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Due to obvious evolutionary advantages to both predator and prey, a rich gamut
of camouflaging strategies exists in nature. Engineered camouflaging generally
involves adapting bioinspired strategies to produce superior concealment and
disguise in synthetic systems. Of special interest is dynamic, active camouflaging,
which can rapidly conceal structures depending upon the background landscape.
Herein, exciting advances are made by mimicking Cephalopod strategies. An
alternative geometrically structured biomimetic scale-based strategy, which is
purely mechanical and simple but at the same time rapid, tailorable and tunable,
and inherently multifunctional, is presented. Surfaces covered by biomimetic scales
that are themselves covered by lenticular images are investigated. A concurrent
programming strategy to tune surface morphology and color by controlling the
angle of individual scales is introduced. As an example, a pneumatic design to
control individual-scale orientations using airflow, which enables both morphology
and color camouflaging in less than a second, is demonstrated.

Camouflaging, which results in concealment and deception from
external observation in nature, adds critical evolutionary advan-
tage to both predators and preys. This mutual competition has
resulted in a rich diversity of camouflaging strategies across
various species.[1,2] In general, camouflaging commonly results
in concealment when an animal’s external appearance matches
the background landscape or alters its appearance and shape,
making it harder to identify (Crypsis). Another related strategy
rests on changing the appearance to mimic another animal or
a background object, such as leaf or twigs (Mimesis and
Masquerade).[3] In addition to these strategies, animals can also
make motion detection harder using special skin patterns
(Motion dazzle) or move in a fashion that decrease chances

of detection (Motion camouflage). Camou-
flaging can become especially effective if
the animal can change its color to match
the background landscape. This is seen
in the case of several cephalopods, such
as squid, cuttlefish, octopus (in general
covering more than 700 species),[2,4] and
chameleons.[5,6] This strategy allows the
animals to traverse multiple diverse land-
scapes without becoming conspicuous.
This active camouflaging strategy can be
characterized by the time required to
achieve concealment from a fully conspic-
uous state. In this, cephalopods exhibit the
fastest camouflaging in nature using direct
neural control.[7] Chameleons, on the other
hand, change their skin color using a neu-
rohormonal mechanism, which typically
takes many seconds to few minutes.[6]

Slower camouflaging is observed in golden
tortoise beetles (2–3min),[8] crab spiders (days to weeks),[9] and
Corydalis Hemidicentra plant, which passively matches its color
with that of the environment it grows in.[10]

Due to the striking visual outcome of camouflaging, its utility
was understood by both hunters and militaries since the ancient
times. Up until in the recent past, most of the visual military
camouflaging techniques relied on passive strategies, such as col-
oring and external decorations, which were tailored for specific
war theaters. However, modern, agile warfare puts premium on
rapid and reliable camouflaging across a wide range of back-
grounds, which would require actively controlled strategies. In
past, Pikul et al.[11] presented a pneumatically actuated mecha-
nism that could reversibly change its shape from a flat 2D surface
to different 3D morphologies. They used pneumatic actuation to
inflate a soft stretchable surface embedded with laser patterned
inextensible layer to create a programmable surface morphology.
Surface color tuning can also be achieved using thermochromic
and eletrochromic materials,[12] strain induced technology,[13]

colored pigment injection,[14] and electronic ink technology.[15]

Electro-mechano-chemically responsive (EMCR) elastomer also
enables creating large deformation patterns, color tuning, and
emitting florescent signals on demand.[16] These currently avail-
able tunable synthetic camouflaging techniques can be broadly
classified based on their use of either surface morphology
and/or surface color and are shown in Figure 1A. The camouflag-
ing time for these engineered camouflaging strategies for
changing color can be put in perspective with their natural
counterparts and are shown in Figure 1B.

These impressive advances in dynamic concealment strategies
are possible mainly due to advances in synthetic-engineered
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camouflaging materials, which combine pigment or soft
surface morphology. In contrast to these purely material-based
strategies, in this paper, we explore a topology-based strategy
by utilizing biomimetic scales for tunable/tailorable dynamic
camouflaging. Biomimetic scales, which are inspired by fish
scales, have already been used to generate geometrically tailora-
ble mechanical properties.[17] Therefore, this biomimetic
scale-based strategy is inherently a multifunctional design.

In nature, scales are commonly used by some fishes for visual
evasion by reflecting incoming light (typically nondirectional due
to scattering from water borne particles[18]) and structural color-
ation of Lepidoptera wings as a result of coherent light scattering
by the photonic crystal nature of the scales.[19] However, these are
passive strategies and not suitable for changing colors on
demands. In this article, using lenticular flip images and scale
actuation, we develop a robust camouflaging method for tuning
both surface morphology and color by changing scale inclination.
Despite the relative simplicity and multifunctional benefits of
this framework, the programmability can be achieved within
seconds, on par with many existing techniques.

We devised a pneumatic actuation system to control the
angle of individual scales that enables achieving fast surface

camouflaging (in the order of seconds). The biomimetic scale
system is an array of rectangular plates ðL� tÞ capable of freely
rotating around a fixed axis on a substrate. Figure 2A shows the
geometry of a sample 3D printed set of eight biomimetic scales
situated on a substrate. θi is the angle measured between the ith
scale and the horizontal line on the substrate. The distance
between ith and iþ 1th scale is denoted as di: Using a suitable
actuation method, individual scales can be brought into certain
configurations by changing θi, which can result in various
surface morphologies along the surface of the biomimetic scale
system. The bottom row of Figure 2A shows two examples of
different surface morphologies, where the biomimetic scales
with L¼ 20mm and d¼ 10mm are positioned in such a way that
the tip of scales approximates a bumped shape and an inclined
surface, respectively. To approximate a certain morphology (tar-
get function) using biomimetic scales (fixed L, and di), an inverse
problem must be solved to obtain the desired value of θi for each
scale. A computer code was used to find the desired values of θ in
a biomimetic scale set with fixed di and L. Algorithmically, the
target function (defining the required morphology) was inter-
sected with n circles with a radius of L (length of scales) and
centers on the axis of rotation of the scales. This is shown in

Figure 1. A) Broad classification of current engineered camouflaging strategies based on the control of color, surface morphology, or both.
B) A comparative characteristic time diagram contrasting camouflaging strategies commonly found in nature with currently proposed engineered
camouflaging. The characteristic time is the average time taken for the surface to change from its reference conspicuous state to fully concealed
state. The natural mechanisms with schematic of a representative organism are on the top of the time arrow whereas the time scales of engineered
camouflaging are depicted in the bottom.
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Figure 2B for a sinusoidal target function y ¼ A cosð2πxλ Þ, where
A is the amplitude and λ is the wavelength. We acknowledge that
this procedure may result in multiple θ values of each scale.
However, uniqueness is imposed by choosing a value of θ close
to 90� (normal line to the substrate), which gives more angular
freedom than the neighboring scales and results in a more
uniform scale distribution.

In addition, unphysical mathematical solutions where scales
penetrate into each other are deemed inadmissible. Two natural
nondimensional parameters define the envelopes of admissible
solutions. The amplitude of the sinusoid gives us the first non-
dimensional parameter, A=L< 1 (amplitude ratio). The other
parameter arises from comparing the wavelength of the sinusoid
with the scale spacing. It can be expected that if scales are spaced
too close together, compared with the wavelength, sufficient
angular freedom may not be available before they contact each
other. This gives rise to the parameter n ¼ λ=d (resolution).
Using these two parameters, an admissibility phase map may
be constructed, as shown in Figure 2C. The phase map is

produced numerically using the earlier described computer code.
Three different colors of blue, yellow, and red correspond to,
respectively, the areas of admissible configuration for all values
of n, admissible configuration only for odd values of n, and no
admissible configuration due to the scale contact. As shown in
the phase map, for 0< n≤ 50 and A=L< 0.78, it is always possi-
ble to achieve an admissible configuration, which perfectly fits
the target function of y ¼ A cosð2πxλ Þ: On the other hand, as n
increases, the admissible region for odd n values diminishes
for A=L> 0.78.

Interestingly, although a large number of admissible scale
designs are possible for a given morphology, their uniformities
differ. Uniformity in distributing scale tips over the target func-
tion affects the quality of morphology and thus camouflaging
itself. Uniformity can be quantified using the Pearson’s
chi-squared test, which compares the distribution of counts
for two or more groups.[20] The level of uniformity in the scale
distribution of a certain scale system can be calculated by apply-
ing Pearson’s test between a particular scale configuration and a

Figure 2. A) A 3D printed biomimetic scale array with eight scales with tunable scale angle θi, which is the angle between ith scale and the substrates. The
length of the ith scale and the distance between ith and iþ 1th scales are indicated as Li and di, respectively. Individual scales can be brought into certain
configurations by changing θi, which can result in various surface morphologies. In the two given examples below, the biomimetic scales with L¼ 20mm
and d¼ 10mm are positioned in such a way that tip of scales can approximate a symmetric curvilinear shape and an inclined surface. B) An array of
identical biomimetic scales approximating sinusoidal function y ¼ A cosð2πxλ Þ depicting wavelength λ and amplitude A. The individual-scale configuration
was determined using a computer code and among all possible configurations, one with the minimum number of interesting scales was chosen. C) Phase
map illustrating the availability of valid solution for an array of nð0≤n≤50Þ scales approximating the function of y ¼ A cosð2πxλ Þ from x¼ 0 to 2πmapped by
resolution ðλ=dÞ and nondimensional amplitude ratio ðA=LÞ: The map shows three regions encompassing, admissible solutions for any number of scales
(blue), admissible solutions for odd number of scales (yellow), and no admissible solutions (red). D) Distribution uniformity plot using Pearson’s
chi-squared test mapped via resolution ðλ=dÞ and amplitude ratio ðA=LÞ.
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uniformly distributed set. First, the target function is divided to
N equal cells over the x axis, and then, the value of Pearson’s
chi-squared test for such a case can be obtained from
Equation (1)

χ2 ¼
XN

i¼1

ðOi � n
NÞ2

n
N

(1)

where χ2, n, Oi, and N are the value of Pearson’s test, number of
scales, number of scale tips in the ith cell, and number of cells,
respectively. The χ2 is zero for an ideally uniform distributed
scale set and χ2 increases as the concentration of scale tips
increases or decreases locally. Figure 2D shows a contour plot,
which describes the uniformity of scale distribution over the tar-
get function of y ¼ A cosð2πxλ Þ using the Pearson’s chi-squared
test, where number of cells (N) is equal to number of scales
(n), mapped by A=L and nðor λ=dÞ: Two insets of Figure 2D show
two different levels of uniformity in the distribution of biomi-
metic scales over the target function. The phase map shows that
uniformity improves for longer and more sparsely placed scales.
Alternatively, for a given configuration of scales, morphologies
with lower amplitude and shorter wavelengths produce greater
uniformity. In contrast, shorter and closely spaced scales are
expected to produce a more textured appearance. However, there

is a limit of packing scales too closely together as that would
affect their motion and restrict tunability. Assuming a constant
target function, having a more refined pattern with uniformly
distributed scales requires smaller λ=d and A=L, which can be
achieved through scaling down the entire scale set (i.e., decreas-
ing the values of L and d).

These investigations clearly demonstrate the tailorability of
shape and the morphology of surfaces using a scale-based
design. By incorporating an actuating mechanism on the scales’
base, which can lead to rotation, this tailorable morphology can
be used to produce tunable textured colors on the surfaces using
lenticular flip images. The lenticular flip image allows the viewer
to see different images depending on the viewing angle.[21] The
lenticular image is made of a layer of graphic consisting two dif-
ferent images (solid colors here) interlaced together and a layer of
lenticular lens on top,[22] see Figure 3A. The lenticular lens, a
plastic sheet covered by parallel lenticulas (semi-cylindrical
lenses), acts as a magnifying glass and displays only a portion
of the interlaced graphic located underneath the lens depending
on the viewing angle.[21,23] In the case shown in Figure 3A, each
lenticula has precisely located on the top of two red and yellow
strips (width of each color strip is half the width of lenticula), and
the maximum viewing angle of the lenticular lens is α (i.e., a cal-
culated angle in which the lenticular lens delivers a correct

Figure 3. A) Lenticular flip images are made of an interlaced background image and a sheet of lenticular lens, which delivers different images while
looking at them at different viewing angles. Here, a lenticular image was fabricated with two phases of yellow and red solid colors. B) Principles of color
tuning where covering the surface of each biomimetic scale by the red/yellow lenticular images enables tuning the color of scales based on the position of
the observer. C) Color appearance of a biomimetic scale array containing ten scales from the sight of an observer located at x ¼ y ¼ 30 cm: The horizontal
axis shows the scale number starting from the closest scale to the observer and the vertical axis is the angle θ for each scale. The color programmability of
the biomimetic scale is demonstrated through three examples of A, B, and C, where sample A is entirely red, sample B is partially red and yellow, and
sample C is entirely yellow (see the corresponding lines to each example on the color map on the left).
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picture). If the observer looks at the lenticular flip image at a
viewing angle between �α� and α� (measured from the normal
line to the image surface), either red or yellow color delivers to
the eyes and color changes (from red to yellow or yellow to red)
when the observer passes the normal line. This maximum view-
ing angle α is a property of the lenticular lens system and fixed for
a given design. It is noted that the lenticular images can be used
for delivering multiple colors by reducing the width of each color
strip on the graphical background located underneath of the len-
ticular lens. In this article, we used only two colors of yellow and
red to create a simple demonstration of the concept. Figure 3B
shows the side view of an observer looking at a biomimetic scale
system with scales covered by lenticular flip images, while the
horizontal and vertical distances between the observer and the
first scale are denoted as x and y, respectively. In this configura-
tion, clearly the viewing angle is not a constant for all the scales.
For example, the viewing angle for the second scale has a value
between 90°� ϕ1 and 90°� ϕ2 (measured from the normal line).
As shown in Figure 3A, we can develop a mapping between the
viewing angle and the appearing color, in which the observers
with viewing angles between �α� and 0� receive the yellow color
and the observers with viewing angles between 0� and α receive
the red color.

A MATLAB-based computer code is used to calculate the view-
ing angle for an array of n biomimetic scales based on the geo-
metrical parameters of x, y, d, L, and n, and variable θ and then
find the appearing color of each scale based on the explained
mapping principle. The results presented in Figure 3C are
extracted from the code with x¼ y¼ 30 cm, L¼ 2 cm, d¼ 2 cm,
and n¼ 10. The horizontal axis indicates the scale number
(counting from left to right), and the vertical axis is the scale ori-
entation (θ). According to the plot, the appearing color of scales
for a certain morphology can be found using the scale number
and angle θ. To validate the numerical results, an array of
ten biomimetic scales covered by lenticular flip images with
α ¼ 24.5� and lenticulas per unit inch LPI¼ 60 (width of each
lenticula is 1=60 inches) were 3D printed. Three different scale
systems are used, denoted as A, B, and C shown on the right side
of Figure 3C. In configuration A and C, all θ values are constant
and equal to 40� and 65�, respectively, and θ value in the config-
uration B increases linearly from 35� to 80� along the length of
the substrate. The color texture is shown in Figure 3C (extreme
left) where the vertical axis denotes the scale angle and horizontal
axis denotes the scale number starting from the viewing end. The
color patches for each scale show the predicted extent of the
range of colors visible to the observer for that scale depending
on the angle of the scale. Using the scale angles for a given scale,
all three samples A, B, and C have been superimposed on this
plot. As the scale angles are constant for samples A and C, they
are straight horizontal lines on this plot, fully inside the red and
yellow region, respectively. At the same time, the functionally
graded scales of sample B with varying scale angles start from
the red region and then moves into the yellow region as with
more distant scales. The transition begins to occur around the
fourth scale and completes by the sixth. The observer’s view
of three samples shows an excellent agreement between the
experimental result and the analytical results presented in the
plot. Therefore, using this model, it is possible to design a pro-
grammable tunable system, which can deliver precise surface

texture through a scale angle controller. A fully functional
camouflaging system requires a feedback system, such as motion
camera, to sense the location of observer and deliver the desired
color accurately. However, developing such a feedback-controlled
system is out of the scope of this article, and intelligence will
be achieved once camera is installed on the structure. The
camouflaging time for such a mechanism would depend on
the actuation method employed. In this work, a pneumatic tun-
able system is introduced, which is both simple and reasonably
fast (camouflage time �s). The proposed camouflaging system
has been designed and analyzed in a 2D space, which narrows
down the range of possible applications of this system. However,
the similar principles can be used in conjunction with directional
lenticular lenses, which can deliver the desired images in a 3D
space,[24] to improve this limitation in the proposed camouflag-
ing system.

In this section, a tunable surface coloration concept is demon-
strated. From the earlier discussion, it is clear that both morphol-
ogy and color camouflaging of the biomimetic scale set can be
controlled by the rotation of scales. Thus, tunability can be
achieved using an actuation method to control the angle of indi-
vidual scales. Here, an air-controlled scale design in which the
angle θ of each scale can be tuned through changing an incoming
airflow is experimentally demonstrated. Figure 4A shows the
side view of the scale design with two air inlets and one scale
able to rotate freely. Air inlets are connected to air cavities, which
are separated from each other using the moving scale. Increasing
the air pressure in either sides of the scale (pressurizing take
place through connecting air inlets to an airflow) moves the scale
to the opposite direction, as connecting the flow to inlet 1 and
inlet 2 moves the scale to the right and left, respectively. Also,
two small holes are located on the top surface of the air cavities
to regulate air pressure through letting some air out. Figure 4B
shows five different scale configurations of a 3D printed
air-controlled scale. These configurations can be achieved
through manipulating the airflow entering the air inlets. In
two extreme left and right cases, the pressure in one of the
air cavities is higher than the other because of substantially dif-
ferent airflow rates entering two inlets. In this case, the scale goes
to the extreme left or right positions due to the unequal applied
forces on two sides of the scale. To position the scale in between
the extreme configurations, the air pressure on the both cavities
should be equal, which provides a zero effective applied force to
the scale. In case of equal airflow entering the left and right cavi-
ties, the scale goes to the vertical configuration due to the sym-
metry (third image). If the incoming airflow to inlet 1 is slightly
greater than inlet 2, the scales moves to the right until it reaches
and blocks one of the pressure regulation holes. In this configu-
ration, the extra airflow entering inlet 1 leaves the air cavity
through the left pressure regulation hole and the scale rests at
the balanced pressure on both sides (fourth image from left).
Same principles apply when the airflow to inlet 2 is slightly
greater than inlet 1 and moves the scale to the left until it reached
the left pressure regulation hole (second image from left).
Increasing the number of pressure regulation holes improves
the accuracy of scale orientation control through adding addi-
tional equilibrium positions. Please see Movie 1, Supporting
Information, for more details on the performance of the
air-controlled scale. Figure 4C shows an array of ten
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air-controlled 3D printed scales placed on a substrate. All scales
are pneumatically coupled, meaning that inlet 1 of all scales is
connected to each other using tubes and same for inlet 2.
Movie 2, Supporting Information, shows the actuation of
air-controlled biomimetic scale array using a single air source.
More complicated patterns can be created by controlling individ-
ual scales rather than using the pneumatically coupled scales.
Figure 4D demonstrates three different morphologies of
inclined, zig–zag, and sinusoidal surfaces, which can be achieved
through the actuation of individual scales in an array. In addition
to the morphology tuning, the visible color of biomimetic scale
array can be tuned using the air-controlled scales. Covering the
surface of scales in the same array, as shown in Figure 4C, using
the lenticular flip images provides control on the color of biomi-
metic scale array. Figure 4E shows the biomimetic scale array
configured in different shapes, which causes different colors
in the observer’s eyes. Please see Movie 2, Supporing
Information, for more details on the color tuning of biomimetic
scales. Although only uniform angular change has been demon-
strated, the concept can be extended readily to obtain individual-
scale angle control, which would result in a rich color texture and
more intricate control.

In conclusion, a novel tailorable/tunable biomimetic scale-
based system capable of both surface morphology and color
camouflaging has been investigated. Although the best result
can be achieved through programming either color or morphol-
ogy by controlling the orientation of individual scales, it is noted
that the solution for color or morphology camouflaging is not
unique and we may use the orientations, which satisfy both
the morphology and color requirements. The color pattern
was based on using lenticular flip images to tune the observed
color of the biomimetic scale set through changing the orienta-
tion of individual scales. A tunable design was proposed using
air-controlled 3D printed scale in which the orientation of scale
was precisely controlled using airflow. This air-controlled

programmable design enabled a fairly reliable, fast, and simple
morphology production and color camouflaging system. In con-
trast to other techniques of active camouflaging, a scale-based
design provides a framework for designing potentially multifunc-
tional structures, as shown in the previous literature. The funda-
mental principles of this mechanical system are more general.
For instance, origami-based structures[25] such as the origami
string with shape programmability[26] can also be used as a
low-cost alternative method for controlling the complex geome-
tries of engineered camouflage systems because of the limited
number of required actuators or using a shape-memory compo-
sites in hinges to control the scale orientation by changing the
temperature.[27] At the end, the proposed camouflaging system
can be used in conjunction with soft substrate and flexible air
tubes connecting scales to each other, which make the proposed
system a great fit for soft robotic applications.[28]

Experimental Section
Scales and substrate were designed in SolidWorks (Dassault Systemes),
fabricated separately using PolyJet 3D printing technique (Objet Eden260V
3D printer, Stratasys Inc., Eden Prairie, MN), and assembled by hand
in a way that scales can rotate freely around their rotation axis. Each
air-controlled scale was composed of three different sub-parts of scale,
upper cap of cavity, and lower cap of cavity. These three components were
3D printed using the same technology and assembled to form a functional
tunable scale system. The air pressure inside both air cavities was mea-
sured using a pressure sensor (HSCDRRN005PD2A5, Honeywell Inc.,
Morris Plains, New Jersey, United States) connected to two air cavities;
the sensors measured the pressure difference on both sides of the scale.
An ARDUINO UNO REV3 was used to program the sensor and display the
results. The lenticular image was made up of a layer of graphic consisting
two interlaced colors, created by Adobe Illustrator and printed using a
commercial color jet printer, and a layer of 60 LPI flip lenticular plastic
lens (Lenstar Plus, United State) on top.[22] The graphic image was
attached to the lens using double-sided tape and then glued to the 3D
printed scale.

Figure 4. A) A schematic of the cross section of air-driven scale where pressurizing each inlet causes the rotation of scale in the opposite direction. The
pressure regulation holes on the top of the circular part provide two additional equilibrium configuration for the tunable scale. B) Five possible
configurations of 3D printed air-driven scale, which can be achieved through changing the incoming airflow to each inlet. C) A 3D printed array of
10 scales in which all scales are pneumatically coupled and controlled simultaneously. D) Inclined, zig–zag, and sinusoidal morphologies created
by controlling individual scales rather than simultaneous control of all scales. E) Air-driven biomimetic scales exhibit different colors at two different
configurations from the same viewing position (see Movie 2, Supporting Information, for more details).
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