., 1997; Long et al., 1996).  For example, if skin is stretched along the 

longitudinal axis it will undergo greater extensions before becoming stiffer 

compared to when tension is applied parallel to the collagen fibers, or in the hoop 

orientation.  Eel skin stretched in the hoop direction was an order of magnitude 

stiffer than when stretched in the longitudinal direction (Hebrank, 1980).  It is 

important to note that our samples were tested along the longitudinal axis in 

order to understand the mechanical properties of the skin in the direction of 

biological relevance for lateral undulation during swimming.  The Wainwright et 

al. (1978) study tested the skin of a lemon shark, and they found greater 

extensibility along the longitudinal axis compared to the hoop direction.  Although 

our study did not investigate how the mechanical behavior varied anisotropically, 

the Hebrank (1980) data are similar to the stiffness results presented by Naresh 

et al. (1997) and suggest that we would find greater stiffness and less extension 

if stretched shark skin was tested in the hoop orientation with the collagen fibers 

(Wainwright et al., 1978).  These data from previous studies on the mechanical 

behavior of skin, shows the impact of collagen fiber arrangement on movement 

and support the idea of shark skin as an exotendon. 

Results from this study show that denticle density increases with skin 

stiffness and potentially contributes to whole body stiffness.  Previous studies 

have used dermal denticles for inspiration to create new biomimetic materials.  

The most common examples have been for body armor designs, reducing drag 

for flat surfaces, and their associated technological applications (Buttner & 
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Schulz, 2011; Lang et al., 2012; Lu et al., 2014; Wen et al., 2014).  Our study 

provides empirical data that may serve as inspiration for the creation of tougher, 

flexible materials.
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CONCLUSION 

We have examined the mechanical properties (ultimate tensile strength, 

stiffness, and toughness) and denticle density of skin from 10 regions of four 

coastal (bonnethead, scalloped hammerhead, blacktip, and bull) and one pelagic 

shark species (shortfin mako).  Shark skin behaves similarly to other fish and 

mammal tissues in material strength and stiffness.  Greater tensile values in the 

cranial and lateral/caudal regions of the body are hypothesized to impact whole 

body stiffness and energy absorption during locomotion.  By examining the 

mechanical properties using a comparative approach, we learn that shark skin is 

able to function as an exotendon during movement and conserve energy across 

the body.  These findings detail the connection between mechanical properties 

and whole-body locomotion, and may provide inspiration for new types of 

synthetic materials.  The material properties of skin in other elasmobranch 

species at various life stages occupying varied ecological niches should be 

focuses of future studies.
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Figure 1 Abbreviations denoting sampling regions.  
(A) Samples taken from dorsal midline region: most anterior dorsal portion of 
head (D1), anterior to first dorsal fin (D2), and directly posterior to first dorsal fin 
(D3).  (B) Samples taken from left mid-lateral region: before dorsal (L1), after 
dorsal (L2), and posterior to pelvic fin (L3). (C) Samples taken from midline 
ventral regions: ventral area of snout (V1), immediately posterior from mouth 
(V2), pectoral girdle (V3), and abdominal region (V4). 
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Figure 2 Denticle density varies significantly among species and 10 
anatomical regions in shark skin. 
(A) In the bonnethead, we found significant differences between the cranial (D1, 
V1) and ventral/mid-body regions.  (B) Significant differences were found 
between the cranial (D1, V1) regions and the rest of the body regions in the 
scalloped hammerhead.  (C) Significant differences were found between the mid-
body ventral (V3, V4) regions and the rest of the body except for the D2 region.  
(D) In the bull shark, we found significant differences between the cranial regions 
(D1, V1) and the rest of the body.  (E) Graph shows greatest number of denticles 
in dorsal regions (D2, D3) of the shortfin mako and this was not included in the 
statistics due to the small sample size (n=1).  Same letters above the bars 
indicate no differences among regions in each species.  
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Figure 3 Regions of greatest and least denticle densities among species. 
Photographs are all presented at a magnification of 35X.    
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Figure 4 Ultimate tensile strength of shark skin varied significantly among 
species and 10 anatomical regions. 
(A) In the bonnethead, significant differences in UTS were found between the 
caudal region (L3) and the dorsal/ventral regions.  (B) The scalloped 
hammerhead showed significant differences between the cranial/mid-body/lateral 
regions (D1, V1, L2, L3) and dorsal/ventral regions.  (C) In the blacktip sharks, L2 
was significantly different from the mid-body regions (D3, L1, V2, V3, V4).  (D) In 
the bull, the caudal (L3) region differed significantly from the dorsal (D2, D3), 
lateral (L1, L2) and ventral regions (V1, V2, V4).  (E) Greatest UTS values found 
in the D1 region of the shortfin mako, and no statistical analysis was run due to 
the small sample size (n=1).  Same letters above the bars indicate no differences 
among regions in each species. 
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Figure 5 Stiffness varies significantly among species and 10 anatomical 
landmarks in shark skin. 
Y axis measurements are different in panels (A) and (B).  (A) D1 differed 
significantly from the rest of the body in the bonnethead sharks.  (B) In the 
scalloped hammerhead, the cranial regions (D1, V1) differed significantly from 
the rest of the body.  (C) In the blacktip, the cranial (D1, V1) and caudal (L3) 
regions differed significantly from the dorsal and ventral regions (D3, L1, V2, V4).  
(D) The bull sharks showed significant differences regionally between the cranial 
(D1, V1) and posterior regions (L3, V3) in contrast to the rest of the body.  (E) 
Greatest stiffness values were found in the D1 region of the shortfin mako.  No 
statistical analysis was run due to the small sample size (n=1).  Same letters 
above the bars indicate no differences among regions in each species. 
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Figure 6 Shark skin toughness varied significantly among species and in 
10 anatomical landmarks. 
(A) In the bonnethead, the lateral regions (L2, L3) regions differed significantly 
from the other regions of the body.  (B) In the scalloped hammerhead, lateral 
regions (L2, L3) were significantly different from the V2 region.  (C) The blacktip 
showed significant differences between the L2 region and other lateral (L1) and 
ventral regions.  (D) In the bull sharks, L3 differed significantly from the rest of 
the body except for D1.  (E) Toughness variation was minimal in the shortfin 
mako, where greatest toughness is seen in the D3 and V3 regions.  No statistical 
analysis was run on the shortfin mako data (n=1).  Same letters above the bars 
indicate no differences among regions in each species. 
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Figure 7 Stiffness and toughness vary significantly with denticle density. 
(A) Ultimate strength did not significantly vary with denticle density.  (B) Stiffness 
increases significantly with denticle density (R2=0.1535, P<0.0001).  (C) 
Toughness decreases significantly with denticle density (R2=0.2554, P<0.0001).
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Tables 

Table 1: Statistical models showing differences in mechanical properties and denticle density 

             

 Ultimate Strength (MPa)  Stiffness (MPa)  Toughness (MJ·m-3) Denticle Density (mm-2) 

Whole F df p F df p F df p F df p 

model 7.6301 40,79 <0.0001 11.9605 40,79 <0.0001 5.3670 40,79 <0.0001 55.9688 40,79 <0.0001 

Effects        Species   <0.0001     0.0015   <0.0001    <0.0001 

test Region  <0.0001   <0.0001   <0.0001   <0.0001 

 Species*Region 0.0063   0.0070   NS   <0.0001 

 Individual NS   NS   NS   NS 
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Table 2: Descriptive statistics for the Sphyrnidea family (hammerheads) 
 

  UTS   Stiffness   Toughness   Denticle Density   

Species Region Mean SE Relationship Mean SE Relationship Mean SE Relationship Mean SE Relationship 

Bonnethead D1 29.2924 9.5980 BCDEFGH 180.5980 52.3460 AB 4.4362 2.0564 IJKL 30.2442 3.7981 CDEFG 

 D2 13.5625 0.6860 JKLMNOP 45.8980 2.9780 FGHI 3.1491 0.2216 KL 25.2300 0.3162 FGHIJ 

 D3 22.5299 1.5710 CDEFGHIJKL 52.6570 10.4550 EFGHI 6.5427 0.2268 FGHIJKL 23.7476 0.3361 HIJK 

 L1 12.8652 1.9890 KLMNOP 32.7130 5.7220 HI 3.5365 0.0450 JKL 24.7718 1.1604 GHIJ 

 L2 30.1203 1.0250 BCDEFGH 68.6220 8.8850 EFGHI 9.7998 0.3747 BCDEFG 21.0935 0.1810 IJKLM 

 L3 43.6653 4.1120 A 100.2900 2.1390 CDEF 13.2670 1.5944 ABC 20.2498 0.6941 JKLMN 

 V1 17.5920 0.1130 GHIJKLMNOP 95.0840 1.9760 CDEFG 2.6633 0.1259 KL 30.6533 0.4266 CDEF  

 V2 12.2247 2.8990 KLMNOP 38.4720 8.4760 GHI 2.7607 0.7143 KL 20.2845 0.6976 JKLMN 

 V3 16.9490 1.9670 HIJKLMNOP 63.9870 9.1940 EFGHI 4.4150 0.5882 IJKL 26.7039 1.5816 EFGHI  

V4 19.5163 1.7350 FGHIJKLMNO 57.8640 3.3050 EFGHI 5.6591 0.4458 GHIJKL 23.0102 2.0069 HIJKL 
                         

  
Scalloped D1 30.6406 14.5860 BCDEF  229.0480 72.7120 A  4.8029 3.1988 IJKL 60.1726 3.2163 A 

hammerhead D2 9.2676 2.0460 MNOP 30.0270 4.2370 HI 3.8885 1.1752 KL 34.1828 4.8979 BC 

 D3 7.1931 0.2670 P 25.7250 1.3840 HI 3.5042 0.5817 KL 31.8655 2.8121 BCD 

 L1 7.3925 1.1210 P 17.5870 3.2550 I  4.3367 0.5667 JKL 28.0628 1.0827 DEFGH 

 L2 19.5579 2.8950 GHIJKLM  47.9440 9.1830 FGHI 5.8535 1.0001 GHIJKL 28.0366 0.1181 DEFGH 

 L3 21.2370 2.6020 EFGHIJKL 53.4050 6.0860 FGHI 6.2616 0.7252 GHIJKL 31.6852 1.6714 CDE  

 V1 20.0447 1.8780 GHIJKL  131.5760 15.3240 BCD 2.9396 0.3202 KL 60.2269 5.1531 A 

 V2 8.3244 0.9770 OP 32.1240 3.7020 HI 2.6161 0.5338 L 29.8765 0.0712 CDEFG  

 V3 9.0323 0.7380 NOP 35.0170 4.3270 HI 3.2438 0.8430 KL 36.3878 2.6549 B  

 V4 14.2128 2.0180 KLMNOP  39.1470 9.0850 HI 5.0107 0.3352 HIJKL 25.3057 0.7523 GHIJ 



 

 

34 

 
Data are shown as means ± standard errors (SE) for each region within a species.  Statistical relationships among species and regions are denoted with letters.  
Different letters denote significant differences between those regions as determined using Student’s t post hoc comparisons.
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Table 3: Descriptive statistics for the Carcharhinidae family (requiem sharks) 

 
 UTS   Stiffness   Toughness   Denticle Density 

Species Region Mean SE Relationship Mean SE Relationship Mean SE Relationship Mean SE Relationship 

Blacktip D1 31.4913 7.5560 BCDE  138.1270 25.8750 BC  9.0119 3.4377 CDEFGH 20.9417 1.0860 JKLM  

 D2 26.8817 2.3050 BCDEFGHI 53.7380 2.6310 FGHI 9.2672 1.1563 CDEFG  24.1107 0.8179 HIJK  

 D3 18.4240 3.0490 GHIJKLMNO  34.2530 5.3700 HI 6.7568 1.1777 GHIJK  17.1110 0.1817 MN 

 L1 12.5541 1.6230 LMNOP 22.2490 2.3650 HI 4.4968 0.7202 JKL 20.9999 1.4668 JKLM  

 L2 35.3066 1.9950 AB 62.2670 6.0200 EFGHI 14.2539 0.8607 AB  19.6139 1.6983 KLMN 

 L3 33.3533 3.3520 ABCD 105.6580 50.5750 CDE  9.4556 2.4874 CDEFG  18.2408 0.9900 LMN 

 V1 23.1043 5.3030 DEFGHIJK 95.2060 13.7500 CDEF  5.9702 1.9188 GHIJKL 18.3575 0.8697 LMN 

 V2 17.2765 4.6780 IJKLMNOP 42.8600 9.8820 GHI 6.0038 1.6676 GHIJKL 21.0649 0.4139 JKLM  

 V3 20.0505 2.1080 GHIJKL  52.6380 6.8680 FGHI 6.5293 0.5780 GHIJKL 26.2320 1.8239 FGH  

V4 15.5815 1.4140 JKLMNOP 31.9310 3.0940 HI 5.5549 0.4855 GHIJKL 24.9178 1.2657 HIJ  
                            

Bull D1 31.8683 5.2220 BCD  89.9320 16.1680 DEF 11.9539 2.8985 BCD  15.9514 0.7157 N 

 D2 21.6716 1.8540 EFGHIJKL 38.6850 2.5480 HI 8.5422 0.9318 DEFGHI 9.9212 0.4945 O 

 D3 20.6811 1.7330 GHIJKL  31.1890 6.2210 HI 10.8278 0.3222 BCDEF  8.5224 0.3544 O 

 L1 18.1178 1.7990 IJKLMNO  28.8720 2.6640 HI 8.4793 0.9635 DEFGHI  8.1687 0.3445 O 

 L2 24.2884 2.3310 DEFGHIJ  42.4530 4.3570 HI 11.0903 1.4756 BCDE  7.4759 0.1649 O 

 L3 33.4919 1.8460 ABC  63.0860 3.7850 EFGH  16.1820 1.0265 A  8.4728 0.3395 O 

 V1 18.7797 1.6280 HIJKLMN  87.0210 5.8820 EFG  6.5269 0.6882 GHIJK  10.8908 0.3974 O 

 V2 13.8539 1.3280 KLMNOP  35.5490 3.3220 HI 5.6781 0.9293 GHIJKL 7.3854 0.4028 O 

 V3 26.6941 3.1970 BCDEFGHI  61.7830 8.4680 EFGHI  10.9514 1.6515 BCDE  8.2935 0.6365 O 

 V4 18.2577 1.4870 HIJKLMN  32.3580 0.8800 HI 7.7802 0.8576 EFGHIJ  9.1798 0.6382 O 
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Data are shown as means ± standard errors (SE) for each region within a species.  Statistical relationships among species are denoted with letters.  Different 
letters denote significant differences between those regions as determined using Student’s t post hoc comparisons. 


