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a b s t r a c t

Flexible natural armors from fish, alligators or armadillo are attracting an increasing amount of attention
for their unique combinations of hardness, flexibility and light weight. The extreme contrast of stiffness
between hard scales and surrounding soft tissues gives rise to unusual and attractive mechanisms, which
now serve as models for the design of bio-inspired armors. Despite this growing interest, there is little
guideline for the choice of materials, optimum thickness, size, shape and arrangement for the protective
scales. In this work, we explore how the geometry and arrangement of hard scales can be tailored to pro-
mote scale-scale interactions. We use 3D printing to fabricate arrays of scales with increasingly complex
geometries and arrangements, from simple squares with no overlap to complex ganoid-scales with over-
laps and interlocking features. We performed puncture tests and flexural tests on each of the 3D printed
materials, and we report the puncture resistance – compliance characteristics of each design on an Ashby
chart. The interactions between the scales can significantly increase the resistance to puncture, and these
interactions can be maximized by tuning the geometry and arrangement of the scales. Interestingly, the
designs that offer the best combinations of puncture resistance and flexural compliance are similar to the
geometry and arrangement of natural teleost and ganoid scales, which suggests that natural evolution
has shaped these systems to maximize flexible protection. This study yields new insights into the mech-
anisms of natural dermal armor, and also suggests new designs for personal protective systems.

Statement of Significance

Flexible natural armors from fishes, alligators or armadillos are attracting an increasing amount of atten-
tion for their unique and attractive combinations of hardness, flexibility and low weight. Despite a grow-
ing interest in bio-inspired flexible protection, there is still little guideline for the choice of materials,
optimum thickness, size, shape and arrangement of the protective scales. In this work, we explore how
the geometry and arrangement of hard scales affect puncture resistance and flexural compliance, using
3D printing and mechanical testing. Our main finding is that the performance of the scaled skin in terms
of puncture resistance can be significantly improved by slight changes in their geometry and arrange-
ment. Our results also suggest that natural evolution has shaped scaled skins to maximize flexible pro-
tection. This study yields new insights into the mechanics of natural dermal armors, and also suggests
new designs for personal protective systems.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Materials for personal protection against laceration or puncture
must be hard to prevent penetration, yet soft to allow for flexural
deformations and unimpeded movement. These conflicting
requirements in materials selection have been resolved in nature
millions of years ago with the emergence of dermal armors made
of stiff plates of finite size embedded in soft, flexible tissues. All
groups in the animal kingdom include species with highly evolved
protective systems against predators, territorial challengers, colli-
sions or other mechanical threats [1]. External protective systems
range from thin, flexible but tough proteinaceous skins in mam-
mals [2] to thick, highly mineralized and hard shells in molluscs
[3]. The intermediate solution, which is also found in a large vari-
ety of animal species, consist of articulated hard protective ele-
ments of finite size [4]. These segmented armor systems provide
high surface hardness to prevent puncture, yet they provide some
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flexibility to allow movements and fast locomotion. Examples of
segmented armor include teleost fish scales (Fig. 1a), ganoid scales
(Fig. 1b) and bony plates (osteoderms, Fig. 1c). Segmented armors
are based on ‘‘Universal” construction principles: they consist of
rigid plates (or scales) protecting soft substrates (deeper layers of
skin, muscles and internal organs) which are 1–5 orders of magni-
tude softer than the protective plates [5]. A closer examination,
however, reveals a large variety of materials, shape, size, arrange-
ment and overlap across animal species, and a rich set of deforma-
tion and failure mechanisms associated with plate fracture [6–8]
and puncture [9–11], plate stability [12], plate-substrate interac-
tions and plate-plate interactions [13–18]. Each scale can be made
of distinct materials with a multilayered arrangement which gen-
erates high surface hardness combined with high toughness
[14,19]. Recent studies also highlighted the effect of the size of
the scales, smaller scales being more difficult to fracture because
of their reduced flexural span [5]. Puncture tests on individual
plates on soft substrates have also recently revealed a dangerous
failure mode where the plate suddenly tilts under the action of
the indenter, cancelling its protective function and exposing the
substrate [5]. This ‘‘tilting” failure mode, also observed in the
scaled skin of alligator gar fish, was studied in details using contact
mechanics and experiments [12]. The interaction between scales is
critical during puncture, because neighboring scales can redis-
tribute stresses in the substrate [5] or generate overlaps and inter-
locks for a continuous protection [20]. The materials, shape, size
and arrangement of the scales also influence the flexural response
of the whole scaled skin. For example, scale-scale interactions in
fish skins are weak for small flexural deformations, but become
stronger at large skin curvatures, generating a stiffening effect in
flexion [21,22,15].

Fish scales and osteoderms are now inspiring the development
of novel protective systems fabricated using 3D printing of poly-
mers [15,17] or ceramics [23], laser engraving of glass and ceram-
ics, stretch-and-release methods to generate overlaps [24].

Despite these recent efforts and the potential of bio-inspiration
in new flexible protective systems, there are still no clear guideli-
nes to design and optimize the shape and arrangement of the
scales to simultaneously maximize protection and flexural compli-
ance. In this work, we present the first systematic study of how the
shape of the rigid scales affects the flexibility, the puncture resis-
tance and the homogeneity of the puncture resistance of seg-
mented armors. The objective was to explore how the shape and
arrangement of hard scales on soft substrates can increase the
Fig. 1. Examples of segmented armors found in nature: (a),(b) Striped bass with detail of
the scales; (e),(f) Armadillo with detail of the bony plates [26,27]
puncture resistance of scaled skin, while maintaining high flexural
compliance.

2. Overview of mechanics and geometries

Fig. 2a shows a two-dimensional diagram of a hard scale resting
on a soft substrate. Although we do not present any measurement
of hardness in this work, we use the term ‘‘hard” for the scales
because they are much harder (and stiffer) than the substrate, so
that the deformations of the scales are negligible compared to
deformations of the substrate. An indenter exerts a vertical force
on the surface of the scale, in the most general case at an offset dis-
tance from the center of the scale. In the case of interest where the
scale is stiff and the substrate is compliant, the substrate will pro-
gressively tilt as the force is increased [12]. To simplify the prob-
lem, all forces shown on Fig. 2a are assumed to be vertical
(including the reaction forces from the substrate), which implies
that the substrate can slide freely along the horizontal direction
relatively to the indenter. The vertical point force may be decom-
posed into a force N normal to the scale, and a friction force T tan-
gent to the scale. To sustain this equilibrium position, the tip of the
indenter must not slide on the surface of the scale and, therefore,
T < fN, [28]. As the tilt angle increases to a critical value T = fN the
indenter rapidly slides on the surface of the scale, the scale rapidly
tilts and the indenter slips into the soft substrate. This tilting insta-
bility is considered a failure mode even if the scale remains
undamaged because the sharp indenter has reached the softer sub-
strate. This failure mode was observed experimentally on glass
plates [5], ceramic plates [24] and also on the scaled skin of alliga-
tor gar fish which are covered with thick and bony ganoid scales
[12]. Detailed mechanical models are now available to predict
the onset of instability for hard scales on soft substrates [12]. Tilt
instability may be delayed by smaller offset distances (a random
variable which cannot be controlled in actual applications), stiffer
substrates and larger scales (both have negative impacts on flexu-
ral compliance), and friction coefficient (which may be increased
by tailoring the material and/or morphology of the surface). Here
we explore how the interaction between the scales may be another
strategy to delay unstable tilting while maintaining flexural com-
pliance. Fig. 2b shows how an indented scale can tilt and jam
between the neighboring scales. The contact forces may be asym-
metric, and the reaction force from the substrate may have a hor-
izontal component. However, the horizontal components of
contact force and substrate reaction must self equilibrate. In this
the arrangement of the scales and geometry [25]; (c),(d) Alligator gar with detail of



Fig. 2. Two dimensional free body diagrams of scales resting on soft substrates and
deflected by a sharp indenter (point force): (a) individual rectangular scale; (b) the
same scale, surrounded by identical scales; (c) slanted scales can generate stronger
scale-scale interactions, which improves stability.
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configuration, the two contact forces are expected to resist tilting
and improve stability. Fig. 2c shows scales with a slanted geometry
that generate overlaps between neighboring scales. In this config-
uration the neighboring scale can carry a significant portion of the
applied force, through a contact force with a strong vertical compo-
nent. In turn, the orientation and magnitude of that contact force
generates a strong moment on the indented scale which counters
the moment generated by the applied force. This geometry would
therefore prevent tilting and result in an increase in stability for
the indented scale. The purpose of this study is to explore how
three dimensional scales of increased complexity in shape and
arrangement may stabilize the scales and make the scaled skin
more resistant to sharp puncture. The study was based on 3D
printing of polymeric models and miniaturized puncture tests. This
experimental approach was preferred to computational models,
because the large number of scale-scale contacts involved in a
puncture event present numerical challenges and convergence dif-
ficulties. This approach is also in line with recent work that have
used 3D printing to make models and help understand the struc-
ture and mechanics of complex natural systems such as the sea-
horse tail [4], shark skeletons [29] or teleost scales [15].

Fig. 3 presents an overview of the eight geometries considered
in this work. We started from a single, isolated rectangular scale
(Fig. 3a), and increased the complexity of the system by adding
more scales into arrays, by generating overlap and by enriching
the geometry of the scales with bioinspired features: three differ-
ent overlapping designs (Fig. 3c, d, e), one interlocking design
(Fig. 3f) and ganoid-like complex 3D designs (Fig. 3g, h). The most
complex geometry considered in this work was 3D printed directly
from microCT data from ganoid scales from polypterus senegalus
[19] (Fig. 3h). In order to isolate the effects of geometry and
arrangement, some design parameters were kept constant
throughout all the configurations: the set of materials were identi-
cal for all the designs: the scales were made of a relatively stiff
polymer (Acrylonitrile butadiene styrene (ABS), modulus
E = 3 GPa, Poisson’s ratio m = 0.35) which were glued onto a much
softer substrate (polyurethane, modulus E � 0.7 MPa, Poisson’s
ratio m � 0.5) with a thickness of 3 mm. The thickness of the scales
was kept at t = 2 mm for all designs, and the surface area of the
front face of the scales was kept to a square of size 4 mm by
4 mm for all the designs (except for the topologically interlocked
and full ganoid designs where topological constraints forced us
to use dimensions close to, but not exactly, 4 mm by 4 mm). The
scales were arranged in 5 � 5 arrays with no gaps between them
(except for Fig. 3a where an isolated scale was considered).
3. Fabrication

The fabrication steps for the samples are shown in Fig. 4. Arrays
of 5 � 5 scales with the desired geometry and arrangement (Fig. 3)
were 3D printed with an ABS photopolymer and with a high-
resolution Direct Light Projector (DLP) 3D printer (Micro HiRes,
EnvisionTEC GmbH, Gladbeck, Germany) on sacrificial column-
like supports. In order to prevent the scales from fusing together
during printing, a gap of 500 mm was left between the scales. After
3D printing, the photo-polymerization of the array of scales was
completed with an Otoflash (EnvisionTEC) post-curing light puls-
ing unit, with 6000 flashes/side. This protocol produced fully
dense, isotropic ABS scales, with a flexural modulus of about
3 GPa and a flexural strength of about 100 MPa (measured using
three-point-bending tests). The array was then compressed
transversally using a biaxial vice system to suppress the gap
between the scales (step 2). An adhesive tape was applied on the
top surface of the scales for tape transfer (step 3) and the scales
were released from the sacrificial support using a razor blade (step
4). Finally, the scales were glued on a 3 mm thick polyurethane
membrane (modulus E = 0.7 MPa measured from three-point
bending test) using a cyanoacrylate adhesive (step 5).

Once the adhesive was fully cured, the tape was removed and
the surface of the scales was cleaned with ethanol to remove resi-
dues from the adhesive tape. The sample was then ready for
mechanical tests.
4. Puncture resistance

The puncture tests were performed using the same protocol for
all samples. A miniaturized loading stage (Fullam Inc, NY)
equipped with a 45 N capacity load cell and mounted with a needle
was used for the tests. Preliminary tests used a steel needle, which
resulted in plowing and surface damage on the scales [28]. In order
to prevent damage and to performmultiple tests on the same sam-
ple, we used a needle made of ABS which was 3D printed with the
same ABS polymer used for the scales (tip radius = 300 mm). In this
conditions, the ABS needle and ABS scales are considered ‘‘hard”,
because their deformation can be neglected in comparison to the
deformations in the substrate. In addition the radius of the inden-
ter and the contact area were small compared to the other dimen-
sions in the system, so that for the purpose of characterizing and
predicting the tilting of the indented scales, the contact pressure
from the indenter tip was modelled as a point force. For testing,
the sample was placed on a 13 mm-thick neoprene substrate
(Young’s modulus = 0.15 MPa, measured by spherical indentation
assuming a Poisson’s ratio �0.5), which was itself placed on six
steel balls to remove any lateral constraints and cancel lateral
forces which would complicate the analysis of the results [12].
Experiments with different substrate thicknesses (not shown here)
showed that a 13 mm- thick substrate was beyond the range
where substrate thickness affects the indentation results (i.e. we



Fig. 3. Schematics of the eight scaled skin designs that were considered in this work, ranked in order of increasing complexity.

Fig. 4. Fabrication steps for the scaled membrane.
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chose the substrate to be thick enough to be considered as a half
space). All the tests were performed at a displacement rate of
50 mm/s. For each design, we punctured the central scale at 30 dif-
ferent locations to take into account the variation of the puncture
resistance with offset distance [12]. Pictures were taken during the
puncture tests to accurately map the position of the punctures on
the scale and to monitor the translations and rotations of the scales
during puncture. Fig. 5 shows a set of typical puncture force-
displacement curves with their associated mode of failure for an
individual scale, and for a 5 � 5 array of scales (simple array
design), with size 2 L = 4 mm and t = 2 mm. All curves were linear
or close to linear up to instability, but the range of results varied
greatly depending on the location of the puncture on the scale.
Snapshots of the samples confirmed, for all tests, the mechanisms
of scale tilting described above (Fig. 5b). In the simple array design,
visual inspection did not reveal any apparent displacement in the
eighteen scales located at the periphery of the array. These periph-
eral scales may undergo small displacement, but these would be
negligible compared to the amount of displacement and rotation
near the indented site. The puncture force increased linearly with
displacement, while we observed the indented scale progressively
tilting under the action of the needle (consistent with our previous
experiments [12]). At a critical force FC, the needle suddenly slid on
the surface of the scale, which made the scale rapidly tilt until the



Fig. 5. (a) Range of force displacement curves from puncture experiments on isolated scales and on simple arrays of scales. (b) Corresponding in-situ images showing the
deformation of the isolated scale and of the simple array.
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needle reached the softer membrane. This unstable event was
characterized by a sharp decrease in puncture force. In this event
the scaled membrane is considered defeated since the tip of the
needle reaches the softer substrate. The maximum force Fc was
therefore used as a measure of the puncture resistance of the
scaled membrane. The following sections present and discuss the
puncture resistance of the designs shown in Fig. 3, in the same
order of increasing complexity.

(a) Isolated scales and (b) Simple array of scales: The first ques-
tion in this study was whether interactions between neighboring
scales and the jamming effect illustrated on Fig. 2b could increase
puncture resistance. Direct comparison is difficult because of the
wide range of puncture responses shown on Fig. 5a. However a
large portion of this variation can be explained by puncture loca-
tion [12], which can be taken into account in the analysis of the
results. Fig. 6a shows how a coordinate system (x,y) is attached
to the indented scale in order to track the puncture location
(dx, dy). Fig. 6b and c show maps of the puncture resistance (only
one quarter of the scales is showed for symmetry reasons). The
puncture resistance is the highest near the center of the scale,
and decreases for punctures performed near the edge of the scale.
In order to compare the performance of these two designs, the
experimental data was fitted with surfaces. The puncture resis-
tance of the isolated scale is proportional to the inverse of
the offset distance, in accordance to the semi-analytical model
we have recently developed for a circular plate on a soft substrate
[12]. More specifically, the puncture force was fitted with:

Fc ¼ pf
1� m2

EL2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdx=LÞ2 þ ðdy=LÞ2

q ð1Þ

where dx and dy are the positions of the indent in the (x,y) coordi-
nate system (Fig. 6a), E is the Young’s modulus of the substrate
and L is the size of the scale (Here E = 0.15 MPa, m � 0.5 and
L = 2 mm).

In this work the friction coefficient between the needle and the
scale was f ¼ 0:24, measured with independent experiments fol-
lowing the method reported in [12]. Even though the scale is
square, we verified that the puncture force has no dependence
on orientation of the scale, and that the fitting constant match
the theoretical prediction [12] well.

In the case of the array of scales, the complex interaction with
the neighboring scales causes the behavior to deviate from this
simple semi-analytical model. We therefore modified the fitting
function to include an angular dependence of the critical puncture
force:
Fc ¼ 1:34
pf

1� m2
EL2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðdx=LÞ2 þ ðdy=LÞ2
q ð1þ 0:08 cosð4hÞÞ ð2Þ

where h ¼ tan�1ðdy=dxÞ. The results from fitting Eqs. (1) and (2) are
plotted on Fig. 6d, and they can serve as the basis for comparison of
the two designs. Both results show how quickly the puncture resis-
tance Fc decreases as the offset distance increases. The interactions
with neighboring scales, however, uniformly increase the critical
force, with the most pronounced improvements occurring when
the offset distance is large. The results from the array of scales also
clearly show the angular dependence of the results. In this case a
scale indented along the x or the y axis will tilt and interact with
only one neighboring scale. The same scale, indented along one its
diagonals (dy = dx or dy = �dx) will resist tilting better because it
interacts with two neighboring scales. An advantage of the fitting
surfaces over the experimental results is that an average puncture
resistance value can be computed using:

�Fc ¼ 1
4

Z 1

�1

Z 1

�1
Fcdðdx=LÞdðdy=LÞ ð3Þ

Combining Eq. (3) with Eq. (1) for the isolated scale gives
�Fc ¼ 0:77 N. By comparison, combining Eq. (3) with Eq. (2) for
the simple array of scales gives �Fc ¼ 1:43 N. Overall, the neighbor-
ing scales in the array therefore increase the stability of the scale
by about 100 %.

(c) Overlapped and (d) Staggered overlapped designs: In the
next part of this study, we enriched the geometry of the individual
scales in order to further promote scale-scale interactions, with the
objective of further increasing the critical puncture force Fc. A sim-
ple approach to generate overlaps between the scales is to slant the
side faces of the scales, as shown on Fig. 2c. The design of the scales
was the same as in the previous scales (2L = 4 mm and t = 2 mm),
with the addition of slanted side faces at an angle / = 63.4�
(Fig. 7a). This angle was chosen so that the longest dimension of
the scale was 4L = 8 mm, resulting in a 50% overlap of the scales
in the array. We considered two arrangements: a square arrange-
ment identical to the 5 � 5 array described above (Fig. 3c), and a
staggered arrangement where every other row of scale was shifted
by L along the y direction (Fig. 3d). The array of scales was then
tested for puncture resistance as described above. The shape of
the puncture force-deflection curve was the same as before, and
a puncture resistance Fc could be measured for each experiment.
Fig. 7b and c show the puncture resistance maps for the overlapped
scales (Fig. 7b) and the overlapped-staggered scales (Fig. 7c). The
overlap has two distinct effects: (i) the region where the scale is



Fig. 6. (a) Diagram of an individual square scale showing dimensions and puncture location at offset coordinates (dx,dy); (b) Experimental critical puncture force Fc as function
of location for an isolated scale, and (c) for a 5 � 5 array of scales; (d) continuous surfaces fitted to the data points shown in (b,c) for easier comparison of the puncture
performance of isolated scale and simple array of scale. The 2-norm of the fitting errors for the isolated scale and the array of scales are 3.41 and 2.63, respectively.
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the most stable was shifted from (dx = 0, dy = 0) in the previous case
to about (dx = 0.5L, dy = 0) in the overlapped design, and to
(dx = L, dy = 0) in the overlapped-staggered design. This effect can
be explained by the shifting of the base of the scale towards the
positive x direction; (ii) The overlap delays tilting but mostly about
the y axis, which created a strong orientation effect with tilting
occurring preferentially about the x axis. As a result, the contour
lines become almost horizontal as dy is increased, in contract with
the case shown on Fig. 6b, where the contour lines were concentric
circles. For comparison of the designs, experimental data on the
overlapped scale array were fitted with:

Fc ¼ 6:17
pf

1� m2
EL2

0:026 dx�dx0
L

� �2 þ dy
L

� �2
� �0:3 ð4Þ

The experimental data on the overlapped-staggered array were
fitted with:

Fc ¼ 8:17
pf

1� m2
EL2

0:004 dx�dx0
L

� �2 þ dy
L

� �2
� �0:3 ð5Þ

Fig. 7d shown a comparison of the regular array and staggered
designs. The puncture force Fc increases in the dx/L = �1 region
because the overlap increases the interaction with the neighboring
scale (following the mechanism shown on Fig. 2c. Fc also increases
in the dx/L = +1 region, because the slanted geometry of the scale
shifts the base of the scale towards the positive x axis, making it
more difficult to tilt toward that direction. This second effect is
more pronounced than the first, so that the region of maximum
puncture resistance is shifted to dx/L = +0.5. Finally, a third effect
increases Fc in the regions dy/L = ±1, because tilting of the scale
about the x axis not only implies the neighboring scales in the
dy/L = ±1 regions like in the regular array case, but also the scales
in the dx/L = ±1 through the slanted sides of the scales. The
overlapped-staggered design has an even high puncture resistance
(Fig. 7d). This enhancement is more pronounced along the dy/L = 0
line, because tilting of the scale along the y axis involves more
neighboring scales. We computed an average puncture resistance
of �Fc ¼ 8:37 N for the overlapped design, which is 472% higher than
the simple array of scales. Combining Eq. (3) with Eq. (5) gives an
average puncture resistance of the staggered design �Fc ¼ 11:1 N,
which is 33% higher than the overlapped design and 658% higher
than the simple array of scales.

(e) Simplified elasmoid design: In the simplified elasmoid
design, we sought to capture the type of multiple overlaps and til-
ing patterns observed on striped bass (Fig. 1a,b) and other teleost
fish. In this design, the base of the scale is shifted along the diago-
nal (x = y) (Fig. 8a). The slant angle employed for this design was
the same used for the previous ones, i.e. / = 63.4�, which led to
the same overlapping length, i.e. 4 mm.

The direct effect of this design modification is to resist tilting
towards the diagonal direction, so that the region of highest stabil-
ity is shifted to the point (dx/L, dy/L) = (0.5,0.5) (Fig. 8b). Here the
experimental data points were fitted with the function:

Fc ¼ 8:22
pf

1� m2

� EL2

0:08 dx cosðp4Þþdy sinðp4Þ�dx0
L

� �2
þ �dx sinðp4Þþdy cosðp4Þ�dy0

L

� �2
� �0:3 ð6Þ



Fig. 7. (a) Diagram of a slanted square used to generate overlapping, with puncture location at offset coordinates (dx,dy). Experimental critical puncture force Fc as function of
location for (b) the overlapped design and (c) the overlap-staggered design; (d) Surfaces fits of the experimental data with corresponding designs and failure modes. The 2-
norm of the fitting errors for the overlapped design and the overlap-staggered design are 4.80 and 9.13, respectively
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Fig. 8c shows that the region of high stability is also larger than
in the overlapped-staggered design. Near the three corners (dx/L,
dy/L) = (1,�1), (�1,1) and (�1,�1), the two design produce about
the same resistance to puncture. The average puncture resistance
was �Fc ¼ 12:75 N for the simplified elasmoid design, which is
14% higher than the overlapped-staggered design and 792% higher
than the simple array of scales.

(f) Topologically interlocked design: Segmented design made of
building blocks with interlocking shapes have recently emerged as
a powerful strategy to generate deformation and toughness and
otherwise brittle materials [30–33].

A promising design consists of panels made of full or truncated
tetrahedral building blocks held in place by a stiff external frame.
The interlocking geometry of the assembly is such that the rotation
and translation of each block is constrained along all directions by
its four neighboring blocks. Here we explored a design that bridges
the concept of hard protective scales with the concepts of topolog-
ical interlocked materials.

The geometry of the scales was obtained from a truncated tetra-
hedron, as shown on Fig. 9a with a slant angle of / = 31.7�. By con-
straining the periodicity of the segmentation to be the same as the
other designs, i.e. 4 mm, the length of the half edges was
Lx = 2.62 mm and Ly = 1.38 mm. The blocks were arranged in a
topologically interlocked array of scale, which was held together
by the underlying substrate. The puncture resistance map for this
design (Fig. 9b) resembles that of the simple array, and was largely
controlled by the offset distance. The results from the topologically
interlocked designs were fitted with the function:

Fc ¼ 7:79
pf

1� m2
EL2

ð2:4ðdx=LÞ2 þ ðdy=LÞ2Þ
0:3 ð7Þ

In the y direction, the stability was improved, because of the
longer base section. In the x direction the base section war shorter
but the stability was still improved because scale-scale

The puncture resistance for this design (Fig. 9c) resemble that of
the simple array, but provided an average puncture resistance of
�Fc ¼ 6:93 N, which is 3.85 times higher than the puncture resis-
tance of the array of scales. interactions were promoted by the
slanted sides. The performance of the topologically interlocked
design was however lower than the staggered design.



Fig. 8. (a) Diagram of a simplified elasmoid scale. (b) Experimental critical puncture force Fc as function of location; (c) Surfaces fits of the experimental data with
corresponding design and failure mode for overlapped-staggered and simplified elasmoid. The 2-norm of the fitting error for the simplified elasmoid design is 12.14.
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(g) Simplified ganoid design: Ganoid scales have a complex
three-dimensional geometry, which can be broadly described as
arrowhead shaped. In addition, the scales of polypterus possess a
triangular sharp peg emanating from one of the sides (Fig. 10a).
This feature, absent in other ganoid fish such as gar, is believed
to imbricate into the neighboring scale to restrict translations
and rotations except about the axis of the peg [30]. To test the idea
of a stabilizing peg, we started with the overlapped-staggered
design, with the addition of a sharp peg of length d = 2 mm
(Fig. 10a). A cavity of the same geometry and dimension was
included on the other side of the scale. The puncture map is shown
on Fig. 10b, and this result was fitted with the function:

Fc ¼ 11:93
pf

1� m2

� EL2

0:25 dx cosð p5:7Þþdy sinð p5:7Þ�dx0
L

� �2
þ �dx sinð p5:7Þþdy cosð p5:7Þ�dy0

L

� �2
� �0:3

ð8Þ
Fig. 10c shows a comparison of the puncture performance

between staggered-overlap and staggered-overlap with side peg
(simplified ganoid).

This comparison therefore provides a clear assessment of the
effect of the peg: tilting of the scale about the x axis is stabilized,
which increases the puncture resistance in the regions dy/L = ±1.
The puncture resistance is lower in the regions dx/L = ±1, which
may be due to the asymmetry introduced by the peg and socket
interlocking. The average puncture resistance for this design is
�Fc ¼ 12:43 N, which is 12% higher than what we obtained for the
overlapped-staggered design. This result is a good example of
how a relatively minor modification to the design of the scales
can have profound effects on the stability of the scale.

(h) Full ganoid design: The final design we tested in this study
was the full geometry of a polypterus scale obtained from a mCT
scan (Fig. 11). A typical scale from polypterus has a size of about
2.5 mm by 2 mm [19]. All dimensions of the scales were scaled
up so that the dimensions of the 3D printed full ganoid scale scales
were as close as possible to the previous design (4 mm � 4 mm).
Fig. 11a shows that the puncture resistance is maximum near the
protrusion in the +x, �y direction, which suggests that this features
has a stabilizing function. In Fig. 11b, the reconstructed puncture
resistance surface of the full ganoid design is compared with the
puncture resistance surface of the simplified elasmoid design.
The function used for fitting the experimental results was:

Fc ¼ 7:79
pf

1� m2

� EL2

0:35 dx cosð� p
7:4Þþdy sinð� p

7:4Þ�dx0
L

� �2
þ �dx sinð� p

7:4Þþdy cosð� p
7:4Þ�dy0

L

� �2
� �0:4

ð9Þ



Fig. 9. (a) Diagram of a scale used for the topologically interlocked armor. (b) Critical puncture force Fc as function of location; (c) Surfaces fits of the experimental data with
corresponding design and failure mode for overlapped-staggered and topologically interlocked designs. The 2-norm of the fitting error for the topologically interlocked design
is 9.53.
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The average puncture resistance measured for the polypterus
geometry was �Fc ¼ 8:56. Compared to the staggered and the sim-
plified ganoid design, the polypterus scale shows a lower overall
puncture resistance, possibly because of the lower degree of over-
lap of the that polypterus scales (g � 25%) compared to the other
overlapping designs, where g ¼ 50%. In the real fish, the presence
of stiff collagen fibers connecting neighboring scales may promote
the interaction between scales. That polypterus scales, however,
performed �5 times better than the simple array of scales.

5. Flexural compliance

For flexible protection, an adequate scaled skin must not only
resist puncture, it must also have a high compliance to allow
unhindered movements. The same scale-scale interactions that
increase puncture resistance may increase the flexural stiffness
of the skin. Therefore, each design may be examined as a trade-
off between puncture resistance and compliance. To measure the
flexural compliance, we used a three-point bending configuration
(span = 16 mm) on the same materials used for the puncture tests
(since these tests did not damage the samples). The flexural com-
pliance is defined as the derivative of the force over the deflection,
measured at small deflections.

All the tests were performed with the scales on the ‘‘intrados”
side of the bent samples, so that they increased the stiffness of
the sample through their interaction. Bending the scaled skin with
the scales on the ‘‘extrados side” did not produce any significant
stiffening compared to the bare polyurethane membrane because
in this configuration the scales move apart from one another [24].

The flexural tests were performed along two perpendicular
directions: In the ‘‘major overlap” flexural direction, the sample
was oriented so that the scales would interact along the direction
where the overlap is the highest. The ‘‘minor overlap” was the per-
pendicular direction, which for several design corresponded to a
configuration where the scale interacted through sides with smal-
ler or no overlaps. For comparison, we also performed flexural tests
on the bare polyurethane membrane. Fig. 12a and b show typical
force-deflection curves obtained for all designs and in the major
and minor overall configurations. The bare polyurethane mem-
brane produced a linear response with low stiffness, and the



Fig. 10. (a) Diagram of a simplified ganoid scale. (b) Critical puncture force Fc as function of location; (c) Surfaces fits of the experimental data with corresponding design and
failure mode for overlapped-staggered and ganoid-like designs. The 2-norm of the fitting error for the topologically interlocked design is 15.32.

Fig. 11. (a) Diagram of a 3D printed replica of polypterus scale arranged in an array of identical scales, and showing experimental puncture results. (b) Surfaces fits of the
experimental data with corresponding design and failure mode for overlapped-staggered and full ganoid designs. The 2-norm of the fitting error for the full ganoid design is
15.92.
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isolated scale design produced the same response. For all other
designs, scale-scale interactions significantly increased the flexural
stiffness, resulting in nonlinear stiffening responses. This observa-
tion is in contrast with previous work that reported a linear
response of scaled coating upon bending [17]. In [17] the deflection
was accommodated by sharing of the soft matrix between the
scales, while in this work, the scaled coating bends by stretching
of the membrane, gradual contact of the scales and sliding of the



Fig. 12. Force-deflection curves in three-point bending for all the designs and along the directions of (a) major overlap and (b) minor overlap. (c) Comparison of the flexural
compliance at small deflections for all the designs considered in this work.
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scales. The initial bending compliance was extracted by fitting lin-
early the force-displacement curves in the deflection range
between 0 mm and 0.2 mm, where all the curves behave almost
linearly. The flexural compliances at small deflections are com-
pared in Fig. 12c. The bare membrane and isolated scales have by
far the highest flexural compliance. The other designs all consist
of array of scales, and the interactions between scales decrease
the compliance by 60–90%. As expected from the symmetry of
the sample, the flexural compliance of the isolated scales and sim-
ple array of scales in the major and minor directions are identical.
More surprisingly, many of the overlapped design shows similar
flexural compliances in the direction of minor and major overlap,
regardless of the large difference of overlap in the major overlap
direction (g ¼ 50%) and minor overlap direction (g ¼ 0%).
Amongst all the designs analyzed in this work, the elasmoid-like
design showed the lowest flexural compliance in the direction of
major overlap while, in the direction of minor overlap, the flexural
compliance was more compliant than the overlap and staggered
designs. Similar observations can be made for the ganoid-like
design and the polypterus scales, with the polypterus scales show-
ing the highest compliance amongst all the designs. The data
finally shows that the direction of overlap (major/minor) must be
taken into account for flexural compliance, and that this factor
must be taken into account in the design of synthetic scaled
armors.
6. Summary

To summarize and compare the different designs considered in
this work, we display the results in an Ashby chart showing the
puncture resistance and flexural compliance (Fig. 13). The chart
shows that compared to the isolated scales, the arrays of scales
increase the puncture resistance by a factor of 16, but decrease
the flexural compliance by a factor of 20. This result indicates that
scale-scale interactions significantly increase puncture resistance,
but also decrease flexural compliance. Within the designs consist-
ing of array of scales, some geometries and arrangement of scales
offered better combination of properties than others, and one of
the main result of this work is the large impact of the geometry
and arrangement of the scales. As the Ashby chart shows, relatively
small changes to the geometry of the scales (with everything else
constant) can provide up to tenfold increases in puncture resis-
tance. The worst design for hard-yet-flexible armor is the simple
array of scales, which is flexible but provides little resistance upon
puncture. Slanting the sides of the scales in overlapping or topolog-



Fig. 13. Ashby chart showing the combinations of flexural compliance and
puncture resistance for the different designs considered in this work.
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ically interlocked designs increases the resistance to puncture sig-
nificantly, with only a small loss of flexural compliance. The geom-
etry was enriched further with simplified elasmoid and staggered
design, again with little loss in flexural compliance. We found that
the elasmoid design produces the scaled skin with the highest
puncture resistance, but it was also the design with the lowest
flexible compliance. Our results show that more sophisticated fea-
tures such as side pegs that interlock with neighboring scales pro-
vide a promising pathways to increasing the performance of the
scales. Compared to the overlapping scaling design, the addition
of side pegs not only increased puncture resistance, it also
increased flexural compliance. The full polypterus design provided
good puncture resistance and high flexural compliance, but exact
comparison with the other designs is difficult because the overlap
could not be controlled as well. Interestingly, our results show that
the simplified ganoid and elasmoid designs, which are close to the
geometry and arrangement of natural scales, are among the most
efficient designs, providing the highest average puncture resis-
tance and without losing in maximum flexural compliance, as
compared to other designs that cover the whole surface. This strik-
ing observation suggests that natural evolution has shaped the
geometry and arrangement of natural scales to maximize protec-
tive efficiency. These findings therefore provide new insights into
the mechanisms of natural dermal armor, and also suggest new
design strategies for personal protective systems. The indenter
material and geometry we have used for these tests were chosen
so that the ABS scales behave as hard materials compared to the
soft substrate. In actual applications, much harder materials such
as high density ceramics should be used for the scales (at least
on their front surface) to prevent puncture from sharp objects
made of steel or other hard materials. Shape optimization may
be coupled with material choice, size and thickness of the scales
and attachments of the scales to design and produce high-
performance bioinspired flexible armors.
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