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Biomimetic shark skin: design, fabrication and hydrodynamic
function

ABSTRACT
Although the functional properties of shark skin have been of
considerable interest to both biologists and engineers because of the
complex hydrodynamic effects of surface roughness, no study to date
has successfully fabricated a flexible biomimetic shark skin that
allows detailed study of hydrodynamic function. We present the first
study of the design, fabrication and hydrodynamic testing of a
synthetic, flexible, shark skin membrane. A three-dimensional (3D)
model of shark skin denticles was constructed using micro-CT
imaging of the skin of the shortfin mako (Isurus oxyrinchus). Using
3D printing, thousands of rigid synthetic shark denticles were placed
on flexible membranes in a controlled, linear-arrayed pattern. This
flexible 3D printed shark skin model was then tested in water using
a robotic flapping device that allowed us to either hold the models in
a stationary position or move them dynamically at their self-propelled
swimming speed. Compared with a smooth control model without
denticles, the 3D printed shark skin showed increased swimming
speed with reduced energy consumption under certain motion
programs. For example, at a heave frequency of 1.5 Hz and an
amplitude of ±1 cm, swimming speed increased by 6.6% and the
energy cost-of-transport was reduced by 5.9%. In addition, a leadingedge vortex with greater vorticity than the smooth control was
generated by the 3D printed shark skin, which may explain the
increased swimming speeds. The ability to fabricate synthetic
biomimetic shark skin opens up a wide array of possible
manipulations of surface roughness parameters, and the ability to
examine the hydrodynamic consequences of diverse skin denticle
shapes present in different shark species.
KEY WORDS: Hydrodynamics, Shark skin, Denticle, Robot

INTRODUCTION

Although sharks are commonly described as cartilaginous fishes,
they are in fact covered by numerous small dermal tooth-like
elements termed placoid scales or denticles (e.g. Liem et al., 2001).
These denticles are composed of an outer enameloid layer and an
inner bone-like layer surrounding a pulp cavity, and the denticles are
sculpted into complex three-dimensional (3D) shapes (Kemp, 1999;
Meyer and Seegers, 2012; Motta et al., 2012; Oeffner and Lauder,
2012). Denticles erupt through the epidermis and thus are in direct
contact with the water. The shape of shark denticles varies
considerably over the body of individual animals (Fig. 1), and also
displays remarkable variation among species (Castro, 2011; Reif,
1982a; Reif and Dinkelacker, 1982).
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The structure of shark skin denticles and their possible effect on
the pattern of water flow over the body has attracted considerable
interest from biologists interested in the microstructure and
distribution of denticles (Kemp, 1999; Meyer and Seegers, 2012;
Motta et al., 2012; Reif, 1978; Reif, 1982a; Reif, 1985), engineers
focused on how the surface roughness may reduce drag forces
during locomotion (Bechert et al., 1997; Bechert et al., 2000; Lang
et al., 2011), and researchers interested in generating biomimetic
models of shark skin to reduce locomotor drag on humans and
human-designed structures (Büttner and Schulz, 2011; Mollendorf
et al., 2004). Bioengineering studies of shark skin denticle function
have focused on the effects of denticle-like structures using scaledup models of denticles to study how surface roughness affects drag
forces (Dean and Bhushan, 2010; Lang et al., 2008; Lang et al.,
2011; Luchini et al., 1991; Walsh, 1980; Walsh, 1983). Most
previous experimental hydrodynamic studies have used simplified
denticle models and studied the effects of surface roughness on flat
plates, which were held in a rigid, stationary position while in flow.
As the skin of live sharks bends and flexes during swimming and
encounters complex time-dependent flows (Oeffner and Lauder,
2012), analysis of denticle models mounted on rigid plates may have
relatively little relevance to the hydrodynamic environment
experienced by denticles on freely swimming sharks.
In an effort to overcome these limitations, we previously
investigated the hydrodynamic effect of shark skin denticles on
flexible pieces of real shark skin that were moved by a robotic
flapping mechanical device with amplitudes, frequencies and
curvatures that closely approximate those of live sharks (Oeffner and
Lauder, 2012). Comparison of the hydrodynamic effect of shark skin
mounted on rigid plates with the performance of flexible skin
membranes that were allowed to bend and change shape as they swam
in flow showed that the dynamic bending of shark skin had a dramatic
effect on propulsion. This suggests that analyzing flexible shark skin
models during swimming is an important prerequisite to
understanding how skin functions during in vivo locomotion (Oeffner
and Lauder, 2012). And as shark skin is composed of numerous hard
denticles embedded within a flexible dermis (Kemp, 1999; Meyer and
Seegers, 2012), from a biomimetic perspective synthetic shark skin
should contain both rigid and flexible components.
Our previous study (Oeffner and Lauder, 2012) was limited by the
inability to manipulate the structure of denticles and by challenges
associated with developing an adequate control: comparison of skin
with denticles was made to skin pieces with denticles sanded off,
which did not produce a completely smooth surface for comparison.
The ability to fabricate biomimetic shark skin with rigid denticles
attached to a flexible membrane and to study the function of this
flexible artificial shark skin under biologically realistic swimming
conditions would allow a much more detailed study of the function
of shark skin surface roughness and its effect on locomotion than
has previously been possible. To our knowledge, no study has yet
described the design and manufacture of biomimetic shark skin with
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biologically accurate 3D rigid denticles mounted on a flexible
dermis-like membrane, and tested the hydrodynamic function of this
material against a smooth control under in vivo swimming
conditions at relevant Reynolds (Re) and Strouhal (St) numbers.
In this paper, we describe our approach to designing and
manufacturing flexible biomimetic shark skin using multimaterial
3D printing based on micro-computed tomography (micro-CT)
scans of shark skin denticles from Isurus oxyrinchus Rafinesque. A
detailed description of how we designed and fabricated biomimetic
shark skin is given in the Materials and methods. We present
measurements of the static force of the 3D printed shark skin and a
smooth control at varying flow speeds in a water tank where the skin
models were held still and parallel to the flow direction. We then
dynamically moved the flexible 3D printed shark skin and its
smooth control using a robotic device (see Lauder et al., 2007;
Lauder et al., 2011; Lauder et al., 2012) using biologically relevant
kinematic parameters. For each kinematic condition, we investigated
how 3D printed shark skin affects the swimming speed, power

Fig. 1. Environmental scanning electron microscope
(ESEM) images of the bonnethead shark (Sphyrna
tiburo) skin surface at different body locations. Wideview ESEM images were taken from skin pieces extracted
at the positions of the head (A), the leading edge dorsal fin
(B) and the anal fin (C), as indicated in the top panel.
(D–F) Closer top-view ESEM images of the skin surface
from regions A–C showing details of the 3D structure at
each position. ‘Typical’ denticles along the trunk usually
have an odd number of top-surface ridges. In D and F,
denticles that have either three or five top-ridges can be
observed. In particular, denticles at the anal fin position (F)
have sharp top-ridges. ‘Non-typical’ denticle structures, such
as denticles at the leading edge dorsal fin position (E) are
teardrop shaped with a long mid-ridge and minimal sideridges. When the shark is swimming, the natural flow
direction across the denticle surface is from lower left to
upper right, from denticle base to tip. Green scale bars,
200 μm; white scale bars, 100 μm.

consumption and cost-of-transport (COT) when the biomimetic
shark skin membrane and the smooth control swim at their selfpropelled speeds. In addition, the flow around both the biomimetic
skin and smooth models was investigated with digital particle image
velocimetry (DPIV).
RESULTS
Static drag force

Static drag force values and percentage drag reduction of the 3D
printed shark skin and the smooth control membranes are compared
in Table 1, and ratios of drag forces and performance relative to the
dimensionless denticle ridge spacing S+ are given in Fig. 2. Drag force
for both foils gradually increased as flow speed (U) was increased
from 0.129 to 0.581 m s−1. At the minimal flow speed we tested
(U=0.129 m s−1, S+=5.61), the 3D printed shark skin foil obtained a
maximum static drag reduction of 8.72%. Increasing U and S+
resulted in an increasing drag ratio to a value of 1 which indicated that
the shark skin and the smooth control exhibited similar drag. There is
1657
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Table 1. Dependence of static drag force and drag reduction percentage on channel flow speed, Reynolds number and S+
Drag force
Water tank flow
speed (m s−1)

Rech
(×103)

Rec
(×103)

Turbulent S+

Synthetic shark skin
(mN)

Smooth membrane
(mN)

Drag reduction
(%)

0.129
0.194
0.258
0.323
0.387
0.452
0.517
0.581

32.31
48.47
64.63
80.78
96.94
113.09
129.25
145.41

9.94
14.95
19.88
24.89
29.83
34.83
39.85
44.77

5.61
8.09
10.46
12.80
15.07
17.33
19.55
21.72

7.59±0.42
19.26±0.48
36.26±0.55
58.84±0.60
89.88±1.55
129.72±1.40
178.0±1.22
241.58±2.86

8.31±0.19
20.02±0.46
37.46±0.37
60.16±0.71
86.58±0.31
119.93±0.37
159.5±1.21
209.90±0.59

8.72
3.79
3.20
2.19
−3.81
−8.16
−11.60
−15.09

For definitions of channel Reynolds number (Rech), chord Reynolds number (Rec) and turbulent S+, see Materials and methods.
Static drag force data consist of eight water tank flow speed points taken between 0.129 and 0.581 m s−1 at increments of 0.065 m s−1. Negative drag reduction
values in the last column indicate that the shark skin membrane had enhanced drag relative to the smooth model. Drag force measurements are the means of
N=5 replicate trials; error values are ±1 s.e.m.

a critical flow speed (U*=0.345 m s−1) where a transition from ‘drag
decreasing’ to ‘drag increasing’ occurs (Fig. 2A). This critical flow
speed corresponds to a critical S+ (turbulent S+*=13.6; Fig. 2B).
Below U* and S+*, the drag force of 3D printed shark skin is lower
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than that of the smooth control membrane and this is the drag
reducing region. Above U* and S+*, the drag force of the skin model
is higher, and this region is designated as the drag increasing regime.
At the maximum tested flow speed (U=0.581 m s−1, S+=21.7;
Table 1), the static drag force of the 3D printed shark skin increased
15.1% over that of the smooth control.
Fig. 3 shows the self-propelled swimming (SPS) speed of both foils
as a function of heave amplitude (h) at frequency f=1 Hz without
pitch (θ=0 deg). The SPS speed of both models increased with
increasing heave amplitude. We found that the SPS speed of 3D
printed shark skin showed a significant increase over that of the
smooth membrane under higher heave amplitudes but no significant
change at the two lowest heave amplitudes. The biggest increase in
SPS speed (4.65%) from the 3D printed shark skin was recorded at
h=±2.5 cm, f=1 Hz and θ=0 deg, when the skin model generated a
mean SPS speed of 271.6 mm s−1 and the smooth foil generated an
SPS speed of 259.5 mm s−1. During these heave amplitude
experiments, the swimming foils self-propelled at a Re range of
8983–23,836 and a St range of 0.16–0.19.

S+*

1.1
350
300

0.9
0.85
0.8
5

7.5

10

12.5

15

17.5

20

22.5

Turbulent S+
Fig. 2. Drag force ratio dependence on flow speed and dimensionless
denticle ridge spacing for turbulent flows. Ds/Dm is the ratio of static drag
of the smooth foil (Ds) to static drag of the shark skin foil (Dm).
(A) Dependence on the flow speed (U). (B) Dependence on dimensionless
denticle ridge spacing for turbulent flows (turbulent S+). The red solid lines
represent Ds/Dm=1, which indicates that the synthetic shark skin foil has the
same static drag force as the smooth foil. The vertical dashed lines in A and
B indicate ‘critical’ flow speed (U*) and critical S+ (S+*), respectively, where
drag of the shark skin membrane is greater than that of the smooth control.
Drag forces are means from N=5 trials for each measurement, which lasted
20 s. Error bars are ±1 s.e.m., and are the same for A and B. For further
explanation, refer to the Materials and methods. Drag force values for the
shark skin and smooth control membranes are provided in Table 1.
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Fig. 3. Mean self-propelled swimming speed for synthetic shark skin
and smooth control foils as a function of heave amplitude at fixed
frequency without pitch motion. Self-propelled swimming (SPS) speed
was recorded at a fixed frequency f=1 Hz without pitch motion (θ=0 deg).
Motion programs are indicated below the bars, which show the
corresponding frequency (f) and amplitude (h). Error bars are ±1 s.e.m. SPS
speed values are averaged from N=5 trials for each measurement. Asterisks
indicate a significant difference (0.0001<P<0.05).
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Fig. 4. Mean SPS speed for synthetic shark skin and smooth control
foils as a function of frequency at fixed amplitude without pitch motion.
SPS speed was recorded at a fixed amplitude h=±1 cm without pitch motion
(θ=0 deg). Error bars are ±1 s.e.m. SPS speed values are averaged from
N=5 trials for each measurement. Asterisks indicate a significant difference
(0.0001<P<0.05).

Fig. 4 shows SPS speed as function of frequency at a fixed
amplitude (h=±1 cm) without any pitch motion of the foils. The 3D
printed shark skin displayed faster swimming speeds at a frequency
f=1.5 Hz, and this was a significant 6.6% faster speed than that of
the smooth membrane. At f=2.5 Hz, the shark skin membrane
exhibited a slower mean swimming speed of 2.53% less than that of
the smooth control surface foil. There was no significant difference
in swimming speed of the two foils at both 1 and 2 Hz. During the
frequency tests, the foils self-propelled at a Re range of 8983–25,508
and a St range of 0.13–0.17.
Fig. 5 shows the effect on SPS speed of adding pitch to the foil
motion program. For both foils, both low and high pitch values
produced slower swimming speeds than intermediate pitch motions,
and a pitch angle of 10 deg produced the fastest swimming speed.
Without any pitch (θ=0 deg), we found no significant difference in
SPS speed between the 3D printed shark skin and the smooth
membrane. The SPS speed of the shark skin model increased
significantly by 3.2% at θ=5 deg, 4.7% at θ=10 deg and 2.7% at
θ=15 deg compared with the smooth membrane. No significant
differences between the two foils were found for the highest three
pitch angles tested. For these pitch angle variation tests, the foils selfpropelled at a Re range of 14,283–17,817 and a St range of 0.13–0.16.
Cost of transport (COT) and power consumption

In Table 2, COT and power consumption data are provided for
selected kinematic conditions compared between the shark skin and
smooth control foils. We focused on these kinematic conditions
because they resulted in significant differences in SPS speed
between the two foil models.
The 3D printed shark skin foil had a lower COT for five of the six
kinematic conditions (Table 2). The maximum power reduction
(5.6%) was recorded at a motion program of f=2.5 Hz, h=±1 cm and
θ=0 deg. Under this kinematic condition, the SPS speed of 3D printed
shark skin was 2.5% slower than that of the smooth membrane, but
the shark skin membrane had a lower COT (by 3.14%) compared with
the smooth foil. The maximum COT reduction of 5.87% due to the
effect of 3D printed shark skin was recorded at f=1.5 Hz, h=±1 cm,
θ=0 deg. Under this condition, the 3D printed shark skin foil also
experienced a maximum increase in SPS speed of 6.6%.
We found that adding an appropriate pitch to the heave motion
played a positive role in COT reduction for 3D printed shark skin.
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Fig. 5. Mean SPS speed for synthetic shark skin and smooth control
foils as a function of pitch angle (θ) at fixed frequency and amplitude.
SPS speed was recorded at a fixed frequency f=1 Hz and amplitude
h=±1.5 cm. SPS speed values are means from N=5 trials for each
measurement. Error bars are ±1 s.e.m. Asterisks indicate a significant
difference (0.0001<P<0.05).

For example, the COT was reduced by 5.1%, the power
consumption was reduced by 0.56% and the SPS speed of the skin
model was 4.7% faster than that of the smooth membrane under
conditions where f=1 Hz, h=±1.5 cm and θ=10 deg. Thus, the 3D
printed shark skin required less energy for swimming per unit
distance and was more efficient than the smooth foil. When pitch
motion was increased to θ=30 deg, the SPS speed of the two
membranes was very similar, and 3D printed shark skin required
more power and had a higher COT than the smooth membrane.
Hydrodynamic analyses

The hydrodynamics of 3D printed shark skin and smooth control
membrane propulsion under three different kinematic conditions
(h=±2.5 cm, f=1 Hz, θ=0 deg; h=±1 cm, f=1.5 Hz, θ=0 deg;
h=±1.5 cm, f=1 Hz, θ=10 deg) was studied to better understand the
effect of the foil surface on propulsion. Under these conditions, the
shark skin model generated noticeably better swimming
performance (a significant increase in SPS speed and a decrease in
COT). Therefore, these three kinematic conditions can offer us the
best insight into the hydrodynamic effect of 3D printed shark skin.
We quantified fluid flow around the two foils at SPS speed using
DPIV. Images of the water flow over the surface of both membranes
swimming at their SPS speed at h=±1 cm and f=1.5 Hz are presented
in Fig. 6A,B. The attached leading edge vortex (LEV) can be clearly
seen near the surface of both the skin and smooth foils. Vorticity of
the LEV plotted against the distance from the membrane surface
along the y-direction at the instant of the half heave motion cycle
(1/2T) is plotted in Fig. 6C. Along the transect away from the
membrane surface, where vorticity strength of LEV starts from zero,
we found that the vorticity gradually increases until it reaches a
maximum, reflecting the vortex core location of the LEV. At a
position further away from the membrane surface along the
transects, the vorticity strength decreased to nearly zero where the
free-stream flow was achieved.
We found that the LEV of 3D printed shark skin and smooth
membranes differed in terms of both maximum vorticity and vortex
core location during flapping. Fig. 7A shows that the peak vorticities
of the LEV on the 3D printed shark skin foil were larger for all three
kinematic conditions. In particular, at h=±1 cm, f=1.5 Hz, θ=0 deg
and at h=±1.5 cm, f=1 Hz, θ=10 deg, the maximum LEV vorticities
of the 3D printed shark skin were 27.3% and 32.8% greater than
1659
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Table 2. Power consumption and cost of transport of synthetic shark skin and smooth membranes under various motion programs
COT (J m−1 kg−1)

Total power (mW)
Motion program

Shark skin

Smooth

Shark skin

Smooth

Power reduction (%)

COT reduction (%)

f=1 Hz, h=±1 cm
f=1 Hz, h=±2.5 cm
f=1.5 Hz, h=±1 cm
f=2.5 Hz, h=±1 cm
f=1 Hz, h=±1.5 cm, θ=10 deg
f=1 Hz, h=±1.5 cm, θ=30 deg

9.23±0.22
89.4±0.38
39.3±0.27
114.28±0.49
17.57±0.09
77.93±0.50

9.75±0.16
88.3±0.49
39.15±0.36
121.05±1.55
17.67±0.10
76.88±0.82

1.22±0.03
5.08±0.02
2.64±0.02
5.46±0.02
1.17±0.01
6.48±0.04

1.26±0.02
5.25±0.03
2.81±0.03
5.64±0.07
1.235±0.01
6.39±0.07

5.54
−1.24
−0.38
5.60
0.57
−1.37

3.18
3.26
5.87
3.14
5.11
−1.40

COT, cost of transport; f, frequency; h, heave; θ, pitch.
Total power (heave power + pitch power, per flapping cycle), and COT data are shown. All power and COT results are the mean of N=5 replicate trials for each
measurement; error values are ±1 s.e.m.

DISCUSSION

In this paper, we present the design, fabrication and analysis of the
hydrodynamics of a 3D printed, biomimetic, flexible shark skin. The
3D model of the denticles was based on high-resolution micro-CT
scans of the skin of a shortfin mako shark (I. oxyrinchus). Rigid
synthetic shark denticles were fabricated on a flexible membrane in
a controlled, non-random pattern using multimaterial 3D printing.
This skin model was then actuated at the leading edge in a heave
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and/or pitch motion at a range of frequencies using a robotic device
to enable the shark skin and smooth control membranes to swim at
their self-propelled speeds. Our key results are as follows: (1)
biomimetic shark skin resulted in a maximum static drag reduction
of 8.7% at slower flow speeds, but increased drag at higher speeds;
(2) under swimming conditions, biomimetic shark skin showed an
increase of swimming speed under specific kinematic conditions of
up to 6.6% and helped reduce swimming energy (or COT) for most
kinematic conditions up to a maximum of 5.9%; and (3) compared
with the smooth foil, a significantly enhanced LEV was generated
by the 3D printed shark skin foil.
One overall result of this study is that the effect of shark skin
surface denticles on swimming performance relative to a smooth
control depends critically on the motion program. Changing how the
skin is moved changes the magnitude (and, in some cases, the
direction) of the effect. While many combinations of heave

65

6

Fig. 6. Pattern of water flow over the
biomimetic shark skin foil and the smooth
control. (A) Streamline flow images of synthetic
shark skin and (B) smooth foils moved at
f=1.5 Hz and h=±1 cm. Images shown are at
50% of the heave cycle at t=T/2 (where T is
flapping cycle). The blue arrow (top left) indicates
flow direction. (C) Values for the vorticity of the
leading edge vortex (LEV) near both membranes
were taken along the red and blue line transects
in A and B that extend from the foil surface into
the flow, and are plotted against y-position along
this transect. The red and blue dashed lines
indicate the surface position of the synthetic
shark skin and smooth membranes. The vorticity
of the LEV is the mean of N=4 flapping cycles.
The error bars are ±1 s.e.m.
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those of the smooth membrane. Fig. 7B shows that the vortex core
appears at different locations on the foil’s surface. For example, with
a motion program of h=±2.5 cm, f=1 Hz, the 3D printed shark skin
foil generated a maximum vorticity of 8.5 s−1 at a distance of 5.7 mm
from the foil surface. In contrast, the smooth foil generated a
maximum vorticity of 8.9 s−1 at a distance of 4.5 mm from the
surface.
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Fig. 7. Analysis of the leading edge vortex in the swimming biomimetic
shark skin foil and the smooth control. Maximum vorticity (A) and position
of the LEV center (distance from the membrane surface, B) of the synthetic
shark skin and smooth membranes at three typical motions. Motion programs
are indicated below the bars. Measurement results are the mean of N=4
flapping cycles. Error bars are ±1 s.e.m. Asterisks indicate a significant
difference (0.0001<P<0.05).

amplitude, pitch angle and frequency resulted in faster swimming
performance and lower COT for shark skin foils relative to the
smooth controls, this was not true for every motion program.
Changing foil motion can have dramatic effects on foil curvature
and hence denticle spacing, and thus on the dynamics of flow over
the foil surface and the resulting swimming speeds.
In addition, we emphasize our belief that analysis of shark skin
function specifically, and fish skin surface effects on propulsion
generally, needs to occur under conditions of propulsion rather than
just under static conditions where skin models are attached to rigid
surfaces. Our recent study of foils made of shark skin showed that
results obtained under rigid conditions are substantially different
from those obtained when shark skin is allowed to flex and curve
during swimming (Oeffner and Lauder, 2012), suggesting that
hydrodynamic effects of shark skin not only may result from the
complex 3D denticle geometry but also are likely influenced
substantially by skin deformation due to its flexibility.
The most basic feature of fish body surfaces is that they are in
motion and are dynamic during swimming. Understanding the
hydrodynamic effects of fish skin surface structures thus requires
analysis of their properties during motion and under conditions in
which the skin (or biomimetic skin) can flex and bend in a natural
manner.

Compared with some previous conventional fabrication methods
such as computer numerical control (CNC) milling or molding (e.g.
Dean and Bhushan, 2010; Han et al., 2008) for fabricating shark
skin models, we believe that 3D printing offers a number of
advantages, as well as one current limitation. 3D printing allows for
a large area of synthetic membrane to be fabricated within a short
amount of time (less than an hour). 3D printing technology also
allows materials with different mechanical properties to be
fabricated together, and allows rigid denticles to be embedded into
a flexible membrane.
Techniques such as molding only replicate part of the shark skin
surface (Han et al., 2008) and do not allow control over specific
parameters of denticles such as size, morphology, spacing,
distribution pattern and mechanical properties. Nor do such
techniques allow models with surface overhangs and undercuts. In
this study, a significant challenge was to use 3D printing to produce
denticles that overlap and have overhangs, with an undercut area
between the denticle crown and the membrane surface (Fig. 8). This
morphology is characteristic of real shark skin denticles (Fig. 1), but
is not reproduced by molding or basic mechanical fabrication
procedures in which highly simplified denticles are designed with a
mostly vertical orientation.
The one significant limitation that we experienced was an
inability to 3D print at the biological scale of the shortfin mako
shark denticles while retaining the full surface complexity of the
natural shark denticles. Mako shark skin denticles are of the order
of 150 μm in size, and have surface features down to 5–10 μm (e.g.
Castro, 2011; Motta et al., 2012; Oeffner and Lauder, 2012; Reif,
1985). Using current multi-material 3D printing approaches, we
were not able to fabricate membranes at this scale while maintaining
the critical surface ridge features (Fig. 8), the overhanging shape and
the overlap among denticles on the large membrane surface needed
for hydrodynamic testing. Improvements in 3D printing technology
in the future may allow at-scale printing of biologically realistic
denticle surfaces, although some shark species possess much larger
denticles (Castro, 2011) and our current resolution will be sufficient
for at-scale printing of models for these species.
Despite this limitation, we were able to conduct appropriately
scaled dynamic tests as a result of using a range of flow speeds and
the self-propelled condition. We used a similar experimental protocol
to that previously developed for the study of flexible foils made of real
shark skin (Oeffner and Lauder, 2012). Our dynamic testing used
swimming at the SPS speed of the foils, a key feature for studying
aquatic propulsion because cycle-averaged thrust and drag forces must
balance under this condition (Lauder et al., 2007; Lauder et al., 2011;
Lauder et al., 2012). Study under non-self propelled conditions means
that swimming foils are either generating insufficient thrust or are
producing too much thrust for the tested speed, and this substantially
changes locomotor dynamics (Lauder et al., 2011) and flow over the
foil surface. In addition, our tests were conducted at values for which
the three dimensionless scaling parameters Re, St and S+ represent
biologically relevant values for animals swimming at slow to
moderate cruising speeds (Webb and Keyes, 1982). Small sharks with
lengths of 24.6 cm freely swim at a Re of around 29,000 and at a St
range of 0.2–0.3 based on data in a previous study (Flammang et al.,
2011). Depending on the motion program used, the Re for the
swimming foils was up to 25,000. While this is certainly well below
the Re of large open ocean sharks swimming at high speeds and below
the classical open-channel transition to turbulent flows at Re near 105,
it is representative of smaller sharks swimming at slow to moderate
speeds, and is similar to values in our previous study of membranes
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made with real shark skin (Oeffner and Lauder, 2012). Flow over
blunt-edged membranes under these conditions may actually be
turbulent and exhibit significant separation around the leading edge
(see Materials and methods) (Lane and Loehrke, 1980; Ota and
Itasaka, 1976) that is also representative of flows observed over and
in the wake of swimming sharks (e.g. Flammang et al., 2011; Wilga
and Lauder, 2002). Fish fins often possess blunt leading edges
(Lauder, 2011) and the biomimetic skin membranes tested here
possess a similar thickness to length ratio to many fish fins. St
numbers ranged up to almost 0.2, and although this is somewhat lower
than the number seen for most fishes swimming at moderate to high
speeds (Triantafyllou and Triantafyllou, 1995) (reflecting the relatively
stiff nature of the foils with a central plastic supporting element with
two layers of 3D printed material on each side), it is well within the
range used by many swimming fishes, especially at slower speeds
(Lauder and Tytell, 2006).
The Re based on foil length may not represent the best
dimensionless number for comparisons among roughened surfaces
with drag-reducing properties due to the denticle surface ridges, which
have a small length scale compared with overall foil or body length.
The dimensionless S+ parameter is the relevant metric for comparison
here, and the length scales for our 3D printed shark skin denticles are
in the 5–22 range (depending on flow speed) appropriate for analysis
of drag reduction properties (Anderson et al., 1997).
Drag reduction of 3D printed shark skin

Re transition between laminar and turbulent flow for a flat plate
under classical testing conditions is of the order of 105 in open
channel flow, and both channel Re (Rech) and Re based on foil chord
length (Rec) in the current study are below this laminar–turbulent
transition number. However, our foil when tested under static
conditions is not a thin plate or a flat plate mounted flush to a wall
where the boundary layer can build up along the testing sample as
in cannonical flat plate textbook examples of boundary layers
(Batchelor, 1973; Reidy, 1987; Schlichting, 1979). Our tested foils
have a blunt square leading edge (around 3.5 mm) with a chord to
thickness ratio of approximately 22. This generates flows that are
very different from laminar as water moves around the foil leading
edge, separates and then flows unsteadily down along the membrane
surface (Lane and Loehrke, 1980; Ota and Itasaka, 1976). Therefore,
we suggest that the flow along most of our membrane surface was
turbulent with oscillating separation bubbles and flow attaching and
then separating and not becoming laminar until nearly the trailing
edge. Lane and Loehrke (Lane and Loehrke, 1980) and Ota and
Itasaka (Ota and Itasaka, 1976) have shown that even at these
relatively low Reynolds numbers under static tests, flow does not
become laminar until a distance of 20 times the foil thickness.
Our results show that 3D printed shark skin can generate a
maximum static (non-moving) drag reduction of 8.7% and that as
flow increases, drag reduction falls to 2–3% up to an S+ value of
around 14. From available data in previous studies (Bechert et al.,
1997; Bechert et al., 2000), a riblet-covered surface resulted in a
drag reduction of less than 5% at a height/denticle spacing (h/s)=0.3.
Our current 3D printed skin denticle model has a h/s of 0.21 for the
denticle side-ridge and 0.41 for the mid-ridge (Fig. 8), which
resulted in an average h/s of 0.31. At approximately the same h/s,
the 3D printed shark skin resulted in similar maximal drag reduction
(7–8%) to previous studies of riblet structures that generally mimic
the top ridges of shark skin denticles (see Reidy, 1987; Walsh, 1980;
Walsh, 1983). We suggest that besides the top ridges, other 3D
denticle features such as the denticle crown, neck and undercut
region and the space above the skin may also play important
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hydrodynamic roles in determining total static drag forces, although
the nature of fluid flow among and under the surface of the denticles
themselves is as yet unknown.
In previous studies of drag reduction due to riblets or ridges, it was
found that by matching S+ values, drag reduction results were similar
whether the riblet structures were tested in different fluids, flow
speeds or scales (see Anderson et al., 1997; Bushnell and Moore,
1991). Therefore, similar S+ values among membranes allows
comparison of drag reduction performed under different denticle sizes
and flow conditions (Bechert and Bartenwerfer, 1989). In the current
study, the denticle size and water flow speed together determine S+
(see Eqn 3 in Materials and methods). We found that the ‘critical S+’
of the 3D printed shark skin was quite different when compared with
that of riblet surfaces with sawtooth and scalloped cross-sections
where the critical S+ was found to be around 28 under turbulent flow
conditions (Bechert et al., 1997). The region between zero and critical
S+ represents the effective range of drag reduction as a result of
denticle shape. Therefore, our current 3D printed shark skin
membranes with the blunt leading edge showed a different effective
range of static drag reduction to that found for previous studies of flat
plate surfaces covered with riblets only.
3D printed shark skin under dynamic conditions

We hypothesize that the 3D printed shark skin membranes swam
faster and more efficiently (lower COT for five out of six motion
programs, Table 2) not only as a result of the static friction drag
reduction but also possibly because of other mechanisms involving
increased thrust generation. At a flow speed of 0.23 m s−1, we
estimate that the static drag reduction due to the shark skin effect is
~3.5% (Table 1). When the biomimetic shark skin membrane was
moved h=±1 cm, f=1.5 Hz, the SPS speed increased by 6.6% and the
COT decreased by 5.9%. This suggests that the improvement in
swimming performance from the 3D printed shark skin under
dynamic motion is more substantial than static drag reduction at the
same flow speed.
The propulsive performance of biomimetic flapping foils is affected
by the formation of the LEV which has a significant impact on lift
force production and leading edge suction force (e.g. Borazjani and
Daghooghi, 2013). In our study, the flapping biomimetic shark skin
membrane generated a stronger LEV than that of the smooth foil
(Fig. 7), where the average peak vorticities of the LEV increased by
21.9% under three of our kinematic conditions. This result is similar
to that obtained for flexible flapping membranes made of real shark
skin (Oeffner and Lauder, 2012), and we hypothesize that the shark
skin denticle surface has the effect of altering flow near the foil
surface, and enhancing the LEV and thus improving thrust. Shark skin
may thus function, simultaneously, both as a drag reduction
mechanism and to promote thrust enhancement. Testing this
hypothesis experimentally will be challenging, but a computational
fluid dynamic study with biomimetic denticles on a moving foil may
allow a more comprehensive dissection of the underlying physics of
shark skin foil propulsion.
Our results suggest that the flow over the skin of freely swimming
sharks needs to be considered as being dynamic because the skin
both of the body and on fin surfaces moves in a pitch- and heavelike manner during locomotion (Flammang et al., 2011; Wilga and
Lauder, 2002), and water is likely to separate over the relatively
blunt leading edge (Lane and Loehrke, 1980; Ota and Itasaka, 1976)
that characterizes many fish fins (Lauder, 2011). Most sharks do not
swim at high speed for the majority of their daily activity pattern,
and common cruising speeds for many sharks, including those
species classically considered to be high-speed specialists, fall in the
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Fig. 8. 3D reconstructed micro-CT model of a single denticle at the midtrunk position of a mako shark (Isurus oxyrinchus). Top (A), lateral (B)
and anterior (C) views of the meshed surface are shown. The denticle, neck
and base are indicated in the 45 deg angled view (D). Sample morphological
measurements are provided in A–C. In A: DL, denticle length (151 μm); DW,
denticle width (125 μm); RS, spacing between the mid- and side-denticle
ridges (51 μm). In B: DH, denticle height (113 μm); BW, denticle base width
(119 μm); NL, denticle neck length (45.1 μm); NW, denticle neck width
(50.9 μm). In C: BL, denticle base length (83.8 μm); RHM, height of the midridge between two dashed blue lines (21 μm); RHS, height of the side-ridge
between the two dashed blue lines (11 μm). The height-to-spacing ratios of
mid-ridge and side-ridge are 0.41 and 0.21, respectively (RHM/S=0.41;
RHS/S=0.21). (E) Shark denticles were enlarged from the micro-CT model
and then arrayed linearly on a membrane substrate. (F,G) Lateral (side) and
stream-wise views of modeled denticles mounted on the membrane
substrate for 3D printing. Denticles were printed in hard material, while the
membrane substrate was printed in flexible material. In the lateral view (F),
AD indicates the depth of the anchor that penetrates into the membrane
substrate (0.85 mm) and SS indicates the spacing between two adjacent
denticles along the stream-wise direction (1.93 mm). In the stream-wise view,
SL indicates spacing between the mid-ridges of two adjacent denticles along
the lateral direction (2.16 mm).

among 3D printed foils with different denticle patterns thus provides
a robust experimental platform for understanding the considerable
natural diversity of shark skin denticles both among species and on
different body locations.
MATERIALS AND METHODS

Membrane substrate

F

Lateral view

AD

G

Stream-wise view

Anchor
SS

SL

range of 0.5–1.0 body lengths s−1. Under these conditions, our data
show that flow over the body and fins is likely to be complex, with
separation bubbles and LEVs forming (Borazjani and Daghooghi,
2013). This greatly complicates our current view of laminar flows
over the body and fins of swimming sharks as commonly depicted
in the literature. In addition, even low amplitude maneuvering will
expose leading edges of fins and the body to flow separation due to
horizontal body oscillation, and sharks rarely swim in a perfectly
rectilinear manner.
The ability to 3D print biomimetic shark skin opens up the
possibility of altering denticle morphology by changing denticle
ridge patterns and height, and changing the spacing and hence
overlap among denticles. Quantitative hydrodynamic comparisons
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Fabrication of 3D printed shark skin

A freshly dead specimen of a male shortfin mako shark (I. oxyrinchus) with a
total body length of 190 cm was obtained from fishermen near Boston, MA,
USA. An area of skin ~10 cm2 was extracted using dissection instruments and
carefully cleaned with a water jet. We then cut a smaller piece of skin
(2×2 mm) from within this larger area and used a micro-CT scanner (Xradia
VersaXRM-500, at Cornell University, Institute of Biotechnology) to scan the
sample at a resolution of 1.583 μm in the x-, y- and z-directions. We picked a
single representative skin denticle from this scan and constructed a 3D model,
which was then covered in a digital mesh (Fig. 8A–D) using Mimics 3D
modeling software (Materialise Inc., Leuven, Belgium).
The reconstructed denticle model was duplicated and linearly arrayed in
a controlled pattern on a membrane substrate (Fig. 8E–G) in SolidWorks
(SolidWorks Corp., Waltham, MA, USA). The parameters governing
denticle spacing, which determine the distribution and position of denticles
on the membrane, are provided in Fig. 8F,G. From the lateral or side view
(Fig. 8F), the ridge tips of the denticles can be seen slightly overlapping the
base of the next posterior denticle. All denticles penetrate into the membrane
substrate and form an anchor-like structure as seen in the skin of a real mako
shark (Motta et al., 2012). To fabricate a synthetic shark skin membrane, we
used an Objet Connex500 3D printer (Stratasys Ltd, Eden Prairie, MN,
USA), which uses multiple nozzles to print materials with different
mechanical properties and colors. With this technology, we were able to use
two different materials for fabricating a shark skin model that contained both
rigid (for the denticles) and flexible (for the membrane substrate) parts. The
Young’s modulus for the rigid and flexible regions was about 1 GPa and
1 MPa, respectively. In addition, an easily removable support material was
used to allow fabrication of overhanging denticles by providing a temporary
surface to support 3D printing of the denticle crown.
This supporting material was carefully removed by water jet after the entire
shark skin membrane was printed. It should be noted that the bio-inspired
‘anchor’ structures allow the denticles to remain undamaged and intact after
being flushed with a strong water jet used during removal of the support
material. This also ensures that the denticles remain firmly attached to the
membrane substrate during locomotion and movements controlled by the
mechanical flapping device. The Objet Connex500 printer, however, did not
allow the denticles to be printed at-scale (150 μm denticle length, Fig. 1)
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Fig. 9. SEM images of the fabricated synthetic shark skin
membranes used for hydrodynamic testing. Rigid denticles were
fabricated on a flexible substrate membrane using 3D printing
technology. Membranes in curved and flattened states are shown in
A and B, respectively. Note the changes in spacing among the
denticles in the convex and concave portions of the curved
membrane (A), and how denticles overlap each other in the
concave region and when the membrane is flat (B). A single
synthetic denticle (enclosed by the red dashed circle) on a human
finger is shown in C. Each denticle measures ca. 1.5 mm in length.

A

C

because of limitations on printing resolution: tests of at-scale 3D printing
showed an unacceptable degradation of fine denticle structure. Therefore, we
scaled the denticle gradually up from its original size (Fig. 8A–C) until we
obtained an acceptable size at which all 3D features of the denticle were
identifiable. After a series of tests, synthetic denticles with clearly discernible
3D features such as the three surface ridges were obtained when the at-scale
denticle model was magnified 12.4 times. In Fig. 9A, a wide-field scanning
electron microscope (SEM) image of the 3D printed shark skin in a curved
state is provided. The concave and convex structures on the membrane
demonstrate its flexibility. Alterations in denticle overlap between the convex
and concave regions are easily seen, and illustrate the effect on denticle
spacing when the membrane substrate is curved compared with the printed
skin in the flattened state (Fig. 9B). A single 3D printed denticle is shown in
Fig. 9C. Dimensional scaling of the 3D printed skin relative to natural shark
skin denticles is addressed below, where we show that they operate at a similar
S+ region (Eqn 3) in our dynamic testing program despite the denticle size
difference. In addition, we note that some shark species possess denticles that
approach 1 mm in size (Castro, 2011), and thus our current 3D print resolution
will be at-scale for future studies of other shark species.
Both synthetic shark skin and smooth-surface control membranes were
printed at 177 mm height and 77 mm chord width (Fig. 10A,B); the aspect
ratio of the foils was thus 2.3. In order to ensure that the two membranes
had exactly the same mass (53.3 g), we slightly increased the thickness of
the smooth control membrane substrate (Fig.10C,D). The smooth
undersides of the synthetic shark skin membranes were glued to either side
of a rectangular plastic foil so that the denticle-covered sides were exposed
to the water flow during the experiments. Each shark skin foil thus had
shark skin denticles on two sides (Fig. 10C), and the control foil was
smooth on both sides (Fig. 10D). The plastic foils were made by lasercutting plastic shim-stock material with a thickness of 0.508 mm and
flexural stiffness of 9.8×10−4 N m−2, and with a height the same dimension
as the 3D printed membrane substrates (177 mm) and a chord width
10 mm longer (87 mm). This design allowed the models to be clamped by
a stainless steel sandwich bar (or spar) holder via bolts and through-holes
and held in the water tank during experiments (Fig. 10). The leading edge
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of the foils was blunt with a thickness of 3.5 mm, and special care was
taken to seal the 3D printed shark skin membranes against the central
plastic shim so that no gaps occurred. In addition, the thickness of the
stainless steel spar equaled the thickness of two layers of 3D printed shark
skin membrane plus the thickness of the central stiff supporting plastic
element so that the leading edge of the moving foil was formed by the
stainless steel spar.
Analysis of foil static drag and self-propelled swimming

A robotic flapping device was used to investigate the hydrodynamics of the
3D printed shark skin and smooth control foils for both static and dynamic
moving conditions. The experimental apparatus used a carriage containing
heave and pitch motors mounted on two low-friction air-bearing rails above a
recirculation flow tank [for more details of the robotic apparatus and the flow
tank, see our previous publications (Lauder et al., 2007; Lauder et al., 2011;
Lauder et al., 2012)]. An ATI Nano-17 six-axis force/torque transducer (ATI
Industrial Automation Inc., Apex, NC, USA) was attached to the cylindrical
shaft and allowed for three forces (Fx, Fy, Fz) and three torques (Tx, Ty, Tz) to
be measured simultaneously. Foils were attached to the force transducer via a
stainless steel clamp and submerged at mid-depth in the water tank.
The static drag forces on the foils were measured when they were aligned
parallel to the tank flow direction. The flow tank had a rectangular crosssection of 25×30 cm with a 90 cm long working area and was filled with fresh
water. Static drag force data consisted of eight data points at speeds between
0.129 and 0.581 m s−1 at 0.065 m s−1 increments. At very low flow speeds,
drag forces fall below the ATI force transducer’s resolution, and when flow
speed is above 0.6 m s−1, surface waves occur: we thus restricted static testing
to the range of 0.1 to 0.6 m s−1. The flow channel Reynolds number Rech
calculated with the flow velocity and the channel width (25 cm), can be varied
from Rech=32,250 to Rech=145,250. The flow tank hydraulic radius is 6.8 cm,
and thus Reynolds numbers calculated using this parameter will be nearly the
same as those using the foil cord of 7.7 cm. Reported static drag force is the
mean from N=5 replicate trials for each measurement, which lasted 20 s,
sampled at 1000 Hz. Using the Re number to estimate the flow regime is
complicated by the blunt leading edge of the manufactured foils of 3.5 mm

The Journal of Experimental Biology

B

RESEARCH ARTICLE

The Journal of Experimental Biology (2014) doi:10.1242/jeb.097097

where y represents the heave motion of the foil in the lateral direction, h
indicates heave amplitude and f indicates the flapping frequency. A number
of heave amplitudes (h) ranging from ±1 to ±3 cm at 0.5 cm increments were
tested without pitch motion. Four frequencies, f=1, 1.5, 2 and 2.5 Hz, were
used at h=±1 cm for testing the frequency effect. At h=±1.5 cm and f=1 Hz,
pitch motion was added to the leading edges of the foils:

B

y = θ cos (2π ft + π /2) .

C

D

Denticles
Plastic foil

Flexible substrate

Fig. 10. Biomimetic shark skin foil and smooth control assembled for
testing. A flexible plastic foil (yellow) covered on both sides with 3D printed
flexible synthetic shark skin (A,C), and a smooth membrane with the same
mass used as a control (B,D). The membrane substrates of synthetic shark
skin and smooth membranes are glued to both sides of the yellow plastic foil
material forming a sandwich structure, as can be seen in the microscope
images (C,D). The array of holes on the left side of the skin and control foil
were used to attach the foils to a stainless steel bar, which was then attached
to the flapping mechanical device. The blue arrow in D indicates water flow
direction. Green scale bars, 10 mm; white scale bars, 3 mm.

(Lane and Loehrke, 1980; Ota and Itasaka, 1976). This produces a separation
bubble, which produces complex unsteady flows on a short foil such as this
where nearly 20 times the foil thickness is needed to re-establish steady flow
(Lane and Loehrke, 1980; Ota and Itasaka, 1976). Flows over the foils during
static tests thus should be considered unsteady, and during dynamic testing,
large separation bubbles are observed on the leading edge (see Fig. 6).
The SPS speed of foils in motion was determined using a LabVIEW
program (National Instruments, Austin, TX, USA) from data collected at
five different flow speeds [for details of the self-propelled swimming
method, see our previous studies (Lauder et al., 2007; Lauder et al., 2011;
Lauder et al., 2012)]. The mean SPS speed for each kinematic condition was
determined from the average of five replicate trials. Experiments were
conducted in a recirculating flow tank that has been used in previous
experiments on both fish locomotion (e.g. Blevins and Lauder, 2012;
Flammang et al., 2011; Tytell and Lauder, 2004) and flapping foil propulsion
(Alben et al., 2012; Lauder et al., 2007; Lauder et al., 2011; Lauder et al.,
2012; Oeffner and Lauder, 2012; Quinn et al., 2014; Wen and Lauder, 2013).
There is minimal tunnel blockage as foils are thin membranes ~3.5 mm
across, while the flow tank channel is ~300 mm across.
To understand the hydrodynamics of the foil models under dynamic
conditions, systematic experiments were performed over a range of
kinematic parameters. In the lateral (side to side, or y-direction), the plastic
foils were actuated with a heave motion at the leading edge:
y = h cos (2π ft) ,

(1)

(2)

The pitch angle (θ) of the foils was varied systematically at 5 deg
increments in the range 0–30 deg. The phase difference between heave and
pitch motions was set at 90 deg as in our previous studies, and this phase
difference ensured that the maximum angle of attack for the swimming foils
occurred as the foil crossed the midline of the path of motion. For each
kinematic condition we used t-tests to determine whether the difference in
swimming performance between the 3D printed shark skin and smooth
control models was significant. After the SPS speeds were determined for
each kinematic condition, three forces (Fx, Fy, Fz) and three torques (Tx, Ty,
Tz) were recorded at SPS conditions for five replicate trials (N=5).
DPIV was used to characterize the flow around flapping foils under SPS
conditions as in our previous studies (Lauder et al., 2007; Lauder et al., 2011;
Lauder et al., 2012). The flow tank was seeded with small nearly neutrally
buoyant particles. A continuous beam 8 W argon-ion laser (Innova 300 Series,
Coherent Laser Group, CA, USA) was used to generate a light sheet ~20 cm
wide that intersected with the middle of the foil and covered both the foil’s
leading and trailing edges. Digital movies of flow over the foils were obtained
using a Photron PCI-1024 high-speed video camera (Photron Inc., San Diego,
CA, USA; 1024×1024 pixel resolution). DPIV images were recorded at a
sample rate of 1000 Hz and were analyzed with DaVis 7.2 software (LaVision
Inc., Goettingen, Germany) as in our previous research (Blevins and Lauder,
2013; Quinn et al., 2014; Wen and Lauder, 2013).
To compare the static drag force between the 3D printed shark skin and
the smooth control membranes, we defined a dimensionless number as
Dshark/Dsmooth. Dshark is the static drag of the shark skin foil, and Dsmooth is the
static drag of the smooth control. This is termed the drag force ratio and
indicates the relative drag force of the 3D printed shark skin and the smooth
control. We also defined the drag reduction rate of the 3D printed shark skin
as 1–Dshark/Dsmooth. Positive values of the drag reduction rate correspond to
a decrease in drag from the 3D printed shark skin foil, while the negative
values correspond to increased drag.
We compared drag reduction performance of the 3D printed shark skin
and smooth control membranes at a similar dimensionless parameter S+
based on previous studies of drag reduction by riblets (e.g. Anderson et al.,
1997; Bechert et al., 1997), which showed that drag reduction performance
is dictated by the dimensionless parameter S+. S+ represents an effective
Reynolds number based on the spacing between riblets that reflects the gap
between denticle top ridges:
S+ =

S τw
,
υ ρ

(3)

where S is the spacing between adjacent denticle ridges (S=0.623 mm), ρ is
fluid density (ρ=997 kg m–3), υ is kinematic viscosity (υ=9.99×10−7 m2 s−1)
and τw indicates the average shear stress of the whole membrane. Under
open channel laminar flow condition (with Rech less than about 105), τw can
be calculated by the following equation based on the Blasius solution (Yunus
and Cimbala, 2004):
1
1.328
,
τ w = ρU 2
2
Rec

(4)

where U indicates the free-stream flow tank speed and Rec indicates the
Reynolds number based on chord length of the foils c (c =77 mm):
Uc
.
(5)
υ
While under open channel turbulent flow condition (Rech>5×105), τw can be
calculated by the following (Anderson et al., 1997):
Rec =

1
0.0594
τ w = ρU 2
.
2
Rec1/5

(6)
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Therefore, S+ under both laminar flow and turbulent flow conditions
(laminar S+ and turbulent S+) can be calculated with Eqn 3 by using
different formulas (Eqns 4 and 6) for the average shear stress. The
swimming performance of the swimming foils was characterized by three
main metrics: the self-propelled swimming speed (USPS), mean power
consumption (P) during one flapping cycle, and the COT, which represents
the energy required to move the foil 1 m kg−1 foil mass (Lauder et al., 2011).
The average power P consumed in the fluid can be calculated as:
T ⎛ dθ ⎞ ⎞
⎛ T ⎛ dy ⎞
P = ⎜ ∫ Fy ⎜ ⎟ d t + ∫ Q ⎜ ⎟ dt ⎟ / T ,
0
⎝ dt ⎠
⎝ dt ⎠ ⎠
⎝ 0

(7)

where Fy represents the instantaneous measured lateral force along the heave
direction, Q indicates the instantaneous torque and T indicates a flapping
cycle. We define a power reduction as 1–Pshark/Psmooth. A positive power
reduction means that the 3D printed shark skin foil requires smaller power
consumption than the smooth control foil (i.e. Pshark<Psmooth). The COT can
be calculated as:
P
COT =
,
(8)
mU SPS
where m indicates the mass of the foils (53.3 g for our foils) and USPS
indicates the self-propelled swimming speed of the foil membranes. We
define a COT reduction as 1–COTshark/COTsmooth. The subscripts shark and
smooth refer to the foils with the 3D printed biomimetic shark skin denticle
membrane and the smooth control membrane, respectively.
Experimental studies of aquatic locomotion, biomimetic flapping foils and
riblet function (e.g. Anderson et al., 1997; Triantafyllou and Triantafyllou,
1995; Triantafyllou, 2005) indicate that besides the Re number, another
fundamental dimensionless parameter useful for understanding aquatic
propulsion is the St number, which is important for characterizing the
hydrodynamic performance of fish-like flapping locomotion:
2 fh
St =
,
(9)
U
where f is flapping frequency, h is the amplitude of trailing edge motion
during flapping and U is swimming speed.
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