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Abstract

The structure of shark skin has been the subject of numerous studies and recently biomimetic shark
skin has been fabricated with rigid denticles (scales) on a flexible substrate. This artificial skin can bend
and generate thrust when attached to a mechanical controller. The ability to control the manufacture
of biomimetic shark skin facilitates manipulation of surface parameters and understanding the effects
of changing denticle patterns on locomotion. In this paper we investigate the effect of changing the
spacing and arrangement of denticles on the surface of biomimetic shark skin on both static and
dynamic locomotor performance. We designed 3D-printed flexible membranes with different
denticle patterns and spacings: (1) staggered-overlapped, (2) linear-overlapped, and (3) linear-non-
overlapped, and compared these to a 3D-printed smooth-surfaced control. These 3D printed shark
skin models were then tested in a flow tank with a mechanical flapping device that allowed us to either
hold the models in a stationary position or move them dynamically. We swam the membranes ata
frequency of 1 Hz with different heave amplitudes (from £1 cm to £3 cm) while measuring forces,
torques, self-propelled swimming speed, and cost of transport (COT). Static tests revealed drag
reduction of denticle patterns compared to a smooth control at low speeds, but increased drag at
speeds above 25 cm s~ '. However, during dynamic (swimming) tests, the staggered-overlapped
pattern produced the fastest swimming speeds with no significant increase in the COT at lower heave
values. For instance, at a heave frequency of 1 Hz and amplitude of £1 cm, swimming speed of the
staggered-overlapped pattern increased by 25.2% over the smooth control. At higher heave
amplitudes, significantly faster self-propelled swimming speeds were achieved by the staggered-
overlapped pattern, but with higher COT. Only the staggered-overlapped pattern provides a
significant swimming performance advantage over the smooth control and the other two denticle
patterns. Quantitative hydrodynamic comparisons among skin models where control over
manufacture allows alteration of design parameters provides a useful experimental tool for future
work on the considerable natural diversity of shark skin denticles both among species and on different

body locations.

1. Introduction

Sharks are well-known for their rough skin which is
composed of rigid bony denticles (or scales) embedded
into the epidermis and dermis (Applegate 1967, Reif
and Dinkelacker 1982, Reif 1985, Kemp 1999, Meyer
and Seegers 2012, Motta et al 2012, Diez et al 2015).
These denticles are composed of tooth-like layers of

enameloid and dentine with a central pulp cavity, and
have an expanded base that anchors individual denti-
cles into the skin. Although there is a great variety of
denticle shapes and spacing patterns in different shark
species, and considerable variation around the body
(Reif 1985, Wen et al 2014, Diez et al 2015), at the mid-
body area and on many of the fin surfaces of pelagic
sharks the denticles have a plate-like upper section

©2015IOP Publishing Ltd
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Figure 1. Zoomed-in and wide-view environmental scanning electron microscope (ESEM) images of denticles taken from skin pieces
extracted at the positions of the anal fin (a) and (c) of the bonnethead shark (Sphyrna tiburo). Denticle length in (2) and (c) is
approximately 130 gm. Three-dimensional reconstructed micro-CT model of a single denticle (showing the meshed surface) is
shown from a 45° angled view (b). Note the expanded base which is embedded into the flexible membrane during 3D printing. This
model represents a modified version of denticles that contains shape elements from both bonnethead and mako sharks and
exaggerated elements to allow more accurate 3D printing (see materials and methods). SolidWorks model of the staggered-overlapped
skin denticle array (d). The linearly-overlapped and non-overlapped arrayed shark skin models are shown in (e) and (f).

bearing ridges which narrows to a thin neck that enters
the skin, expanding into a base plate (figures 1(a)—(c)).
The upper portions of denticles overlap each other,
and each denticle in this region thus has an over-
hanging section which overlaps the next downstream
denticle.

The intricate structure of individual denticles and
their complex patterning on the skin surface has sti-
mulated a number of engineering studies on the
hydrodynamic effects of simplified model shark denti-
cles. This work has focused on measuring drag during
static tests to determine if a denticle-like roughened
surface could reduce drag during locomotion by ana-
logy to riblet structures, which have been extensively
studied for engineering applications (e.g., Anderson
et al 1997, Bechert et al 1997, Bhushan 2011, Biittner
and Schulz 2011, Dean and Bhushan 2010, Zhao

et al 2012). And recently Diez et al (2015) completed a
computational fluid dynamic analysis of the effect skin
surface roughness on a model shark body in relation to
liftand drag forces.

But analyses of highly simplified riblet-like models
of shark denticles under static conditions can not
replicate the hydrodynamic environment that occurs
during undulatory propulsion during which the body,
fins, and tail are moving in complex three-dimen-
sional patterns (Webb and Keyes 1982, Wilga and Lau-
der 2000, 2002, Borazjani and Daghooghi 2013). Such
movements induce complex flows over the skin sur-
face (Anderson et al 2001) greatly complicating the
inference of locomotor performance effects of specific
skin features from static tests alone. In order to tease
apart the effects of different denticle shapes and
patterned arrangements on the skin, we need
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experimental control over denticle configurations,
and the ability to test these denticle patterns under
swimming conditions in which locomotor kinematics
and forces can be measured, and derived quantities
such as swimming speed and cost of transport (COT)
calculated.

We recently developed a method for manufactur-
ing a biomimetic flexible shark skin panel covered
with rigid denticles, and studying the dynamics of pro-
pulsion in this membrane (Wen et al 2014). Wen et al
(2014) used a mechanical flapping controller, devel-
oped to study propulsion under controlled experi-
mental conditions in a variety of flexible materials
(e.g., Alben etral 2012, Lauder et al 2012, Wen and Lau-
der 2013, Shelton et al 2014, Feilich and Lauder 2015),
to quantify undulatory kinematics, self-propelled
swimming speed, locomotor forces, and the COT of a
panel with biomimetic denticles compared to a
smooth-surfaced control. This experimental system
permits quantitative comparisons among membranes
with different surface structures under dynamic swim-
ming conditions that replicate those of freely-swim-
ming sharks (Oeffner and Lauder 2012, Lauder and
DiSanto 2015). Wen et al (2014) studied the hydro-
dynamic effect of one surface pattern compared to a
smooth control, but did not investigate the effect of
changing denticle spacing and overlap with adjacent
denticles.

The goal of this study is to use our ability to manu-
facture biomimetic shark skin to test the comparative
swimming performance of three different denticle
patterns relative to a smooth control surface. We chose
one denticle shape, arrayed this shape in three differ-
ent patterns, and used multimaterial additive manu-
facturing to print rigid denticles onto flexible panels
which were then assembled into two-layer membranes
for testing. We performed both static drag and
dynamic swimming tests of locomotor performance
with the goal of understanding the functional sig-
nificance of denticle arrangements in shark skin.
Dynamic experiments allowed us to test the hypoth-
esis that surface denticles increase self-propelled
swimming speeds, to understand the effects on swim-
ming speed of changing patterning, and to determine
how the COT for each pattern changes relative to a
smooth control surface.

2. Materials and methods

2.1. Design and fabrication of biomimetic shark skin
patterns

Shark skin denticles (or scales) were examined from
two species as the basis for making a custom, generic,
3D denticle model in SolidWorks. Environmental
scanning electron microscope (ESEM) images of the
bonnethead shark (Sphyrna tiburo) skin surface were
taken from skin pieces extracted at a position near the
anal fin, and images of denticles at several body

LWenetal

locations were taken from a freshly dead specimen of
the Shortfin Mako shark (Isurus oxyrinchus, Rafin-
esque). For example, a top-view ESEM image is shown
in figure 1(a) to illustrate details of the three-dimen-
sional structure of bonnethead shark denticles. To
assist in generating a quantitative three-dimensional
model of a single shark skin denticle, we also extracted
a small piece of shark skin (2 mm X 2 mm) of a male
Shortfin Mako shark (Isurus oxyrinchus, Rafinesque)
and used a microcomputed tomography (u-CT)
scanner (Xradia VersaXRM-500, at Cornell Univer-
sity, Institute of Biotechnology) at a resolution of
1.58 pumin the x, y, and z directions. We picked a single
representative skin denticle from this scan and con-
structed a 3D model which was then covered in a
digital mesh using Mimics 3D modeling software
(Materialise Inc., Belgium), as shown in figure 1(b).
This 3D model assisted in designing a custom 3D
SolidWorks model which was used for 3D printing as
described below. Further details of the three-dimen-
sional reconstruction of a single denticle are provided
in our previous study (Wen et al 2014). The recon-
structed denticle model represents an abstracted and
somewhat generic denticle shape representative of
several species, but not specifically modeled on any
one species. This model was then duplicated and
arrayed in three controlled patterns, described below,
on a membrane substrate in SolidWorks (SolidWorks
Corp., Waltham, MA, USA).

Denticle distributions on a samples of real shark
skin showed variation in the spacing and pattern of the
denticles on the surface (e.g., figure 1(c)). We con-
structed simplified generic versions of arrays of shark
denticles using three different patterns and tested
these against a smooth control. We term these (1) the
staggered-overlapped array (figure 1(d)), (2) the lin-
ear-overlapped array (figure 1(e)), and (3) the linear-
non-overlapped array (figure 1(f)). Quantitative para-
meters (S; and S)) that govern denticle spacing, the
number of denticles and the surface area of the models
compared among the different patterns, are listed in
table 1 and illustrated in figure 3. S; indicates the spa-
cing between two adjacent denticles along the stream-
wise direction, and S; indicates spacing between the
mid-ridges of two adjacent denticles in the lateral
direction.

To fabricate a synthetic shark skin membrane, we
used the Objet Connex500 3D printer (Stratasys Ltd,
Eden Prairie, MN, USA). Two different materials,
printed together in one operation, were used for fabri-
cating the model that contained both rigid (for the
denticles) and flexible (for the membrane substrate)
components. Based on our previous work using man-
ufactured biomimetic shark skin (Wen et al 2014), it
was critical to embed the rigid denticles into the flex-
ible membrane, and for the manufactured panel to be
able bend and generate thrust when moved dynami-
cally using the mechanical controller described below.
In addition, a soft, gel-like supporting material was
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Table 1. Morphological parameters of the smooth control and synthetic shark skin membranes. S;and S;are defined in the caption

of figure 3.

Shark skin morphology Control Staggered-overlapped Linear-overlapped Linear- non-overlapped
Ss (mm) — 2.05 2.05 3.08

S;(mm) — 2.05 2.05 3.25

Number of denticles 0 2352 2160 960

Denticle surface area (mm?) 0 20 030 18 395 9710
Membrane surface area (mm?) 10 420 8681 8823 8175

Total surface area (mm?) 10 420 28 711 27 218 17 886

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. The Objet Connex500
printer did not allow the denticles to be printed at-
scale due to limitations on printing resolution: tests of
at-scale 3D printing showed an unacceptable degrada-
tion of fine denticle structure. Therefore, we slightly
exaggerated the denticle ridges while modeling to
allow the printer to print denticles with sufficient sur-
face topography. Thus, the denticle model in this
paper (figure 1(b)) is slightly different from that used
in our previous study (Wen et al 2014) and produced
more biologically realistic final 3D surfaces from the
printer. To accomplish this, we scaled the denticle rid-
ges up gradually up from their original size until we
obtained an acceptable size at which the ridges of the
denticle were clearly identifiable in the final 3D prints.
After a series of tests, synthetic denticles with clearly
discernible 3D features such as the three surface ridges
were obtained when the at-scale whole denticle model
was magnified 12.4 times; denticle surface ridges were
magnified 16.2 times their its original size to obtain a
realistic surface pattern in the final print (figure 1(b)).
More details of the 3D printing fabrication process are
provided in our previous study (Wen et al 2014).

Wide-field scanning electron microscope (SEM)
images of the 3D printed shark skin in a flattened state
are provided in figures 2(a) and (b), and the 3D printed
shark skin held in a curved state is shown in figure 2(c).
The concave and convex wavy regions of the mem-
brane demonstrate the flexibility of the whole sample.
When the membrane substrate is curved, alterations in
denticle overlap between the convex and concave
regions can be easily observed, and the denticles con-
tact and overlap anteriorly and posteriorly with each
other in the concave region, and are spaced out in the
convex area.

The smooth-surface control (figure 3(a)) and the
three biomimetic shark skin membranes (figures 3(b)-
(d)) were printed 55 mm in height and 165 mm in
chord width, and the aspect ratio of the membranes
was thus set as 0.33. Note that all four membranes
were designed and printed at the same time with
exactly the same mass (52.6 g). This was accomplished
by slightly adjusting the thickness of the flexible black
supporting material, and had no observable effect on

the overall stiffness of the fully assembled membrane
which is dominated by the stiffness of the central plas-
tic support. Each printed membrane was glued onto a
central plastic panel as in our previous work (Wen
et al 2014). These central panels were made by laser-
cutting plastic shim-stock material with a thickness of
0.508 mm, flexural stiffness 0f9.8 x 10™* N m™2, and
with a height the same dimension as the 3D printed
membrane substrates (55 mm), and with a chord
width 10 mm longer (175 mm) at the front. This
design allowed the models to be clamped by a stainless
steel sandwich bar (or spar) holder via small screws
and held in the water tank during experiments. This
attachment region is visible to the left of each mem-
brane image in figure 3. The thickness of the stainless
steel attachment spar equaled the thickness of two lay-
ers of 3D printed shark skin membrane plus the thick-
ness of the central stiff supporting plastic element so
that the leading edge of the moving membranes was
formed by the stainless steel spar during the hydro-
dynamic tests in water tank, and the sides of the spar
were level with the surface of the final assembled
membranes. We refer to the completed biomimetic
shark skin assembly as a membrane or panel.

2.2. Static and dynamic testing

A recirculating flow tank with a robotic flapping device
mounted above it was used to investigate the hydro-
dynamics of the biomimetic shark skin and smooth
control membranes for both static and dynamic (self-
propelled) conditions as in our previous research (e.g.,
Lauder et al 2007, Oeffner and Lauder 2012, Quinn
et al 2014). The flow tank had a rectangular cross-
section of 25 cm by 30 cm with a 90 cm long working
area and was filled with fresh water. The membranes
were attached to a heave motor shaft with an ATI
Nano-17 six-axis force /torque transducer (ATI Indus-
trial Automation Inc., Apex, NC, USA) allowing for
three forces (F,, F,, F,) and three torques (T, T), T ) to
be measured simultaneously. Static drag force data
consisted of nine data points for each membrane at
speeds ranging from 0.lms ' to 0.5ms ' with
0.05m s~ ' increments. The maximum tested speed of
0.5ms "' represents the maximum speed at which our
flow tank could generate reasonable flows without
excessive surface waves. The membranes were care-
fully aligned parallel to the direction of flow before
each drag force measurement. Reported static drag

4
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Figure 2. Scanning electronic microscope (SEM) images of the fabricated synthetic shark skin membranes. Staggered and linear arrays
are shown from above (a) and from the side (b). These correspond to the patterns shown in figure 1 panels (d) and (e), respectively.
Individual denticles are 1.1 mm in width. When the staggered-overlapped biomimetic shark skin membrane is curved (c), the
denticles contact anteriorly and posteriorly with each other in the concave region, and spread out in the convex area.

force is the mean from five (N = 5) replicated trials for
each measurement which lasted 10s, sampled at
1000 Hz.

For the dynamic self-propelled swimming tests,
the membranes were actuated with a heave (lateral, or
side-to-side) motion at the leading edge following a
sinusoid wave pattern as in previous work (e.g., Wen
and Lauder 2013, Shelton et al 2014, Feilich and Lau-
der 2015). This induces curvature along the length of
the membrane, and generates a traveling undulatory
wave resulting in thrust production. In the current
study, the amplitude (h) of the side-to-side heave
motion was set to vary from =1 cmto £3 cm in 0.5 cm
intervals, and all tests were conducted at a frequency
(f) of 1 Hz. The self-propelled swimming speed (SPS)
of each membrane was determined by finding the flow
speed where the average thrust of the flapping panel
average to zero using a custom LabVIEW program

(Shelton et al 2014, Quinn et al 2014). We collected
flapping panel force data using the mechanical flap-
ping apparatus from our previous research (Alben
et al 2012, Lauder et al 2012, Wen and Lauder 2013,
Quinn et al 2014, Feilich and Lauder 2015). Force data
was acquired for 10 s at 1000 Hz at nine different flow
speeds near the expected self-propelled speed at inter-
vals of 0.01 m s~ . These force data were used to calcu-
late the average thrust at each speed and a linear
regression was fit to the nine data points to determine
the self-propelled speed (when the mean thrust force is
zero). Reported self-propelled speed is the mean from
five (N = 5) replicated trials for each kinematic condi-
tion. The SPS speed for each membrane was then mea-
sured under each of the five different kinematic
conditions. Image sequences of membrane midline
kinematics were obtained using a Photron high-speed
digital video cameras (Photron Inc., USA) with a
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Figure 3. Flexible panels or membranes used to study the effect of denticle pattern and spacing on biomimetic shark skin propulsion.
Denticle patterns are diagramed schematically to the left of each panel. A flexible plastic panel covered on both sides with a 3D printed
smooth membrane is used as the control (a). The narrow exposed tab on the left allows attachment to the leading edge rod and
mechanical controller. Staggered-overlapped (b), linearly-overlapped (c) and linearly-non-overlapped (d) arrayed biomimetic shark
skin membranes were glued to a central plastic panel. S, indicates the spacing between two adjacent denticles along the stream-wise
direction. S;indicates spacing between the mid-ridges of two adjacent denticles along the lateral direction. Detailed morphological
parameters of shark skin membranes are provided in table 1. The smooth undersides of the synthetic shark skin membranes were
glued to either side of a rectangular plastic element, so that the denticle-covered sides were exposed to the water flow during the
experiments. Each shark skin membrane thus had shark skin denticles on two sides, while the control panel was smooth on both sides.
Thickness of the flexible black supporting material was adjusted so that each assembled membrane had the same mass of 52.6 g.

resolution of 1024 pixels in both x and y dimensions.
We digitized the flapping membranes for five replicate
trials, and calculated the mean amplitude of the trail-
ing edge of each flapping cycle. We calculated loco-
motor power as force times velocity of the heave
motion (heave motion was tracked using an encoder
on the heave motor). Power divided by the self-pro-
pelled swimming speed (SPS) gives the COT in J m ™'
(also see Shelton et al 2014).

We focus in this paper on measuring self-pro-
pelled swimming speeds and testing under these con-
ditions as we also have in several previous papers
(Lauder et al 2012, Shelton et al 2014, Feilich and Lau-
der 2015 see Lauder et al 2007 for further discussion)
because under self-propelled conditions thrust, side
forces, and torques average zero over a flapping cycle.
This provides a similar and natural testing condition
to that of swimming in unrestrained live fishes which
swim at self-propelled speeds and not under the influ-
ence of externally imposed forces. In addition, hydro-
dynamic flows over an undulating surface under non-
self-propelled conditions are dramatically different
than under self-propulsion (Lauder ef al 2011), and to

understand the effect of different denticle arrange-
ments, it is important that the flexible biomimetic
shark skin surfaces swim at their self-propelled speeds.

To compare the static drag force between the 3D
printed shark skin and the smooth control mem-
branes, we the used the ratio D51/ Dsmootn (indicated
as D,/D,, in figure 4) as in Wen et al (2014). Dyp,ap is
the static drag of the shark skin membrane, and
Dimootn 18 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 compared drag reduction perfor-
mance of the 3D printed shark skin and smooth con-
trol membranes at a similar dimensionless parameter
S+ based on previous studies of drag reduction by rib-
lets (e.g. Anderson et al 1997, Bechert et al 1997),
which showed that static drag reduction performance
is dictated by the dimensionless parameter S+. S+ is
an effective Reynolds number based on the spacing
between riblets that reflects the gap between denticle
top ridges:

S+:§ Tw

v\ p
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Figure 4. Static drag force ratio D,/ D,,, dependence on the flow speed (a), and dimensionless denticle ridge spacing S+ of staggered-
overlapped (b), linear-overlapped (c) and linear-non-overlapped (d) arrayed membrane. D, represents the static drag of the shark skin
membranes, and D,, represents the static drag of the smooth membrane. The dashed lines represent D,/D,,, = 1, which indicates that
the synthetic shark skin membrane has the same static drag force as that of the smooth membrane. Separate plots are shown for each
membrane pattern because the value of S+ differs slightly among membranes due to changes in denticle spacing. Drag forces of all
membranes are means from five (N = 5) experimental trials for each experiment lasting 10 s.
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where S is the spacing between adjacent denticle
ridges, p is fluid density, v is kinematic viscosity, and
T,, indicates the shear stress at the membrane surface
(alsosee Wen etal 2014).

2.3. Statistical analysis

Differences among panels in self-propelled speed
(SPS), power, and COT are reported as means of 5
trials (+one standard error). A two-way analysis of
variance was used to test for differences among
membrane types and heave amplitudes using JMP Pro
11.2.1 software (SAS Institute, Cary North Carolina)
with both membrane type and heave amplitude as
fixed effects. Tukey HSD post-hoc tests determined
which biomimetic shark skin panels were significantly
different from each other, and post-hoc least-square
means contrast tests allowed comparison among
groups of biomimetic panels.

3. Results

3.1. Static drag

Quantitative values of membrane Reynolds number
(based on chord length) and static drag force data on
all biomimetic and the smooth control panels are

given in table 2. The ratios of drag forces on the shark
skin membranes relative to the smooth control (D,/
D,,) and performance relative to the flow speed and
dimensionless S+ are presented in figure 4. Static drag
force for shark skin membranes generally increased as
flow speed was increased from 0.1 ms ™' to 0.5ms .
Increasing the flow speed and S+ resulted in an
increasing drag ratio to a value of one (figure 4: dashed
black line), which indicates that the biomimetic shark
skin membranes and the control exhibited the same
static drag force. All three biomimetic panels generate
drag reduction at low flow speeds (figures 4(b)—(d)). At
speeds above 0.20ms™ ' all shark skin membranes
exhibited static drag values greater than the smooth
control.

At a flow speed of 0.15ms * (U=0.15ms™",
S+ = 6.4), the staggered-overlapped shark skin
showed drag reduction of 3.2%. Under the same flow
speed U and S+, the static drag force of linear-over-
lapped panel increased 9%, while the linear-non-over-
lapped panel produced minimal drag reduction
(0.4%). At the minimal tested flow speed
(U= 0.1ms"", S+ = 4.43), we found that the linear-
overlapped membrane generated the maximum static
drag reduction of 9.6% among all membranes.
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Table 2. Dependence of static drag force on channel flow speed (U), and Reynolds number (Re,). Static drag force data consists of 8 water
tank flow speed points taken between 0.1 m s~ ' and 0.5 m s~ ' at increments of 0.05 m s~ '. Drag force measurements are the means of five

(N = 5) replicate trials; error values are +-one standard error.

Water tank flow Chord Reynolds Staggered-over- Linear-over- Linear-non-over-
speed (U) (m s number (Re,) x10° Control (mN) lapped (mN) lapped (mN) lapped (mN)
0.1 16.5 2.5 4+ 0.16 2.5 £0.18 23 £0.84 2.6 £0.32
0.15 24.7 4.6 £0.22 4.5+ 0.21 5.1+ 0.25 4.7 £+ 0.63
0.2 33.0 8.6 £ 0.49 8.6 £ 0.44 10.6 £ 0.80 8.3 £ 0.50
0.25 41.2 13.2 + 0.38 13.5 + 1.63 16.9 £ 0.99 14.6 £+ 0.37
0.3 49.5 20.5 + 0.43 209 £+ 1.16 24.8 + 1.63 23.5 + 0.42
0.35 57.7 28.2 £+ 0.82 30.6 + 1.32 34.5 + 1.81 33.1 £ 0.54
0.4 65.9 37.7 & 0.81 40.3 £ 1.58 45.4 £ 2.31 455 £ 0.71
0.45 74.2 47.8 £ 0.87 51.5 &+ 2.37 55.7 + 2.84 56.4 £+ 0.46
0.5 82.4 59.6 £+ 0.94 63.4 £+ 1.66 70.6 £ 1.31 72.8 £ 0.74

30mm

pattern, and linear-non-overlapped pattern.

Figure 5. Midline snapshots of self-propelled membranes digitized from the ventral view. Midline kinematics of the control and three
shark skin membranes at equally-spaced time intervals throughout a flapping cycle are illustrated. Midline kinematics were digitized
from one representative trial as the motion was highly repeatable. Midline kinematics of all four membranes at motion of f = 1 Hz,

h = £1.5 cmare shown in (a), (b), (¢) and (d) respectively. While midline kinematics of membranes at motion of f = 1 Hz,

h = £2.5 cmare shown in (e), (f), (g) and (h). The tip—tip amplitudes of trailing edges of flapping membranes are provided in table 3.
From top to bottom in each column, membrane types are the smooth control, staggered-overlapped pattern, linear-overlapped

3.2. Membrane kinematics and self-propelled
swimming speed

Biomimetic shark skin membrane midlines under
self-propelled swimming conditions are shown at
equally-spaced time intervals throughout an undulat-
ing cycle in figure 5, and tip-to-tip trailing edge

amplitudes and Strouhal numbers are provided in
table 3. We found that trailing edge amplitude varied
with heave motion, denticle pattern, and spacing. The
trailing edge amplitude of staggered-overlapped shark
skin membranes is higher than that of linear-over-
lapped, linear-non-overlapped and smooth control
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Table 3. Mean trailing edge tip-to-tip amplitude and Strouhal number values for the self-propelled swimming membranes at two different

motions,f = 1 Hz,h = £1.5 cm,andf = 1 Hz,h = £2.5 cm.

Tip—tip amplitude (mm)
e

Strouhal number (St)

Membrane f=1Hz,h=+15mm  f=1Hzh=+425mm f=1Hz,h==+15mm  f=1Hzh = £25mm
Control 39.1 62.5 0.2 0.2
Staggered-overlapped 42.3 68.4 0.2 0.2
Linear-overlapped 37.2 63.6 0.21 0.27
Linear-non-overlapped 41.2 63.1 0.26 0.28

0.4 -
m Control

035 4 ™ Staggered overlapped
® Linear overlapped

0.3 Linear non-overlapped
0.25

0.2

SPS (m/s)

0.15

0.1

0.05

h=tlcm, f<1Hz

h=%1.5cm, f<1Hz

h=t2em, f<1Hz ~ h=+2.5cm, <1Hz  h=t3cm, f<1Hz

Figure 6. Histogram of the mean self-propelled swimming speed (SPS) of smooth control and synthetic shark skin panels as a function
of heave amplitude at a fixed frequency of f = 1 Hz. Motion programs are indicated below the bars, which show the corresponding
frequency (f) and amplitude (h). Error bars are &1 s.e.m. SPS values are averaged from five (N = 5) trials for each measurement.

membranes for all tested conditions. The staggered-
overlapped panel produced larger trailing edge ampli-
tudes than the other membranes at the two motion
programs analyzed (table 3). For example, trailing edge
tip-to-tip amplitude for the staggered-overlapped
panel is 8.1% and 9.4% larger than for the smooth
control under these two motion programs.
Self-propelled swimming (SPS) speeds for the five
kinematic conditions are shown in figure 6 for heave
values (h) of h = %1 cm to &3 cm at 0.5 cm intervals.
Self-propelled speed increases significantly with heave
amplitude (ANOVA P < 0.001). All heave treatments
produce generally similar effects among the different
panel types, and the ANOVA membrane “heave inter-
action term was not significant (P = 0.27). ANOVA
test of the membrane effect showed that the SPS speed
also varied significantly with denticle pattern and spa-
cing (P < 0.001), with the staggered-overlapped panel
exhibiting the fastest swimming speed under all five
conditions from h = £1 cm to £3 cm. The staggered-
overlapped shark skin membrane has a speed increase
over the smooth control panel of 25.2% at
1Hz &+ 1cm, 21.3% at £1.5cm, 16.4% at 2 cm,
23.3% at £2.5cm and 17.2% at +3 cm. The linear-
overlapped and non-overlapped panel have lower self-
propelled speeds than the smooth control for all

swimming conditions, and the linear-non-overlapped
panel shows the slowest swimming speeds under all
motion programs (figure 6). For biomimetic shark
skin membranes with the same denticle spacing, alter-
ing the denticle pattern from a linear to a staggered
array significantly increased the SPS speed. Post-hoc
Tukey HSD contrasts between the staggered-over-
lapped pattern and all other denticle conformations
including the smooth control show that the staggered-
overlapped membrane performs significantly better
than any other membrane surface.

Strouhal numbers of the self-propelled swimming
membranes are provided in table 3. The staggered-
overlapped shark skin membrane produced the lowest
Strouhal number (St = 0.20). In comparison, the lin-
ear-non-overlapped membrane generated highest
Strouhal number (St = 0.28). The swimming panels
all self-propelled at a Re range of 18 131-54229
(table 2) and a St range of 0.2—0.28 (table 3).

3.3. Power consumption and COT

Swimming power was calculated for all biomimetic
shark skin and the smooth control panels under five
kinematic conditions (figure 7). Overall, power con-
sumption of the biomimetic shark skin panels is higher
than the smooth control, and the panel with the
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) m Control

0.06 4 M Staggered overlapped
® Linear overlapped

0.05 -

Linear non-overlapped

0.04 4

Power(W)

0.03 4

0.02 4

0.01 4

h=%lem, f<1Hz

h=%1.5em, f<1Hz

Figure 7. Histogram of the mean power consumption for smooth control and synthetic shark skin panels as a function of heave
amplitude at fixed frequency f = 1 Hz. Motion programs are indicated below the bars, which show the corresponding frequency (f)
and amplitude (h). Error bars are £1 s.e.m. Power values are averaged from five (N = 5) trials for each measurement.

h=+2cm, f=1Hz h=£2.5cm, f<1Hz ~ h=%3cm, =1Hz

0.18 4

m Control
0.16 4 ™ Staggered overlapped
® Linear overlapped
0.14 4 Linear non-overlapped

COT (J/m)

h=tlcm, f<1Hz h=%1.5cm, f~<1Hz

0.12 4 L
0.1 4
0.08 - &
0.06 -+ ;
L .
0 ‘

h=%2cm, f<1Hz

Figure 8. Histogram of the mean cost-of-transport (COT) for smooth control and synthetic shark skin membranes as a function of
heave amplitude at frequency of 1 Hz. Motion programs are indicated below the bars, which show the corresponding frequency (f)
and amplitude (h). Error bars are £1 s.e.m. COT values are averaged from five (N = 5) trials for each measurement.

I

h=%3cm, f<1Hz

h=%2.5cm, f~<1Hz

staggered-overlapped denticle pattern consumed
more power than other panels at all heave values.
Compared with the smooth control panel, all biomi-
metic shark skin panels required more energy for
swimming per unit distance (i.e. higher COT)
(figure 8). Cost-of-transport for the staggered-over-
lapped membrane increased over the smooth control
by 8.0% at £1 cm 1 Hz, 7.9% at £1.5cm 1 Hz, 15.7%
at 22 cm 1Hz, 9.4% at £2.5cm 1 Hz and 9.1% at
+3cm 1Hz. However, the staggered-overlapped
shark skin membrane generated much faster self-
propelled swimming speed than other membranes,
and as a result the increase in power consumption was
counterbalanced by increased SPS speed, resulting in
less of a relative increase in COT. Analysis of variance
showed that the COT increased with heave amplitude
(ANOVAP < 0.001), that there was a significant effect
of membrane type (P < 0.002), but not a significant

interaction term (P = 0.11). Post-hoc Tukey HSD
contrasts showed that the COT for the staggered-
overlapped pattern was not significantly different from
the smooth control at the two lowest heave ampli-
tudes. And, at the lowest heave value of +1 cm, the
staggered-overlapped membrane pattern generated a
lower COT than either the linear-overlapped and
linear-non-overlapped membranes.

4, Discussion

4.1. A biomimetic approach to the dynamics of
shark skin function

The ability to 3D print biomimetic shark skin with a
flexible substrate and numerous rigid denticles which
have an expanded base embedded into the flexible
membrane (figures 1-3), allows testing of the
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hydrodynamic effects of different denticle arrange-
ments. As we have shown previously in dynamic tests
using pieces of natural shark skin (Oeffner and
Lauder 2012), flexibility of the shark skin surface is
critically important to understanding the hydrody-
namic performance of fish skin. The use of dynamic
testing allows motion of the flexible skin surface of
freely-swimming sharks to be replicated in a labora-
tory setting with a mechanical controller and recircu-
lating flow tank, which provides for accurate
measurement swimming forces, speeds, COT, kine-
matics, and hydrodynamics (Lauder and DiS-
anto 2015). Dynamic swimming tests of natural shark
skin showed that the skin surface alters the vortex
structure and flow in a manner that results in increased
self-propelled swimming speeds (Oeffner and Lau-
der 2012). We thus regard the ability to reproduce
flexibility of the skin surface and dynamic testing as
necessary components of any attempt to understand
shark skin function under swimming conditions. Even
the surfaces of shark median and paried fins such as
the pectoral fin undergo dynamic movements during
swimming and maneuvering that result in flow separa-
tion and shed vorticity (Fish and Shannahan 2000,
Wilga and Lauder 2000, 2001), and flow over the fin
surface will be time-dependent and unsteady most of
the time. Head oscillation during undulatory swim-
ming also will enhance oscillatory flow over the
pectoral fins. Recent computational work by Borazjani
and Daghooghi (2013) has demonstrated a leading
edge vortex on asymmetrical (heterocercal) tail struc-
tures similar to that seen on flexible shark skin
membranes moved dynamically, and we suggest that
the current body of experimental data from freely
swimming sharks argues strongly for the value of using
dynamic testing conditions with the associated ability
to measure key experimental quantities associated
with swimming performance.

The importance of testing under dynamic condi-
tions is highlighted here by the contrast between our
static drag data on the one hand, and self-propelled
speed results on the other. Static drag tests show that at
flow speeds above 0.2 m s~ ', all patterned biomimetic
skin membranes experienced increased drag relative to
the control (figure 4). This is likely to be due to the
much greater surface area of each of the membranes
with biomimetic shark skin denticles arrayed across
the surface (table 1). The most densely packed biomi-
metic membrane is the staggered-overlapped design,
and it has almost three times the total surface area of
the smooth control (28711 mm?® compared to
10 420 mm?), likely increasing static drag. However,
when dynamic tests are conducted and speed is mea-
sured, the staggered-overlapped design swam sig-
nificantly faster at all tested heave values (figure 6) than
the smooth control. And at the two lower heave ampli-
tudes, this occurred without any significant increase in
the COT compared to the smooth control. Thus, static
drag tests are not a reliable guide to the comparative

LWenetal

swimming performance of flexible membranes, where
flows over the surface are time-dependent, may
involve separation around the leading edge (Oeffner
and Lauder 2012), and bending of the surface changes
the relationship of the patterned surface elements
(Wen et al 2014; figure 2). Static tests could be relevant
for a specific region where skin on live fishes does not
oscillate during swimming, but we believe that such
areas may be non-existent given the extent of body and
head oscillation during shark locomotion and the
more complex flows generated during lateral and ver-
tical maneuvers which are a near-constant feature of
the locomotor repertoire in sharks (Webb and
Keyes 1982, Wilga and Lauder 2000, Shadwick 2005,
Porter et al 2009, Lauder and DiSanto 2015).

Our previous research on natural shark skin func-
tion did not allow alteration of design parameters or
investigation of how different arrangements of shark
skin surface features might affect locomotor perfor-
mance. The ability to 3D-print biomimetic shark skin
with rigid denticles embedded into a flexible mem-
brane now allows for realistic comparative testing
under swimming conditions.

4.2. Effect of denticle pattern and spacing on
locomotor performance

In this paper we present an analysis of three different
denticle arrangements and the effect of changing
arrangement and spacing on swimming performance.
We chose to begin with three simple alterations of
pattern while keeping the structure of individual
denticles the same across all patterns. We altered the
spacing and arrangement of surface denticles to better
understand if spreading out denticles (and hence
reducing total membrane surface area) might improve
swimming performance, and altered the arrangement
of denticles to compare performance of denticles in
linear rows with a pattern in which denticle rows are
offset to produce a staggered arrangement (figure 1).
These patterns necessarily produced assembled flex-
ible membranes with different numbers of denticles
and total membrane surface areas (table 1). We
expected a priori that the linearly-overlapped pattern
(figure 1(e)) would exhibit the fastest self-propelled
speed compared to the other patterns due to the
alignment of denticles in distinct rows by analogy with
surface riblet design (e.g., Anderson et al 1997, Bechert
et al 1997). We also expected that the linearly-non-
overlapped pattern might perform well during swim-
ming due to its reduced total surface area compared
with the other denticle patterns (figure 1(f)). Although
the smooth control lacks denticles, it also has a much
lower total surface area, and thus might show good
swimming performance as well as low static drag.
However, neither of these expectations was met, as the
linearly-non-overlapped membrane exhibited the
slowest self-propelled swimming speeds, and the
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linearly-overlapped pattern was significantly slower
than the staggered-overlapped pattern (figure 6).

In addition, a key feature of shark skin denticle
design is the overlap between adjacent denticles in the
upstream-downstream direction (Castro 2011, Motta
etal 2012, Oeffner and Lauder 2012): the distal third of
shark skin denticles in species like the bonnethead or
mako sharks can overlap the next downstream denti-
cle and denticles may interact physically during loco-
motion as the skin bends and flexes during undulatory
propulsion. The two overlapped patterns were
designed to examine this effect, and images of the
manufactured 3D-printed biomimetic skin mem-
branes clearly show denticle compression and overlap
in valleys, and greater separation among denticles in
the curved peak areas (figure 2).

Our results show that only one of the three biomi-
metic membrane patterns clearly outperformed both
the smooth control and also the other two patterns
during dynamic (swimming) tests: the staggered-over-
lapped pattern exhibited the highest self-propelled
speeds at all tested heave conditions (figure 6). Even
though the total surface area of the denticles plus
membrane is almost three times that of the smooth
control, swimming speeds were almost 20% faster on
average. And the staggered-overlapped pattern per-
formed considerably better than either the linear-
overlapped pattern or the linear-nonoverlapped pat-
tern. The smooth control swam faster than two of the
three shark skin membranes at all heave amplitudes,
but its performance never exceeded that of the stag-
gered-overlapped pattern. Averaging the experimental
trials of all heave motions, the staggered-overlapped
shark skin membrane swam 20.1% faster than the
smooth control, 26.4% faster than the linear-over-
lapped panel, and 38.5% faster than the linear-non-
overlapped panel. With regard to the COT, the stag-
gered-overlapped panel on average cost 13.4% more
than the smooth control when averaged over all heave
amplitudes, but the COT was not significantly differ-
ent than the smooth control at the two lowest heave
amplitudes due to the substantially faster swimming
speed which more than compensates for the increased
power required (figure 8).

Differences in the COT between the staggered-
overlapped pattern and the smooth control are not
significant at the lowest heave values but increase as
membrane curvature increases during faster swim-
ming and higher heave values (figure 8). We suspect
that this results from interactions among the denticles
on the membrane surface: contact among denticles as
the membrane bends back and forth (visible in the sta-
tic images shown in figure 2) would increase energetic
costs of swimming as the rigid denticles deform the
flexible membrane at their base. For example, pressure
from a downstream denticle on the undersurface of an
upstream denticle in the concave region of a swim-
ming membrane would force the upstream denticle to
deform the flexible substrate through pressure at the
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expanded base. On our biomimetic shark skin mem-
branes, physical contact and interaction among denti-
cles would be expected to increase the COT.

However, in natural, fresh, shark skin, denticles
are often very flexibly embedded into the dermis, and
Mottaetal (2012) and Lang et al (2011, 2014) have sug-
gested that individual rigid denticles may alter their
position in the skin passively to affect flow over the
surface. We suggest that the mobility of denticles in
sharks such as the pelagic mako (Isurus oxyrinchus)
may also have another function: to reduce the ener-
getic costs associated with bending the skin back and
forth during undulatory locomotion. Possession of
flexibly mounted dermal denticles could reduce costs
incurred by physical denticle—denticle interactions, a
design feature that we were not able to replicate in the
biomimetic 3D-printed shark skin membranes stu-
died here. Sharks with loosely-embedded denticles in
the epidermis and dermis may be able to obtain the
hydrodynamic advantages of denticle shape and pat-
terning without incurring a higher COT due to contact
among denticles and friction from denticles sliding
past each other during skin bending.

4.3. Next steps in the study of biomimetic shark skin
Although for this first analysis of the effects of shark
denticle patterning on locomotor performance we
were able to 3D print rigid denticles on a flexible
substrate in three different patterns, we did not vary
the surface conformation of the denticles or explore a
number of other potentially interesting avenues. One
interesting direction for future work is study of the
enormous variety of shark skin denticles and spacings
present in different species. As denticle images in
Castro (2011) show, skin denticles range in size from
approximately 120 ym to more than 1000 ym, and
show enormous diversity among species in the spacing
among denticles and in shape. Denticles in some
species are similar to pointed pyramids with sharp
ends that extend more than a millimeter from the skin,
while other species possess denticles shaped like
paving stones and forming a flattened surface. Shark
skin denticles also vary substantially in conformation
around the body (Reif and Dinkelacker 1982,
Reif 1985, Motta et al 2012), and species differ
considerably in the spacing among denticles which can
range from closely packed and overlapped to widely
dispersed. The ability to 3D print denticles at smaller
sizes in the future will enable testing at size scales closer
to that of open ocean pelagic sharks that have relatively
smaller denticles.

Understanding the effect of these different scale
shapes and patterns requires an experimental
approach in which individual parameters can be
altered and controlled, and the effect of these altera-
tions analyzed under dynamic swimming conditions.
The ability to 3D-print different scale types and spa-
cings will allow experimental manipulation of key
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denticle parameters, and the ability to study near-skin
hydrodynamic flow patterns during locomotion.
Changing the mode of attachment of rigid denticles in
the flexible membrane would also allow mobile denti-
cles to be manufactured, and imaging of denticle—den-
ticle interactions would permit exploration of the
hypothesis that such interactions could increase the
locomotor COT.
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