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Abstract: Recently, mechanochromic soft materials that
enable smart sensing functions by visual inspection without
the need for special devices have been attracting attention.
We have developed a non-close-packed type elastic colloidal
crystal sheet through a simple shear-induced process. The
colloidal crystal state, in which the (111) plane exhibited
significant orientation due to shear stress, was successfully
stabilized in the 4-hydroxybutyl acrylate (4-HBA) monomer
precursor dispersed with desalted silica colloidal particles
through the implementation of UV irradiation radical
polymerization. Consequently, a solid colloidal crystal sheet
was produced, capable of reversibly modulating its structural | 20 130 140 |BN 160

color in response to elastic deformation. In this article report

will address the stress response functions of this sheet due to elastic deformation of stretching, compressing and
bending. In addition, a rapid structural color change at 4.17 ms unit by impacting. By analysis of tensile and strain
curve, Young’s module was 0.56 MPa, tensile strength 0.73 MPa and elongation brake was 142.9%. In addition,
durability repeating elongating the rubber sheet for 100,000 times. Up now 150 cm? sheet produced by hand made
batch process. This simple process is suitable for scaling up colloidal crystal to mass production and is expected
to have a wide range of engineering applications with mechanochromic materials.

Keywords: silica colloids; poly (4-hydroxybutyl acrylate) elastomer; non-close-packed colloidal crystal; shear
stress; elastic deformation; Bragg’s diffraction; structural color

1. Introduction

In recent years, the study of mechanochromism, in which the structural color of soft materials changes
because of deformation or stress, has become increasingly popular [1-3]. Multilayer films [4], block copolymers
[5,6], liquid crystal elastomers [7], and colloidal crystals [8], including opal [9], inverse opal types [10] and core-
shelll colloidal powders [11], have been studied and attempted to be applied to smart materials in a wide range of
fields, from sports, medical, smart skin, and infrastructure damage detection. For engineering applications, a Role-
to-Role coating process, which has been applied to hydroxypropyl cellulose [12] and core-shell colloids [13], has
made mass production possible.

Elastic non-close-packed type colloidal crystal is one of important soft materials to produce smart materials
with tuning structural color by mechanical deformation. There are two approaches; Core-shell nanospheres were
applied thermally shear stress [11,13] and polymerization repulsively charged colloidal crystals embedded in
monomer and polymerization. The later approach is traditional approach to form non-close packed colloidal crystal
in hydrogel [14]. This method allows colloidal particles to be dispersed in a monomer liquid that does not contain
a water-soluble solvent instead of a hydrogel. Recently, non-close packed type of elastic colloidal crystals has
been attracting much attention due to their wide range of structural color tuning and rubber-like mechanical
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properties. Methods have been reported in which silica particles are dispersed in an acrylic monomer that does not
contain aqueous solvent and then polymerized into an elastomer by radical reaction [15—18], and another method
in which a high-quality colloidal crystal embedded in hydrogel is formed and then replaced with an acrylic
monomer to form an elastomer [19]. Research in this field is expected to have applications in smart skins and other
areas and has been actively pursued in recent years. For example, research is progressing on the analysis of the
relationship between changes in the microstructure (crystal lattice) of colloidal crystals due to deformation and
their optical properties [20]. Additionally, a new type of elastomer that does not change structural color under
elastic deformation has been reported [21]. Furthermore, studies are underway to enhance functionality by
combining mechanochromic properties with other functionalities, such as electronic-optical [22] and magnetic-
optical [23] responses.

Sawada et al., have been investigating colloidal photonic crystals made of soft materials: hydro gels and
elastomers [24]. In the previous works, deionized colloidal particles suspension easily form colloidal crystals and
furthermore the quality of colloidal crystal improved by adjusted applied shear flow. However, colloidal crystal
embedded in hydrogel sheet is too soft and wetted with solvent. From a viewpoint of applications like rubber,
solvent free is better. Thus, silica colloids were dispersed in monomer and deionized by ion exchange resin.
Deionization causes colloidal particles to form crystals, resulting in a reflection peak. It is believed that removing
residual Na* ions and other impurities from silica particles during synthesis causes the electric double layer around
colloidal particles to expand, leading to electrostatic repulsion and an Alder phase transition, thereby forming
colloidal crystal. Highly charged silica formed a repulsion layer and formed multi-crystals colloidal crystal in
monomer liquid. It is well known that shear stress is important for forming orientated colloidal crystal [25]. A
shear stress method was used as following procedure and finally monomer liquid was changed to solid rubber like
elastomer by polymerization of UV radical reaction [26]. Non close packed colloidal crystal with uniform
structural color is important for practical mechanochromic applications.

Figure 1 shows the concept image of the process. (A) Preparing UV-curable colloidal dispersion: silica
nanosphere are dispersed in UV-curable acrylate monomer liquid, (B) Randomly oriented colloidal crystal grins
are formed by deionization originated from electrostatic repulsion layer expanding, (C) Orientation of colloidal
crystal planes due to shear stress near the glass plate, and (D) UV-radical polymerization of liquid monomer to
solid without broking colloidal crystal, as a result non-close-packed type silica colloidal crystal to fix in solid
elastomer. As described later, deionized treatment improves the uniformity of structural color for large size (over
150 ¢m?) in colloidal crystal embedded in elastomer sheet. The objective of this study is to provide a
comprehensive report on the fundamental photonic functions of an elastic colloidal crystal sheet under typical
deformation modes, including stretching, compression, and bending. Furthermore, we have demonstrated a simple
and pragmatic photonic functions of elastic colloidal crystal rubber, including strain imaging through the impact
of an object and the durability of a large number of cyclic deformations.
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Figure 1. Conceptual diagram of the process for producing colloidal crystal highly-oriented in an elastomer matrix
using electrostatic repulsion. (A) silica nanospheres are well dispersed in a precursor liquid of monomer, (B) ion
exchange resin is used to deionize the colloids to form small size grains of colloidal crystal with random orientation
planes, (C) the colloidal crystals are oriented in one direction by shear stress near the glass plate, and (D) the precursor
is polymerized by UV irradiation with a radical initiator, and the colloidal crystals are immobilized in the elastomer.
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2. Materials and Methods

As a precursor, silica nanospheres were dispersed in UV curable monomer liquid. Monodispersed silica
nanosphere (Silbol 150, Fuji Chemical Co., Ltd., Osaka, Japan) was dispersed in 4-Hydroxybutyl Acrylate (4-HBA,
Osaka Organic Chemical Industry Ltd., Osaka, Japan). 2-Hydroxy-2-methylpropiophenone (Sigma-Aldrich,
St. Louis, MO, USA) is a radical photo-initiator (PI) molecule that was used in the polymerizing 4-HBA monomer
by exposure of UV radiation. AG 501-X8 Mixed Bed Resin, biotechnology grade (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) was selected as deionized ions from the precursor monomer of 4-HBA and silica colloids.

The concentration of silica in the dispersion was 20 wt% was mixed with 1 wt% PI by tube rotator for
30 min. The de-ionized dispersion indicates a milky bright structural color due to Bragg’s diffraction from small
grain sized colloidal crystals. Supplemental Figure S1 shows a conceptual flow of making rubber sheet from
deionized 4-HBA precursor. This deionized 4-HBA precursor silica suspension was infilled into a between two
glass substrates with a 1 mm spaced gap for applying shear stress, as shown in Figure S1B. The lower glass
substrate by uniaxial vibration indued a shear stress to 4-HBA precursor. The typical vibration motion was 10 Hz
and amplitude length of 1 mm (Vibration shaker (SSV-105) and controller (SVA-ST-30), San-Esu Co. Itd., Tokyo,
Japan). As a result, the structural color became more vivid as many small colloidal crystal grains with randomly
oriented planes were oriented perpendicular to the glass surface. After stopping the vibration, UV LED light was
irradiated through the glass plate as shown in Figure S1C. The 4-HBA liquid changed solid elastomer.

A 365 nm UV LED array (MBRL-CUV7530, 4.3 W LED module and MLEK-A230W2LRDB controller,
MORITEX Co., Yokohama, Japan) was used for UV irradiation. As a result, 4-HBA monomer was polymerized to
homopolymer with highly (111) plane-oriented colloidal crystal. The glass transition temperature of poly(4-HBA)
elastomer is—40 degrees C and shows elastic function like rubber. The LED modules (75 mm % 30 mm) were joined
and cover the entire area of the standard sample size, 100 mm x 100 mm. After UV curing, poly (4-HBA) elastomer
sheet with uniform structural color was obtained, and a free-standing elastomer sheet of 1 mm thickness was formed
by peeling from glass sheet. To support the mechanical strength and improve the structural color, the elastic poly(4-
HBA) sheet was bonded to a 1 mm thick black colored chloroprene rubber CR sheet (CB260N, 1 mm thickness,
AKITSU Industry Co., Ltd., Hiroshima, Japan).

3. Measurement and Equipment

The reflectance spectra of the poly (4-HBA) elastomer sheets and silica colloid dispersions of monomer were
recorded using a miniature fiber optic spectrometer (Ocean Optics, USB2000+, Dunedin, FL, USA). The incident
light was perpendicular to the samples (to measure specular reflectance, the probe was oriented at 90° to the sample
in a reflectance probe holder) at a local spot (less than 2 mm in diameter) by HL-2000 tungsten halogen light
source. The fiber has a core diameter of 200 pm, a numerical aperture of 0.22, and is banded with six illumination
fibers around a single read fiber. Using this probe fiber, we measured the reflectance to analyze the shift of the
Bragg diffraction peaks due to elastic deformations. In addition, transmittance spectroscopy at different angles of
incidence was used to estimate the spacing of the silica array planes. A UV/VIS spectrophotometer with a variable
angle specular transmittance accessory (V-570, JASCO Co., Tokyo, Japan) was used. This simple analysis method
was reported in our previous paper [27]. In the transmission spectrum, the wavelength position of the valley
corresponds to the wavelength of the Bragg diffraction peak. By analyzing the correlation between the angle of
incidence and the wavelength of the valley, the interplanar spacing of the particle array plane can be determined.
Refractive index of monomer 4-HBA and poly(4-HBA) elastomer was measured with an abbe refractometer at the
wavelength of D-Line (NAR-1T SOLID, ATAGO Co., Ltd., Tokyo, Japan).

Reflection photo image and movie were obtained under using a flat high brightness LED white light (LED
viewer 5000A, Color temperature: 5000 K, Shinkosha, Co., Tokyo, Japan) irradiation. Digital camera (EXILIM
EX-F1, CASIO Computer Co., Ltd., Tokyo, Japan) and with a smart phone camera with 240 fps slow movie mode
(iPhone 6 Plus, Apple Inc., Cupertino, CA, US). A part of photo images was taken using a coaxial vertical
illumination to obtain uniform structural color image. Stretching and bending of rubber sheets was done by a one-
axis manual stage. Compression and impact experiments were conducted using a homemade device shown in the
attached figures below.

Stress-strain curves were measured by uniaxial tensile equipment (ZTA-500N+FSA-1KE-500N, IMADA
Co., Ltd., Aichi, Japan). The Danbel-shaped test piece with 1.03 mm thickness was punched out using a metal
template (JIS K6251 #8). The width of center was 4 mm. Initial length of the test piece was 28 mm between
gripping’s length. Due to technical reason, the elongation of test piece was measured as the gripping’s length.
Durability test was performed by desktop model endurance test machine (DMLHP-PP, Yuasa System Co., Ltd.,
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Okayama, Japan). The elastomer had a width of 10 mm, an initial length of 40 mm, and an elongated length of
55 mm. The elongation was 55/40 = 137.5%.

4. Results & Discussion

4.1. Deionized Silica Colloidal Crystal in 4-HBA Monomer Liquid

Figure 2 shows the analysis of the Bragg’s diffraction of the silica colloidal crystals dispersed in monomer
liquid formed by deionization. Figure 2A shows typical reflection spectrum with and without deionization
treatment. Silica of 150 nm diameter colloids were dispersed in 4-HBA monomer liquid and deionization using
ion-exchange resin. A single diffraction peak appears around 653 nm after deionization. This single peak due to
Bragg’s diffraction from array of silica colloidal crystal planes. Supplemental Figure S2 compares two cuvettes at
20 wt% silica colloids, the left with de-ionization shows light red color and the right without deionization as shown
in the photo A. The left cuvette shows light red color due to the Bragg’s diffraction of 653 nm peak. The color of
the cuvette is strongly influenced by the direction of the incident light. In the photo C, the light is reflected
specularly, and the color appears red. In the photo D, the light is reflected at a 90° angle and the color appears light
green or light blue. In the photo B, the light is reflected at a 45° angle and the color of the fiber illumination appears
light orange, while the color of the light reflected at a 90° angle appears light green. From these observations, we
can conclude that the color is a structural color with angle dependence.
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Figure 2. Colloidal crystals formed by silica colloidal particles dispersed in monomer (4-hydroxybutyl acrylate,
4HBA) liquid. (A) The effect of deionization treatment using ion exchange resin on crystallization, (B) The effect
of silica particle concentration on the reflection peak wavelength of the colloidal crystal.

Supplemental Figure S3 shows the silica concentration effect changes the structural color of colloidal crystal
in 4-HBA monomer liquid. At low concentration of 15 wt% shows red and high concentration of 50 wt% shows
purple. This color change depends on peak shift of the diffraction peak at specular reflection. The diffraction peak
position corresponds to the silica particle concentration as shown in Figure 2B. The peak position wide varied
from 460 nm to 722 nm, i.e., covering from almost entire visible color region to near NIR region. This means that
the lattice distance of colloidal crystal can be tuned by only particle concentration silica colloids in wide visible
color range [13,14]. In this paper, we selected initial structural color as red for colloidal crystal rubber sheet for
tunable structural color function by mechanical deformations for wide color changeable range.

4.2. Silica Colloidal Crystal in Poly(4-HBA) Elastomer Solid Sheets

Figure 3 shows the uniaxial tensile stress-strain curves of silica colloidal crystals in a poly(4-HBA) elastomer
sheet. Photo A shows the elongation of the elastomer sample just before fracture. At the time of fracture, the tensile
stress was 3.0 N, and the elongation was 40 mm, as shown in Figure 3B. The tensile strength was calculated to be
0.728 MPa. The elongation at break was 142.9%. The Young’s modulus (elastic modulus) can be determined from
the slope of the strain-stress curve. Therefore, the Young’s modulus was derived from the slope under the low-
load conditions (less than 35%) shown in Figure 3C. The correlation coefficient exceeded 0.998, and the Young’s
modulus was 0.56 MPa.
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Figure 3. Mechanical property measurement by uniaxial tensile. (A) Stretched danbel form specimens, (B) Stress-
strain curves were plotted up to the point of failure and (C) Stress-strain curves at low load conditions.

Figure 4 shows silica colloidal crystals embedded in 4-HBA on a black color supporting CR rubber sheet.
Figure 4A shows a uniform structural color over an area of almost 100 mm % 100 mm. The structural color of
4-HBA elastomer is brighter red, peak position around 637 nm. The refractive index of monomer 4-HBA was
1.452, and that of 4-HBA elastomer was 1.493 at 25 °C. On the other hand, the refractive index of the silica colloid
is about 1.45, and the refractive index contrast increases as polymerization progresses from monomer to elastomer.
This may be one of the reasons why UV radical polymerization contributes to the vividness of the structural color.
The photo image was taken using a coaxial vertical illumination. Figure 4B shows a conceptual diagram of the
cross-section of the rubber sheet. Colloidal crystal layer was 1 mm and thickness of the black color rubber sheet
is also 1 mm. The white light incident at right angles to the colloidal crystal is split into reflected and transmitted
light at the alignment planes of the silica particles. The reflected light, due to Bragg’s diffraction, depends on the
spacing between the alignment planes and causes the red structural color in Figure 4A. Light of other wavelengths
transmitted through the colloidal crystal is absorbed by the black supporting rubber sheet. The Bragg’s diffraction
peak can be expressed by as following equation [27].

A=2d \/(ngvp +n&V,) —sin2 6 (D

Here, 4 is the peak position, d is the interspacing between the particle array planes, n, is the refractive index
of the colloidal particles, ¥} is the volume of the colloidal particles, nn is the refractive index of the matrix, Vi, is
the volume of the matrix, and @ is the angle of the incident light.

Figure 5 shows the transmittance spectrum at different tilting angles 8 and delivered the linear relationship
derived from Equation (1). Here due to a simple measurement method, the Bragg’s diffraction peaks were
corresponding to the dips in the transmission spectrum. From the slope of the line in Figure 5B is 0.4775, the
interspacing of silica planes, d was obtained as 229.5 nm. In the case of a colloidal crystal with silica particles
arranged in the closest packing of 150 nm silica colloid, the distance between the planes of the silica array can be
calculated to be 122.5 nm. Therefore, the difference in interplanar spacing between the non-closest packed and
closest packed colloidal crystals is 107 nm, which is a maximum displacement that can change the interplanar
spacing. This corresponds to a wavelength of approximately 289 nm when converted to the wavelength of the
diffracted peak. The wavelength of the initial state of the non-close-packed colloidal crystal elastomer is 637 nm
(red), and it covers a wide range of visible light from 348 nm (ultraviolet region), which means that the range of
visible color change is wide due to the advantage of non-close packed colloidal crystal architecture.
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Figure 4. An elastic sheet of colloidal silica crystals arranged in a regular pattern in an elastomeric matrix. (A)
Digital camera photograph of the surface of the sheet taken under coaxial illumination, showing the nearly red
structural color spread over the entire area of the sheet. (B) Cross section of the rubber sheet and the concept of
structural coloration by selective reflection. Incident white light is selectively reflected only in red by the colloidal

crystal sheet. Light of other colors passes through the colloidal crystal layer and is absorbed in the black rubber
sheet of the supporting substrate.
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Figure 5. Measurement of the interplanar spacing of colloidal crystals in Poly(4-hydroxybutyl acrylate) using the
Bragg-Snell formula. (A) Transmittance spectra measured at different angles, from 0° to 30° in 5° steps,
(B) Measurement data plotted against wavelength and angle of incidence, showing a linear relationship between
the two, and the interplanar spacing of the colloidal particles can be calculated from the angle of the straight line.

4.3. Mechnochromic of Silica Colloidal Crystal in Poly(4-HBA) Elastomer

Figure 6 shows the structural color change due to the application of basic mechanical forces; stretching,
compressing, and bending. An initial red structural color shown in the photo A was changed to green color by
horizontal directional stretching shown in the photo B. A disk-shaped sample sandwiched between two glass
plates. The initial sample with no pressure shows a red structural color as shown in the photo C. On the other hand,
the disk with pressure applied by the glass plate changed to green color as shown in the photo D. For bending
deformation, there are two types, convex and concave, as shown in the photo E and the photo G. The original sheet
shown in the photo F is red color. In the photo E, the structural color changed to green color by convex bending.
In contrast in the photo G, the structural color changed to deep red color in the middle area by concave bending.
The structural color change is available as a Supplementary Video S1.
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Figure 6. Structural color change due to mechanical-elastic different deformation modes. (A) an initial rectangular
specimen, (B) under stretching, (C) an initial disk specimen, (D) under applied pressure by pressing a glass plate.
(E—G) show the structural color change by convex and concave bending of a 100 mm square plate.

As the first deformation mode, the colloidal crystal was stretched in one direction using a single-axis stage.
The change in structural color due to stretching is shown in the comparison images of coaxial irradiation in
Supplementary Figure S4. Before stretching, the red structural color at 0 mm changes to green when stretched to
6 mm. When the stretching is stopped and the stage is returned to its initial state, the structural color returns
perfectly to red. Structural color changes are quantitatively analyzed by Bragg diffraction analysis via reflection
spectroscopy. Figure 7 show the elastic colloidal crystal was stretched to 8§ mm in 1 mm increments and the
reflectance spectrum was measured at each strain. Figure 7A shows that the Bragg’s diffraction peak shifts to a
lower wavelength direction and the reflection intensity decreases due to elongation. Figure 7B shows the
relationship between the diffraction peak wavelength and elongation. When comparing the linear approximation
and quadratic equation approximation on Figure 7B, the correlation coefficient R? is closer to 1 for the latter and
expressed as following equation.

A =637.9 —16.8AL + 0.51AL? 2)

This result suggests that elastic colloidal crystal can be applied to tension sensor by elongation.
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Figure 7. Analysis of structural color changes due to stretching using reflectance spectrometry. (A) Change in
diffraction peak due to stretching, (B) relationship between peak wavelength and stretching length.

Next mechanical mode, we investigated structural color change by compressing deformation. A compression
test on elastic colloidal crystals that had been punched out and molded into a disc shape using the equipment and
setup described in Supplementary Figure S5. The concept idea of measurement is shown in illustration of Figure
S5A. The sensing part of the probe is contacting to the surface of the top table of weigh meter photograph shown
in the photo B. The diameter of the disk was 5.5 mm in diameter was mounted on the edge of probe shown in the
photo C. The pressure applied to the disk sample came from compressing by vertical moving one dimensional
precision stage and as measured by the weight meter. Figure 8 shows change of Bragg’s diffraction peaks by
increasing pressure on the disk. By increasing pressure, the Bragg diffraction peak shifted to a lower wavelength
and its intensity also decreased monotonically (Figure 8A). The relationship between the peak wavelength and
pressure is shown in Figure 8B. When comparing the correlation of the two-order approximation fit better than the
first-order (linear). In this experiment, the increase in area due to compression was not taken into account. This should
affect the approximation of the correlation, but it is currently difficult to measure, so we used the following equation.

A =624.2 —2.1P + 0.024P* 3)

By calibrating with the weight scale for each disk, the probe system of colloidal crystal elastomer can be used
as a tactile sensor.
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Figure 8. Analysis of structural color changes due to compression using reflectance spectrometry. (A) Change in
diffraction peak due to compression, (B) relationship between peak wavelength and compression force.

Figure 9 shows a bending deformation mode. There are two types of bending, concave and convex, and they
have different optical property. The concavity bending show in the photo A and the center indicates red color. In
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contrast convexity bending show in the photo B and the center area indicates green color. To investigate the
mechanical deformation on both bending, to compare Bragg’s diffraction peak shifts shown in Figure 9D,E. In
addition, the bending quantity was evaluated by deflection, d as shown in the photo C. As increasing deflection d,
Bragg’s diffraction peak shift to long wavelength in concavity bending. In contrast, Bragg’s diffraction peak shift
to short wavelength in convexity bending. The relationship deflection and peak position for both bending modes
are shown in Figure 9F. A linear relationship is expressed as following equation.

1 =616.4 —28.28d @)

More detailed information on the mechanism of structural color changes in the two modes were investigated
in Supplementary Figure S6. Photographs A, B, and C correspond to concave, flat, and convex curvature,
respectively. The flat silica colloidal crystal elastomer shows a uniform red structural color for all area, and its
cross-sectional view image is shown in Figure S6E. The elastic colloidal crystal sheet is composed of a 1 mm thick
colloidal crystal sheet and a 1 mm thick black rubber sheet. The neutral axis of the bending deformation is the
junction layer of the two parts. The plane spacing affects the compression and tension caused by bending. This is
mainly the central region of the rubber sheet. In addition, the inclination angle of the plane also affects the structural
color change caused by bending deformation. As shown in Figure S6D, the concave center part is subjected to
compressive strain. As a result, the center part shows a deeply red color, and the two sides indicated by the white
arrows show green and yellow. The color change on both sides is due to the sample tilting due to the concave
bending deformation. As shown in Figure S6F, the convex central part is subjected to tensile strain. As a result,
the colloidal crystal plane is compressed and the central part changes color to green. On the photo C, both side of
the center area also may influence of tilting angle. However, it is not clear structural color change compare with
the photo A. The phenomenon of peak shift due to bending deformation shift to longer or shorter wavelength has
potential applications in bending sensors. However, bending deformation is dependent on the depth of the sample
and produce tilting effect, it is complicated to be applied to sensor applications. Next, we investigated at the
characteristics of long period stretching, and impacting phenomena as characteristics related to practical needs.
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Figure 9. Analysis of structural color changes due to bending in convexity and concavity deformation. (A) concavity
bending, (B) concvexity bending, (C) cross section image of the concvexity bending, (D) change in diffraction peak
due to concavity bending, (E) change in diffraction peak due to concvexity bending and (F) a relationship deflection
of bending and peak position.

4.4. Structural Color Material Properties for Practical Use

For structural color material properties for practical use, we will show two topics: Rapid structural color
change by impaction and durability evaluation of repeatable elastic deformation. The former visualizes the change
in the impact that the rubber sheet receives when a SUS steel ball falls as structural color. The video movies were
shot in slow motion mode (240 frames per second, fps) using an iPhone camera. The details of the video shooting
are shown in Supplementary Figure S7. An i-phone was set up below the position of the elastic colloidal crystal
sheet. A steel ball was dropped and collided to the back rubber side and pressure was imaging bottom surface of
the elastic colloidal crystal sheet. As a result, the structural color change enables to observe from downside. White
LED backlighting (color temperature 5000 K) was applied to white diffused glass at an angle of approximately

138



Mater. Interfaces 2025, 2(2), 130-142 https://doi.org/10.53941/mi.2025.100011

45 degrees, and the reflected light was applied to the rubber sheet from below side. The pressure distribution image
on the rubber sheet was acquired by the camera of the i-phone through the transparent acrylic plate. Figure S7B
shows a series of each snap shot images at 240 fps mode. One frame (f) is equivalent to 1/240 of a second, or
0.004167 s. This is equivalent to 4.17 milliseconds. This means the 10th frame image is after 37.6 ms from the 1st
frame. We can obtain high speed camera images with 4.17 ms resolution. The video movie can be available in
Supplementary Video S2. Another movie was analyzed as shown in Figure 10. The position of the impact was first
confirmed in the second frame. In the fifth frame, the color changes to a vivid green. In the seventh frame, the
structural color of the second position changes due to the second collision of the rebounding steel ball. In the
twentieth frame, the third position changes color. The structural color change caused by compression due to the
collision can be visualized as a high-speed phenomenon with a minimum step of 4.17 ms or less. On the other
hand, it takes some time for the elastically deformed area to return to its original shape, and the structural color
change (from green to red) is slower than the collision. However, it recovered to its original structural color of red
within one second. From these results, it is expected that by using a high-resolution high-speed camera, it will be
possible to visualize collision phenomena of less than 1 mS as structural color changes, and by using the correlation
with compression phenomena shown in Figure 8, it will be possible to analyze the change in stress distribution at
high speeds. In this experiment, the slow-motion function of a commercially available general-purpose smartphone
was utilized. The employment of a high-resolution high-speed camera will facilitate the capture of high-speed
phenomena with enhanced precision, which is anticipated to be instrumental in elucidating collision phenomena.

Oms 4.17ms 20.83ms 29.17ms
- - -

= 10 mm l

145.95ms 83.34ms 45.84ms 41.67ms
<m e <am

Figure 10. Rapid structural color change by impacting on a steal ball on an elastic colloidal crystal sheet shown in
Figure 3A. The images were taken by 240 frames per second (fps) movie mode of iPhone camera. Eight snapshots
corresponding to 0 ms to 145.95 ms, respectively.

One of issues on strain sensor issues to be addressed for practical application is the evaluation of durability
against repeated elastic deformation. The desktop device (DMLHP-PP, Yuasa System Co., Ltd.) used in the
evaluation test is shown in Figure S8. The photo A shows the appearance of the device. The rubber sheet was
stretched in one direction by 15 mm at a rate of 15 times per minute (The video movie can be available in
Supplementary Video S3). The photo B is a snapshot of the state before stretching, and the photo C is a snapshot
of the state after stretching. The former shows a red structural color, and the latter shows a green structural color.
As a durability test, we decided to check whether the structural color change function of the elastic colloidal crystal
could be maintained after 10,000 or 100,000 cycles of stretching. The evaluation results are shown in Figure 11.
The graph A shows the reflectance spectrum of the rubber sheet with initial state (sample length of 40 mm) and
stretching (sample length of 50 mm) before durability test. The red line shows the structural color of initial state
with a peak wavelength 600.0 nm. In contrast, stretched 10 mm from its unloaded state shows green structural color
with a peak wavelength 560.5 nm. Figure 11B shows comparison three state conditions. It was confirmed that the
structural color changes with elastic deformation and that this function is maintained even after 100,000 cycle tests.
There is no change or damage after durability test. Although there is a little variation in the peak wavelength due to
differences in the measurement points, we can conclude that the durability of the material is not a problem.
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Figure 11. Evaluation of durability by repeated stretching. (A) comparing the initial state (length of sample: 40 mm)
and after stretched (50 mm), (B) Comparison of peak wavelengths after repeated stretching of the sample. Red bar
(no stretching) and blue bar (under stretched) after 0, 10,000 and 100,000 cycles elastic deformation.

5. Conclusions

By embedding non-close packed colloidal crystals of silica colloidal particles in polyacrylate elastomer, we
fabricate smart material sheet whose structural color changes with elastic deformation.

The formation of this colloidal crystal elasticity was achieved by aligning the silica particle orientation planes
through desalination and shear stress using ion exchange resin. In addition, the monomer 4-HBA was polymerized
through UV irradiation radical polymerization. The lattice constant of the initial colloidal crystal depended on the
particle concentration, and by adjusting it to 20 wt%, the structural color of the colloidal crystal was designed to
be red. This elastic sheet was made from 1 mm thick 4-HBA polyacrylate with 150 nm silica particles oriented in
one direction at distance of 225 nm between the surfaces. By attaching it to a 1 mm thick black rubber sheet, it
becomes a rubber sheet that reversibly changes color with deformation, with a vivid structural color.

In this paper, we investigated three basic mechanical deformation modes (stretching, compression, and
bending) as well as impact and durability. In stretching and compression, the peak wavelength of the Bragg
diffraction that causes structural color was found to be simple correlated with the amount of stretching,
compression stress, and bending (displacement). On bending is two type mode of deformation, concavity and
convexity. On concavity bending deformation, peak shift to shorter wavelength. In contrast, concavity
deformation, the peak shift to longer wavelength. Bending is also corresponding a simple relationship between
peak position and deflection. These three modes suggest that mechanical deformation is applied to smart sensing.
In finally, using a high-speed camera, rapid strain changes images on 5 ms order were obtained in the impacting
test. The imaging function the strain mapping enables wide applications from sport to industry. Finally, the
durability test for elongation suggests that practically application use. 100,000 cycle stretching the rubber has kept
the tunable structural color function.

Supplementary Materials: The supporting information can be downloaded at: https://media.sciltp.com/articles/others/
2505151015568327/MI-Supplement.zip.
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