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ABSTRACT: The scaled skin of fish is a high-performance
natural armor that represents a source of inspiration for novel
engineering designs. In this paper, we present a biomimetic
fish skin material, fabricated with a design and components
that are simple, that achieves many of the advantageous
attributes of natural materials, including the unique combina-
tion of flexibility and mechanical robustness. The bioinspired
fish skin material is designed to replicate the structural,
mechanical, and functional aspects of a natural teleost fish skin
comprised of leptoid-like scales, similar to that of the striped

Nature guiding the design of
synthetic fish skin materials

red mullet Mullus surmuletus. The man-made fish skin material consists of a low-modulus elastic mesh or “dermis” layer that
holds rigid, plastic scales. The mechanics of the synthetic material is characterized under in-plane, bending, and indentation
modes of deformation and is successfully described by theoretical deformation models that have been developed. This combined
experimental and modeling approach elucidates the critical mechanisms by which the composite material achieves its unique
properties and provides design rules that allow for the engineering of scaled skins. Such artificial scaled skins that are flexible,
lightweight, transparent, and robust under mechanical deformation may thus have potential as thin protective coatings for soft

materials.
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1. INTRODUCTION

Nature presents innumerable variations on armored protection
systems."” Scaled skins, in particular, have remarkable
mechanical properties, including being compliant, resistant to
penetration, and lightweight, all of which are achieved within an
ultrathin membrane structure.® These skins consist of discrete,
imbricate (i.e., spatially overlapped) scales attached to a flexible
dermis layer that accommodate the animals’ motion. The skin
of teleost fish, for example, provides some of the most effective
protection available for its weight and flexibility.* At the
microstructural level of an individual fish scale, there is often a
mineralized exterior layer supported on a fibrillary plate of
oriented collagen fibers.>® This layered composite of brittle
and flexible materials provides individual fish scales with a
unique combination of strength, hardness, and toughness.g_11
The overall fish skin material also achieves its mechanical and
protective function because of the spatial arrangement of the
scales and the interactions of the scales with the underlying
dermis layer and between neighboring scales. The scales of
teleost fish overlap in such a manner that the soft dermis is
covered by at least three layers of scales.* Zhu et al. investigated
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the puncture mechanics of individual scales and demonstrated
that the load at which complete failure of the fish skin occurs
increases linearly with the number of scale layers;* this is similar
to the linear dependence of the load to failure for single layers
of homogeneous materials of increasing thickness. However,
the use of overlapping but thin scales, rather than a continuous
and rigid protective skin, allows fish skin to bend, stretch, and
compress as required during swimming. Importantly, imbricate
scales also provide redundancy if a scale were to go missing, be
punctured, or otherwise be damaged.12 In addition, each scale is
secured or embedded in a “pocket” of soft tissue,">”'* which
defines the position of the scales and allows for out-of-plane
scale rotation.

Although there have been recent efforts to characterize the
important structural features of fish scales and fish skin (e.g.,
with respect to the tensile strength,s’m’ls’lé puncture strength
and hardness,”"”'® or bending rigiditylg), attempts to fabricate
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Figure 1. Scales and underlying skin for striped bass (M. saxatilis): (a) cross section of an individual scale showing the mineralized bony layer and
collagen layer, (b) top view of a dissected scale showing a cross ply of straight fibrils, (c) histological cross section of the stratum compactum
showing collagen aligned in the plane of the skin but forming crimps, (d) crimp on a bundle of fibrils, and (e) tensile stress—strain curves for scales
and the stratum compactum, taking into account variations across scales, positions, and orientations. The scales are stiffer and stronger because they

are partially mineralized and the constituent fibers are straight.

materials that mimic the structural and mechanical aspects of
natural fish skins have been limited. Ortiz, Boyce, and co-
workers' explored the mechanics of fish scale composites by
fabricating three-dimensional (3D), macroscale prototypes
using printed thermopolymer scales embedded in an elastic
substrate of silicone rubber. The distribution of forces across
the material during indentation, via deformation mechanisms,
including scale bending, scale rotation, and substrate shear,
influences the overall stiffness of the material and can be tuned
through structural parameters such as the scale overlap,
orientation, aspect ratio, and volumetric filling within the
substrate."® Other 3D-printed prototypes based on the armor of
Polypterus senegalus, from an ancient family of fish with rigid
ganoid scales, have been used to characterize the global and
local behavior of scaled skins. With these models, it was
demonstrated that flexible “peg-and-socket” connections in
combination with sliding, overlapped scale surfaces were critical
to mobility in P. senegalus.***" Dry transfer printing techniques
have also been applied to fabricate layers of microsized (600
um X 600 ym X ~3 pm) imbricate scales on flexible and
stretchable substrates.”” The scales were Si-based, sourced from
wafers, and demonstrated to provide high-performance
optoelectronic functionality; however, in this instance, the
ultrathin scales do not contribute significantly to the
mechanical response of the overall material. The scales
provided full coverage and protection during bending, stretch,
and buckling deformations, thus making such material layouts
attractive for the development of flexible electronics.
Chintapalli et al.>> recently built a synthetic model material
that mimicked some of the features of natural scales and
osteoderms. Their system consisted of hexagonal glass plates
resting on a substrate that was softer than the plates by several
orders of magnitude. It was demonstrated that in addition to
providing flexural compliance and damage tolerance, the
bioinspired segmented design also increased the puncture
resistance by up to 70% compared to that of a continuous plate
of the same protective material. Although these modern designs
share structural aspects and duplicate some performance
features of natural materials, such man-made materials have
yet to fully capture key features of the fundamental mechanics
in fish skin.
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2. THE MAIN CHARACTERISTICS OF SCALED SKINS
OF FISH AND OTHER ANIMAL SPECIES

The scaled skins of fish and other armored animals are complex
systems with multiple levels of structural hierarchy and can vary
in size, composition, and structure across species. Two
characteristics, however, are common to all scaled skins. (i)
The protective material is several orders of magnitude stiffer
than the underlying tissues, and (ii) the hard material is
segmented into multiple plates. Segmented hard plates can
resist puncture and at the same time are able to move relative to
each other. This approach therefore solves the design
contradiction of protecting the animal (soft tissue) against
sharp puncture (which requires hard materials) while
maintaining the flexural compliance necessary for unhindered
motion (which requires soft materials). Figure 1 illustrates the
first of these characteristics for striped bass (Morone saxatilis).

Individual scales consist of collagen type I partially
mineralized with hydroxyapatite, which is concentrated in the
outer layer of the scale (bone layer, Figure 1a). A top view of a
dissected scale (Figure 1b) reveals straight collagen fibrils
forming a cross ply structure with the fibrils aligned with the
plane of the scales. The skin underneath the scales, termed the
stratum compactum, is also mainly composed of collagen type
I, but with a different microstructure. The fibrils are crimped,
with a wavelength and an amplitude of ~100 and ~15 um,
respectively (Figure lc,d). Figure le shows the stress—strain
curves of the scales and stratum compactum as measured in
tension. For each material, the colored domain represents the
range of measured stress—strain curves, resulting from
variations associated with different orientations, the sample
position, and other biomechanical variations. The scales are
relatively stiff and display a linear elastic behavior followed by
progressive softening and failure past the maximal stress. In
contrast, stratum compactum displays an elastomeric type of
response with a very soft initial modulus, followed by nonlinear
elasticity and stiffening until sudden failure. The softer response
of the stratum compactum and the initial low stresses
associated with deformation can be explained by the
uncrimping of the fibers, a phenomenon also found in other
collagenous tissues such as tendons.** In contrast, the straight
fibers in the scales provide a stiff response as soon as they are
stretched, and their stiffness and strength are further increased
by the mineral they contain.
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Figure 2. Photographs of the skin of (a) the striped red mullet (Mullus surmuletus) and (b) the synthetic material when undeformed (left) and under
a bending deformation (right). (c) The synthetic fish skin specimen fabricated and characterized in this work consisted of 690 scales and covered an

area of ~154 mm X 168 mm.
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Figure 3. Schematic of the fabrication process for the synthetic fish skin material. A 90 mm X 60 mm sheet of cellulose acetate butyrate (CAB)
(shown as blue and yellow sheets to distinguish individual scales) was cut into small rectangular scales (9.5 mm X 12.7 mm) whose dimension was
controlled by the dimensions of the available mesh. After each scale was fabricated, two small adjacent holes were punched into the center of the
scales in preparation for fastening them to the mesh. A polypropylene mesh or netting (represented by the black diamond pattern) was purchased,
and scales were then inserted through an opening in the mesh, such that one-half of the scale rested on top of the mesh and the other half rested
under the mesh. The premade holes were aligned with the mesh node, and cotton thread was used to attach the scale to the node with three stitches
and a single knot. This process was repeated by hand for each node on the mesh.

3. A NEW SYNTHETIC FISH SKIN

Here we report a man-made or synthetic fish skin material
(Figure 2) designed to replicate the structural, mechanical, and
functional aspects of natural teleost fish skin comprised of
leptoid-like scales, such as that of Mullus surmuletus or the
striped red mullet. Flexible and lightweight scaled skins found
in teleost fish allow for the bending and rotation of individual
scales, more so than materials based on P. senegalus, under
varying modes of deformation. The material design and
fabrication have been simplified to include the key character-
istics of a low-modulus elastic mesh or “dermis” layer that holds
relatively rigid (in comparison to the mesh) plastic scales.
While the role of the mesh is to provide in-plane elasticity and
to hold the scales in place as the material is deformed, it also
provides a mechanism by which scales can rotate and interact
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with adjacent scales. As demonstrated in the tests and models
described below, the mesh, when placed in uniaxial tension, can
reorient its structure and provide a stiffening response similar to
that of the stratum compactum shown in Figure 1. After
fabrication, the mechanics of the resulting material in response
to in-plane deformations, bending deformations, and inden-
tation was experimentally characterized and analyzed with
theoretical models. The mechanical behavior achieved with this
design was found to be similar to that of natural teleost fish
skin, thus highlighting the distinct roles that interacting dermal
and scale layers have on the composite material properties.
Opverall, the synthetic fish skin is flexible and can conformably
cover a range of surfaces, including those subject to diverse
modes of deformation, making it attractive as a low-weight,
low-profile protective coating for soft materials.
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Figure 4. Mechanical response of the bioinspired fish skin material under in-plane deformation. (a) Stress—strain response of the synthetic fish skin
material and components to tensile deformation as characterized by experiments (discrete data points) and the mechanics model (solid curves). The
synthetic fish skin under lateral and longitudinal tension is colored blue and red, respectively, while the lateral and longitudinal response of the mesh
only is colored green and black, respectively. (b) Schematic of the experimental tension setup. (c) Comparison of the model predictions (images at
left) and experimental observation (photographs at right) of the elastic mesh under tension for the mesh only and the synthetic fish skin (mesh and
scales). (d) Free-body diagram used to model the tensile deformation of the elastic mesh. Because of the periodic configuration of the mesh,
responses were calculated for a unit cell as shown in red and then tiled appropriately. Stress was calculated as o, = F,/h’ or 6, = F,/w’. (¢) Model
predictions for the longitudinal (horizontal in the figure) stress—strain responses of meshes with different geometries (initial, undeformed geometries

shown in the insets).

Prior research into the architecture of fish skin has indicated
some components that are key to the mechanical response of
natural fish skin: (1) thin but relatively rigid scales with some
degree of spatial overlap, (2) an underlying elastic substrate or
dermis, and (3) a periodic distribution of soft, elastic pockets in
the substrate into which the scales are inserted.'>'* A simplified
bioinspired skin was fabricated, using the process shown in
Figure 3, from two primary materials that included a flexible
polypropylene mesh to reproduce the functions of the dermis
and a number of overlapping small plates made of cellulose
acetate butyrate (CAB) to mimic the scales. As in natural fish
skin, the mesh serves the dual purpose of providing both a
relatively soft, flexible scaffold (the overall mesh has an elastic
modulus that is ~7 orders of magnitude lower than that of the
scales) and a “pocket stiffness” that allows the rotation of
individual scales about the lateral axis [dorsal to ventral
direction on the fish (see Figure 2)] while resisting rotation
about the longitudinal axis (head to tail direction on the fish).
This periodic mesh also controls the scale position, spatial
overlap, and thus the scale—scale interactions. Structurally, the
mesh consists of periodically repeated, sinusoidal fibers that
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have an elastic modulus of 1300 MPa>® and a radius of 0.06 +
0.01 mm. The dimensions of the fiber segments between nodes
in the mesh were 5.13 + 0.01 and 2.81 + 0.01 mm in the lateral
and longitudinal directions, respectively, creating diamond-
shaped openings measuring 10.26 + 0.01 mm wide by 5.62 +
0.01 mm tall (see Figure 3). The CAB scales were attached at
their center to the nodes of the mesh with cotton thread in a
row-by-row manner as indicated in Figure 3. While natural fish
scales are not attached to the underlying dermis at their center,
it was found that this method of attachment allowed individual
scales to overlap, rotate, and interact in a manner very similar to
that of real fish skin. The individual scales have an elastic
modulus of 800 MPa, a thickness of 0.20 + 0.01 mm, a width of
9.46 + 0.01 mm, a length of 12.68 + 0.01 mm, and a
normalized overlapping ratio (r defined as the ratio of scale
spacing to scale length) of 0.19, which is similar to values found
in nature (typically r is between 0.2 and 0.3 for teleost fish)."?
The length and width of the scales were controlled by the
available mesh, and the effects of scale size on the overall
mechanical characteristics of the material were not explored.
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A macroscopic specimen consisting of 690 scales (see Figure
2c) and spanning an overall area of 153.39 + 0.01 mm in the
lateral direction by 167.87 + 0.01 mm in the longitudinal
direction was fabricated, and its mechanics was characterized
using standard deformation tests. As compared in panels a and
b of Figure 2 (left panels), the synthetic fish skin material has
an imbricate layout similar to that of the striped red mullet.
Upon bending (right panels in panels a and b of Figure 2), the
scales of the natural fish skin and the man-made material begin
to rotate and eventually interact, thus inducing bending of
individual scales. The following sections compare the observed
mechanics of the synthetic fish skin material to theoretical
deformation models, thereby elucidating the critical mecha-
nisms by which the composite material achieves its unique
properties and providing design rules that permit the
engineering of thin, protective coatings.

4. IN-PLANE DEFORMATION

The mechanical response of the bioinspired fish skin material
was first characterized under in-plane strains, the experimental
results and theoretical predictions of which are shown in Figure
4.

4.1. Testing. The response of the fish skin was compared to
those of two reference materials: the polypropylene fiber mesh
used for the dermis layer (ie, devoid of scales) and a
continuous, solid sheet of CAB with a thickness identical to that
of the scales. Tensile tests were thus performed on three
separate materials: the polypropylene mesh, the synthetic fish
skin material (mesh and scales), and a double layer of CAB
sheets. We decided to compare the synthetic fish skin to a
double layer of CAB rather than a single layer because in its at-
rest state, the synthetic fish skin is approximately two scale
layers thick. During testing, the upper end of the specimen was
attached to a smooth metal rod every 10 mm along the edge of
the material. The free end was then attached to a smooth metal
rod in the same manner. The upper rod was then placed
between two supporting beams near a smooth, vertical surface
to reduce any out-of-plane deformation (see Figure 4b).
Loading was then performed manually in increments of 0.2 N,
and deflection was measured at the center point of the
specimen after the application of each load. The fish skin
material was not loaded to failure; thus, the original shape and
properties were recovered upon unloading. Deflection was
measured using electronic calipers only after the specimen had
reached the steady state, and care was taken to prevent the
mesh from interacting with the vertical surface. The tensile
responses of the anisotropic materials (i.e., the synthetic fish
skin and the mesh) were measured in the longitudinal and
lateral directions as shown by discrete points in Figure 4a; the
deformation of the sheet of CAB was negligible for this range of
loadings and is not shown.

4.2. Model. To better understand the mechanisms by which
the synthetic fish skin deforms, a simple numerical model was
developed for the in-plane deformation of an elastic mesh with
and without scales. Briefly, an idealized mesh (Figure 4c) was
modeled displaying the same overall diamond-like openings as
the actual mesh. The deformation of the mesh under loading
was then computed numerically using a finite element
formulation of the finite deformation/rotation of the fibers.”®
More specifically, when the periodic geometry of the mesh was
noted, the response of the mesh was determined numerically by
placing kinematic boundary conditions on a single polypropy-
lene fiber as shown in Figure 4d and computing the conjugate
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forces. The modeled fiber, or beam, had an elastic modulus of
1300 MPa and a circular cross section with a radius of 0.21 +
0.01 mm. Shear effects were neglected because the beam was
very long in comparison to its thickness. The undeformed
geometry of the beam (as shown in red in Figure 4d) along its
length was modeled as a third-order polynomial. To implement
the problem of finite deformation of fibers in this unit cell, the
beam was divided into 40 finite elements. At each increment of
loading, the stress on the fiber was calculated as the applied
force divided by the effective mesh width w (longitudinal
deformation) or length h (lateral deformation) as denoted in
Figure 4d:

F

y o, =B
Olat = W

Glang = N (Sl)

Similarly, the strain was computed by dividing the change in
effective mesh length or width by the undeformed length h
(longitudinal deformation) or width w (lateral deformation).
This method of computing stresses and strains effectively
normalized the response of the mesh to the unit cell shown in
Figure 4d, which allowed for a direct comparison between the
model and the experimental results as in Figure 4a. This
method was then extended to model the stress—strain response
of the skin by idealizing each scale as a spring separating the
nodes of the mesh in the lateral direction. Note that this
stiffness represents an effective measure of the interaction
between scales and the fiber during lateral contraction. Its value
was therefore adjusted to match the value of a macroscopic
Poisson ratio of 0.35. Eventually, this constraint resulted in
increasing the tensile stiffness and reducing the Poisson’s ratio
of the bioinspired skin compared to that of the mesh without
scales.

4.3. Results and Interpretation. We found that this
simple deformation model successfully predicts the responses
of the fish skin and the mesh in both the lateral and
longitudinal directions, as shown in Figure 4a (solid curves),
thereby providing insight into the mechanisms by which the
material design controls in-plane deformation. Specifically, the
in-plane tensile measurements provided four notable observa-
tions. First, the skin shows a relatively soft and strain-stiffening
response in the longitudinal direction (i.e., the resistance to
deformation increases with increasing strain). Second, compar-
ison of the longitudinal responses of the mesh and the skin
indicates that the presence of scales increases the stiffness of the
skin by constraining lateral strains (i.e., strains in the x direction
as labeled in Figure 4d). This mechanism holds true in the
lateral direction as well and can be quantified by comparing the
effective Poisson ratios of the mesh and the skin in both the
longitudinal and lateral directions (see Figure 4d for strain
equations). For a specific longitudinal strain of 0.2, the
following Poisson ratios were computed:

€ €

translong translat
I‘/long,mesh -~ - 0'351 I/lat,mesh =—-——=026

gaxial,long eaxial,lat

€ €

_ translong _ _ translat

Viongacsles = =t = 025, Upyieeg = —— o = 0.14

Saxjal,long eaxial,lat

The axial strain is the strain computed with respect to the
direction of loading, and transverse strain is computed
perpendicular to loading. For example, for the longitudinal
test, €,y represents the strain in the axial direction, Eaxiallong
while &, measured during this same test represents the strain in
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Figure S. Mechanical response of the bioinspired fish skin material to flexural deformation. (a) Force—displacement response of the synthetic fish
skin material and components to bending as characterized by experiments (discrete data points) and the mechanics model (solid curves). Bending of
the synthetic fish skin was considered about the longitudinal (blue data) and lateral axes (red data), as was bending of the foam substrate (green
data). (b) Schematic of the experimental flexural setup. (c) Free-body diagram used to model the bending response. The supports were allowed to
move freely, and the deformation was measured at the midpoint of the specimen. (d) Schematic of the rotation and bending responses observed in
individual scales when the skin is flexed. (e) Effect of the normalized pocket stiffness K = KI/(EI), and substrate thickness ¢ on the moment of the

synthetic fish skin as a function of the normalized curvature.

the transverse direction, &, It was found that the observed
Poisson effect was the result of the realignment of fibers in the
direction of stretch, which induce a lateral contraction of the
mesh. This phenomenon is therefore mostly governed by the
geometry of the mesh and the direction of stretch with respect
to the principal directions of the mesh. Furthermore, because of
the nonlinearity of the material’s response exhibited in Figure 4,
these values are expected the change with deformation while
the trends will remain the same. Interestingly, to the best of our
knowledge, this phenomenon has not been reported in the
literature, and it would be worthwhile to investigate whether
this behavior is also observed in natural fish skins. Third, the
response of the skin is clearly anisotropic. In the longitudinal
direction, the scales provide very little resistance to strain,
because the geometry and structure of the skin allows for the
scales to slide across each other freely. In contrast, the scales are
restricted from sliding in the lateral direction. Ultimately, these
mechanisms allow the mesh to dictate the general response of
the skin during stretch.

The final notable observation is that the in-plane strain-
stiffening behavior is fully controlled by the geometry of the
mesh, which dictates when fiber deformation undergoes the
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transition from a soft bending mode to a stiffer tensile mode.
Figure 4e demonstrates the use of the model for designing a
mesh or dermis layer with the desired tensile response for the
synthetic fish skin material. Three distinct mesh geometries
(the undeformed meshes are shown in the inset images), but
with identical fiber dimensions and physical properties, were
considered and exhibited significantly different mechanical
responses when placed in tension in the longitudinal direction.
Conceivably, the mesh geometry can be used as a design
parameter to control the anisotropy of the skin and the linearity
of its behavior and to achieve an optimal balance between
stiffness and flexibility.

5. FLEXURAL DEFORMATION

The presence of scales on the skin affects the material’s
mechanics during out-of-plane deformation as arises during
bending and indentation by a sharp object. For example, the
relatively high curvatures of the skin achieved when a fish is
swimming serve a mechanical function, as the skin acts as a
spring to restore elastic energy and assist in more efficient
propulsion.'®?” Imbricate scales also play an important role in
protection when the skin is subjected to extreme surface

DOI: 10.1021/acsami.5b00258
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instabilities such as wrinkling of the skin (from pinching and/or
buckling) or sharp indentation.

5.1. Testing. To characterize the response of the synthetic
skin under bending, we considered a two-layer system made of
a thick porous polyurethane foam layer, mimicking the role of a
substrate or the underlying soft tissue of a fish, covered by the
scaled skin layer described above. The flexural response of the
structure was then characterized with a three-point bending
test, during which the two opposite sides of the material were
stitched to long rods with circular cross sections. The rods were
then laid on parallel supporting beams which allowed them to
freely move closer to one another as a line load was applied
parallel to their long axis, directly on the center of the
specimen. After the load was applied, the specimen was allowed
to settle before a deflection measurement was taken at the point
of loading. Loads were applied incrementally at the center of
each specimen using the testing setup illustrated in Figure
Sb,c). The flexural tests were performed in both the lateral and
longitudinal directions for the anisotropic fish skin material. For
those specimens consisting of two materials, i.e., the scaled skin
on a foam substrate and the “solid CAB + foam” specimens, the
protective material was stitched every 10 mm along the edges of
the foam using cotton thread. No attachments were made
within the center portion of the foam.

Figure S reports the flexural response of the synthetic fish
skin material on a foam substrate about both the lateral and
longitudinal axes. The load-deflection responses (Figure Sa) of
the skin were compared to those of an unscaled (or
unprotected) foam substrate (i.e., analogous to the flesh of a
fish). It is found that the synthetic skin increases the overall
flexural stiffness of the foam substrate but that this contribution
becomes less significant for high curvatures. The flexural
response of the fish skin material did not display any hysteresis
upon cyclic loading and unloading. However, it was observed
during testing that at the maximal load, the unscaled foam
specimen displayed a buckling-like instability at higher
curvatures (as indicated by a kink at the point of loading),
whereas the same foam specimen, when protected by the scaled
skin, did not display such an instability.

5.2. Model. To gain further insight into the bending of
scaled skins, we have developed a numerical model that
connects mechanical behavior to structural features that include
the mechanical properties, spatial organization, and morphol-
ogy of individual scales. The model is based on the
decomposition of the elastic energy stored in the skin into
components that are associated with scale bending and scale
rotation as illustrated in Figure 5d (separately and combined),
and that is observed in the natural and synthetic fish scales in
Figure 2. The rotational energy arises from the presence of the
skin pockets that act as springs (of stiffness K) that resist the
out-of-plane scale motion. Because of the relatively low
modulus of these pockets, scale rotation is dominant at low
bending deformations. However, as curvature increases,
individual scales begin to bend because of their interactions
with adjacent scales, resulting in a stiffening of the flexural
moment. A similar model'® has been used previously to show
that the internal moment can be computed as M = [(El),/
(r)][x — %.(x)], where (EI), is the bending stiffness of the
scales, r (the ratio of scale spacing to scale length) and / (length
of a single scale) are the geometric parameters as specified in
Figure 5d, and ¥ and K; are the total normalized curvature and
the normalized curvature generated by scale rotation,
respectively. Here we have extended the model to investigate

5978

the finite deformations of the composite skin composed of a
thin upper scaled layer and a thick underlying polyurethane
foam. The full derivation of this model is provided in the
Appendix. In the model, boundary conditions were specified to
allow free motion in the horizontal direction as well as free
rotation, while restricting displacement in the vertical direction
(identical to the experimental setup as drawn in Figure Sc). The
flexural stiffness associated with the open-celled, polyurethane
foam (153.39 + 0.01 mm X 167.87 + 0.01 mm X 11.99 + 0.01
mm) was computed on the basis of a tensile modulus of 0.06
MPa and a compressive modulus of 0.02 MPa.

5.3. Results and Interpretation. The mechanics model
(solid red curve) was successfully fit to the empirical data
(discrete points) as shown in Figure Sa, thereby indicating the
importance of these scale-level deformation mechanisms in the
overall response of the fish skin material. When the scales in the
model were removed [i.e., by setting (EI), = 0], a response was
generated for the case of the unscaled foam (solid green curve
in Figure Sa), which also closely matches the measured
experimental data. In contrast, the bending response about the
longitudinal axis does not involve scale rotation (only bending)
and may therefore be modeled as a layered beam composed of
the foam substrate covered with a solid CAB layer. A good
match with the experimental results (solid blue curve in Figure
5a) was achieved for an effective CAB thickness of 0.64 mm,
which represents ~3 times the thickness of the single layer of
CAB used to create the synthetic scales. The effective scale
thickness can be calculated as t,y = nlbh/LW, where n is the
number of scales on the specimen and [, b, and h are the length,
width, and thickness of a single scale, respectively. L and W are
the length and width of the foam specimen, respectively; thus,
LW indicates the area covered by the fish skin.

From this mechanical characterization, the following
conclusions may be drawn. First, the scaled skin behaves softly
in the longitudinal direction (bending about the lateral axis) in
comparison to a solid sheet of CAB of equal thickness (35.5
mm of deflection in comparison to 21 mm of deflection at a
load of 1 N) attached perfectly to the foam specimen. The
mechanism controlling this soft behavior is the small rotational
stiffness of the scale pockets, which allows for large scale
rotation rather than individual scale bending under relatively
low applied moments. At larger bending moments, however,
the skin stiffened significantly with curvature and scale—scale
interactions led to individual scale flexure. Furthermore, in the
lateral direction (bending about the longitudinal axis), it was
observed that the skin also responded more softly than a solid
sheet of CAB of equal thickness, which can be explained by the
discontinuity of material across the surface of the skin. Contrary
to the behavior in the longitudinal direction, however, the
limitation on scale rotation restricts overall bending of the skin
in the lateral direction, leading to a stiffer response and
eliminating the strain stiffening behavior seen in the
longitudinal direction. This overall stiffer behavior can also be
attributed to the fact that the flexural stiffness of a single scale,
EL,, is larger about the longitudinal axis because the scales are
longer than they are wide and I, = Ih*/12. These results display
the two-dimensional flexibility of the synthetic specimen in
comparison to a solid sheet of protective material.

The proposed bending model successfully describes the
empirical observations, indicating that this model has the
potential to also be used for the design and optimization of
synthetic scaled skins. In Figure Se, the model is extended to
explore two approaches that may be used to influence the skin’s
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Figure 6. Resistance of bioinspired synthetic (left) and real fish (right) scaled skin materials to indentation. (a) Puncture resistance of the synthetic
fish skin as measured by indentation. “Scale failure” indicates the direct puncture of a scale, whereas “other modes of failure” of the synthetic material
considers failure of the mesh or buckling of a scale. (b) Contour surfaces of the synthetic fish skin deformed under a static load of 1.96 N (just below
the critical load of the foam). (c) Load-deflection curves from the indentation of the dermis of the striped bass with and without scales and (d) an

associated deflection profile.*

bending response in the longitudinal direction: (1) tuning
pocket stiffness and (2) controlling substrate thickness. The
effect of pocket stiffness is considered by removing the foam
substrate from the model (specifically achieved by setting t;,m
to 0). These results are shown as solid curves in Figure Se,
where it is noted that an increase in normalized pocket stiffness,
K, leads to an increase in skin stiffness and a reduction of the
stiffening response at higher curvatures. The blue curve [K =
0.05 (far right)] demonstrates the effect of low pocket stiffness,
which causes the overall skin to be much more flexible initially
than a similar specimen with high pocket stiffness. The discrete
points in Figure Se represent the scaled substrate as modeled in
Figure Sa, only with varying values of substrate thickness as
specified within the plot. It is noteworthy that adding the foam
substrate increases the stiffness of the specimen such that the
pocket stiffness no longer has an effect on the overall response
of the skin. With this type of modeling capability, it would be
possible to optimize or customize the response of the synthetic
skin based on the desired application of the material.

6. RESISTANCE UNDER INDENTATION

In nature, a crucial function of scaled skins is to provide
resistance to penetration.*” The same parameters of scale
rotation and scale bending that control the skin’s response to
flexure also influence its response during indentation.”®
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However, another important characteristic controlling the
indentation response is the imbricate pattern of the scales.
The overlapping of scales allows for the transfer of load applied
to a single scale to the scales directly adjacent, dispersing the
force over a larger area and ultimately decreasing localized
damage to the underlying tissues. For example, indentation
tests on skins of M. saxatilis using a sharp needle (35 ym tip)
demonstrated that scaled skin was able to resist approximately 3
times the penetration force as a comparable unscaled skin.* The
puncture resistance was roughly proportional to the number of
scales punctured. These prior experiments were performed on
natural fish skin, where the scalation pattern is such that three
scales overlap at any point on the surface. Individual scales are
the thickest in the center, and as a result, the centers of the
scales have the highest resistance to puncture. However, scales
in natural skin overlap in such a way that the total thickness of
scales remains uniform across the surface.* It was also
established that the friction coeflicient between the natural
scales is negligible during indentation and scale bending.
Finally, under blunt loading (a probe diameter of 2.2 mm), the
scales reduced the absolute deflection by interlocking and
redistributing the force across the skin.*

6.1. Testing. To characterize the response of the synthetic
fish skin under puncture, we therefore performed a series of
indentation tests with an Instron 5869 Universal Testing
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Machine. Two types of indentation tests were performed with a
cylindrical indenter with a radius of 1.14 mm, which is more
than 8 times smaller than an individual scale.

6.1.1. Quasi-Static Loading until Failure. This indentation
test was performed at a slow loading rate of 0.1 mm/s, for
which the material’s response was unaffected by the loading
rate. The tests were performed until rupture, and the force/
deflection curves are reported in Figure 6a.

6.1.2. Static Test. For each specimen, a static indentation
test was performed three times. Each time, the load was applied
to the specimen at least 30 mm from its edge to avoid possible
boundary effects. The shape of the deflected region was then
determined by measuring the vertical displacement of points on
the skin (at 1 mm intervals from the origin, i.e., the indentation
point) with respect to a reference plane located on top of the
specimen. Points were distributed in a radial pattern every 30°,
giving a total of 168 measurements for each test. This test
allowed an understanding of the local material deformation
around the point of puncture, for the skin and control
specimens consisting of a solid sheet of CAB (two layers of
CAB with the same total thickness as the scales in the synthetic
skin) and the unscaled foam substrate. The resulting surface
contours are plotted in Figure 6b.

6.2. Results and Interpretation. Figure 6a shows that the
synthetic fish skin has increased resistance to penetration
compared to unscaled specimens, thus allowing greater loads
and displacements to be applied prior to indentation (~7 times
the failure load of the foam substrate). The scales also have the
added benefit of flexibility (i.e., soft responses in tension and
bending) relative to the solid sheet of CAB and thus display a
higher deflection at similar loadings. Using the same indenter,
the materials were also indented at a static load of 1.96 N,
which is slightly below the critical static load for the unscaled
foam substrate. The scales reduce the localized deformations by
dispersing the applied load over a large area (~30 mm in
diameter). This behavior results, in part, from the nonlinear
bending mechanisms (e.g,, strain stiffening) detailed above and
is also a function of the individual scale size.”® At small applied
loads, the scale(s) directly in contact with the indenter transfers
the load to neighboring scales through the mechanism of scale
rotation. As the displacement increases, the localized curvature
also increases and, just as in the case of bending, individual
scales begin to bend and stiffen the response of the material.
The distribution of forces depends directly on the size of the
scales, with larger scales distributing the forces over larger areas.
As an extreme example, the solid CAB sheet may be considered
to be a very large scale, and it is found that the solid sheet
disperses the force over an area much larger than the area of the
fish skin material and is not significantly (~1 mm) deflected.
Likewise, if we were to imagine that the scale size was infinitely
small compared to the indenter size, we would see a response
similar to that of the unscaled foam substrate, which does not
effectively disperse the applied load and creates a situation
prone to failure nucleation and penetration.

For comparison, we also show, in Figure 6c, a set of
representative load-deflection curves obtained from a sharp
indentation test on striped bass (M. saxatilis). The force to
puncture natural scales is lower than that for the synthetic
scales because the materials and dimensions are different, but
the overall shape of the curve is similar: initial stages of
indentation are characterized by stiffening, followed by
softening as the scales progressively fail. Figure 6d shows
how the deflection of the scaled skin around the indenter is also
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well distributed around the sharp point load due to the
collective contacts between the scales (which are ~10 mm in
diameter in this case). This effect is also similar to what is
observed for the synthetic fish skin (Figure 6b).

Generally, because of the flexibility of the overall skin and the
puncture resistance of individual scales, the mechanical work
that needs to be expended to puncture the skin (the area under
the force-deflection curve) is significantly increased compared
to the substrate alone. It is found, however, that the synthetic
skin displays a peak stress that is less than that of two layers of
CAB. Such a result differs from a similar analysis of scaled
materials presented previously.”® This relative skin weakness
stems from different origins, in particular the general fabrication
technique and choice of scale material. Indeed, two primary
failure modes were observed during indentation: scale failure
and mesh failure. Scale failure occurred when the indenter
punctured a single scale, while the adjacent overlapping scales
rotated around the indenter. In this case, failure was related to
the failure of a single, instead of the double, scale layer
explaining the reduction in peak stress by almost one-half. This
issue could potentially be addressed by restricting the relative
motion of scales when they are subjected to high normal forces.
For instance, sliding of scales past each other could be inhibited
by increasing the surface rugosity or roughness of the scales, in
a manner analogous to the microridges observed in natural fish
scales. On the other hand, mesh failure encompassed the failure
of individual fibers or scale buckling, which occurred when a
scale folded upon itself and was pushed through the mesh. We
note here that this mode of deformation was due to the
relatively weak mesh material that was used for our study. In
comparison, failure at points of attachment of scales to the
mesh (the cotton thread) was not observed, and the load
transferred to the scale attachments was lower than their failure
point. Better designs, in the future, should thus focus upon a
stronger mesh material (e.g., from lightweight fibers of Kevlar®®
or carbon nanotubes®™') to postpone fiber fracture during
indentation. A solution based on modifying the shape of the
scales (to prevent scale buckling and being pushed through the
mesh) or increasing the flexural strength of the scales may also
be considered.

7. CONCLUSIONS

In summary, we have fabricated a biomimetic fish skin material
using a simple design and inexpensive materials. The design
principles and materials that were discovered are compatible
with conventional fabrication processes across the macro- and
microscales, including via photolithography or printing
techniques, such that the automated and high-throughput
production of synthetic scaled skins may be envisioned. Via
characterization of the mechanical response of this material
during in-plane deformation, flexure, and indentation, the
synthetic fish skin has been proven to possess many of the
advantageous attributes of its biological counterpart, high-
lighting its potential for providing the unique and attractive
combination of flexibility and protection found in natural
materials. The overlap of the scales, the underlying mesh
geometry, and the mechanical properties of the constitutive
materials contribute significantly to the overall mechanical
behavior of the synthetic fish skin material, including a unique
strain-stiffening response. Fortunately, as developed here,
simple models of deformation mechanics can describe the
behavior of such materials and can be used to guide the design
of engineered scaled skins with targeted material properties.

DOI: 10.1021/acsami.5b00258
ACS Appl. Mater. Interfaces 2015, 7, 5972—5983


http://dx.doi.org/10.1021/acsami.5b00258

ACS Applied Materials & Interfaces

Research Article

«—OW—
o. = —kEt,
t, 5, ?
tl NA T -
ty E, E;
o, = —kEt;
w

Figure Al. Diagram of the transformed cross section method for the flexural stiffness of foam.

The natural teleost scales, which served as a model for our
material, are made of mineralized collagen fibrils that can
display remarkable nanomechanics and outstanding properties
on their own.>> A future goal would be to integrate biomimetic
fibers with similar properties into the fabrication of the artificial
scales. Although the engineered material presented here does
not replicate the structural and biochemical complexity of scales
and scaled skins in nature, such artificial scaled skins that are
flexible, lightweight, transparent, and robust to mechanical
deformations may nevertheless find broad application as thin
protective coatings or films. As just one example, a bioinspired
scaled skin material fabricated from biocompatible components
may find application on specialized flexible electronics®~>°
such as surface-mounted tactile probes and implantable
biosensors that require durability/wear resistance.

8. APPENDIX: MODELING THE FLEXURAL RESPONSE
OF SYNTHETIC FISH SKIN

8.1. Flexural Stiffness of a Foam Specimen
The flexural stiffness of the anisotropic, open-celled, polyur-
ethane foam substrate (153.39 + 0.01 mm X 167.87 + 0.01
mm X 11.99 + 0.01 mm) was computed using the method of
transformed cross sections, as shown in Figure Al, where n is
defined as n = E_/E, and E_ = 0.02 MPa and E, = 0.06 MPa are
the compressive and tensile moduli of the foam, respectively.
Assuming that the net axial strain in the beam cross section
was negligible, the neutral axis in the foam specimen was
determined by equating the resultant compressive and tensile
forces generated during flexure:

B KECtZ2 __ KEttl2
2 2 (A1)
giving
t
NA = T

With these results, the moment of inertia of the foam about the
lateral axis (abdomen to dorsal side) is given as

_ W(NA) N nW(t — NA)?
3 3

and the flexural stiffness of the foam is then calculated as E .
Because the measured quantities during testing were load and
deflection, rather than load and curvature, the appropriate
geometric and constitutive equations were employed to convert
total curvature to the deflection of the specimen at the
midpoint. Using the classic Timoshenko linear elastic beam
theory, the curvature, , for every point along the beam is given
by solving

I

(a3)

do

_EtIf( d

X

M(x) ) = —E [« a4)

5981

where M(x) = —Px/2 as given by simple structural analysis of a
point load applied to the center of a simply supported beam.
Using a finite difference method, and boundary conditions
specified to allow the movement of the beam ends in the x
direction and rotation in the y direction, while restricting their
vertical deflection in the y direction, the rotation at every point
on the beam was calculated. The following equations were then
implemented to calculate the new (after deflection) X and Y
coordinates of every point on the beam:

X(x) = fo 1 4 e()] cos () dx

(A3)
L/2 .
Y(x) = /(; [1 + &(x)] sin O(x) dx (46)
where &(x) is the axial strain in the foam calculated by
ex) = 22, o) = X
Es A (A7)

and N(x) is calculated as shown in Figure A2. It was assumed
that the axial load was resisted entirely by the foam substrate,

N(x) = Pcos8(x)

x
6(x)

Figure A2. Free-body diagram for calculating beam deformation.

and that deformation from shear was negligible because the
foam was relatively thin with respect to its length. With each
incrementally applied load, the moment equation from a
structural analysis was updated, and the solid green curve in
Figure Sa was generated.

8.2. Flexural Stiffness of Synthetic Fish Skin about Its
Longitudinal Axis

The flexural response of the synthetic fish skin about the
longitudinal axis can be modeled as a composite beam with a
solid CAB layer having an effective thickness of 3.2 mm, which
is calculated by dividing the total volume of scales used in the
specimen by the area that they cover during testing:

nghbl
WL
where n is the total number scales in the specimen (690) and
h, b, and [ are the thickness, width, and length of an individual
scale, respectively. W and L are the width and length of the

foam specimen that the synthetic skin covered during testing,
respectively. Because the synthetic skin did not perfectly adhere

’I;ff = (AS)
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to the foam, the internal moment of the specimen is calculated
as the sum of the moments generated by the scales and the
foam:

M(x) = EtIfo + ESISKS (A9)

where EJ; is the flexural stiffness of the foam as calculated
above, E, is the modulus of elasticity of the CAB sheet (800
MPa), and I is the moment of inertia of the scales given as I, =
[L(T.4)*]/12 For the sake of simplifying this equation, the
curvature of the foam can be related to the curvature of the
scales through the following equation:

1
=7

(A10)

With this equation, it was possible to solve for the curvature of
the scales, k,, and then use the relation described in section 8.1
to solve for the deflection of the beam.

8.3. Flexural Stiffness of Synthetic Fish Skin about Its
Lateral Axis

The energy associated with fish skin curvature can be
decomposed into rotational and bending energies.'”” The
rotational energy is described as the energy stored by the
skin “pockets” as scales rotate about the lateral axis. The
pockets act as rotational springs, thus resisting out-of-plane
deformation. For small pocket stiffness, scale rotation is
predominant as the skin first begins to bend, allowing relatively
large flexural deformations for a relatively small moment. As the
curvature increases, geometrical constraints force the scales to
bend, causing a stiffening in the flexural moment response.
Individual scales store this component of the bending energy.
Together, these two mechanisms induce the overall flexural
response in fish skin, as shown in Figure 5d. Adopting this
energy decomposition and invoking the principle of energy
minimization, we have shown that the internal moment in the
scaled skin can be computed as

_ (ED),
o

M=l - () )
where El is the bending stiffness of a single scales, r and [ are
the geometric parameters as seen in Figure 5d, and ¥ and X, are
the normalized total curvature and the curvature generated by
scale rotation, respectively.'> These curvatures are normalized
by the length of a single scale, I (e.g, ® = Ik). For the full
derivation of eq All, see ref 12. Here, this derivation is
combined with a general large deformation bending model (eq
A12) for a composite beam composed of an upper scaled layer
and a lower polyurethane foam layer. The flexural stiffness
associated with the polyurethane foam was computed as
described in section 8.1. The total external moment generated
by the applied load was considered to be equal to the sum of
the internal moments of the scales and the foam:

EI
M) = B+ Rz~ k(o)) )
where
_ 1
Kg=4—""—
—+ (t — NA) (A13)

is the curvature of the foam about the neutral axis, computed
with respect to the curvature of the scales and EI; is the flexural
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stiffness of the foam. To solve this equation, the first step is to
show with a simple structural analysis that
P.
Mx) = =
2 (A14)
Substituting the followin% equation from the derivation of
Vernerey and Barthelat,'* we can simplify this expression

further:

K =K + KO(k)o' (k) (A15)
Transforming eq Al2 into
1 EI
EI; : + ( l) :
—+Tawe e T (¢~ NA) "
[%, + RO®)0' ()]~ =
=0 (A16)
where
(k) = ™% + sinl[fr cos(r—Kr)]
2 2 (A17)
and
K, K, .
N ) e e 6
0'(x,) = —
2 \/1 B -
- [xeos(3)] s

The normalized rotational curvature can be found numerically
by using the Newton—Raphson algorithm, and in turn, the total
normalized curvature can be found using eq Al1S. This quantity
is then transformed into the actual curvature by dividing by the
length of a scale I. Once the value for curvature at every point
along the beam had been determined, the relations described in
section 8.1 were used to determine the deflection of the beam.
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