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The visual response is one of the most intuitive principles of sensors. Therefore, emission and change
of the colors are widely studied for development of chemical, thermal and mechanical sensors. And
it is still a challenging issue to fabricate them with a simple working mechanism, high sensitivity,
good reliability, and a cost-effective fabrication process. In this study, we propose a mechanical strain
sensor, which has 2D photonic crystal structures in nanoscale on stretchable polydimethylsiloxane
(PDMS) substrate. Due to the periodic nanostructures, the surface of the sensor produces structural
colors. And when it is stretched, the periodicity of the nanostructures changes, which results in the
shift of the colors. Multiple nanostructures with different periodicities are integrated on the sensor in
order to extend the working range up to 150% with high sensitivity. In addition, reusable and robust
molds, which are fabricated by self-assembly of nanoparticles, are used for multiple replications of
sensor substrates. Thus, the fabrication process of this study is believed to be potential for possible
industrial manufacturing. This study is expected to contribute to strain sensors in the future for the
applications of health care, infrastructure monitoring, soft robotics, and wearable devices.

In recent years, flexible and stretchable sensors have emerged as an attractive research topic due to their great
potential in future applications such as smart prosthetics, e-skin, virtual reality assisted devices, human’s health
monitoring"? Especially, strain sensors, which transduce mechanical deformation to readable output signal,
have played a significant role in the development of flexible smart devices. To date, electric signal (capacitance
or resistance) based- strain sensors have been considered as the prominent approach. While they are based on
the conventional sensor principles and materials, lots of efforts have been made to enhance their stretchability.
The stretchability was attained by fabricating metallic structures in nano or micro scale®*. For instant, Han et al.
deposited thin gold film on micro-cracks to mimic the vibrational sensing mechanism of the scorpion®. Mean-
while silver nanowires, carbon nanotubes, graphene, and mxenes were dispersed in or on the elastomeric material
to achieve ultrasensitive strain sensors®~. Although electric strain sensors have been well-developed, additional
equipment are also required, such as electric signal processor, external power source and so on. Therefore, optical
signal-based strain sensor has been suggested as an alternative approach.

Since the color is one of the fastest and most intuitive signals to recognize, it has been used for a lot of sens-
ing mechanisms, including the mechanical strain sensor. One-dimensional photonic crystals for strain sensor
have been fabricated using block copolymer!'®!l. 2D or 3D photonic crystals such as plasmonic'?, grating %,
close-packed!*!¢, nonclose-packed nanoparticles (NPs)', and inverse opal structure'®!? have been reported
for strain sensors. The principle of these structures is that stretching will lead to the change of crystalline lat-
tice, which results in the color shift of the devices. One of the technical issues of these colorimetric sensors is
the angle dependency. The reflected wavelength, or color, is related to both incident and diffraction angles. So
a photonic crystal sensor was fabricated to be insensitive to the viewing angle, while it had limited strain range
and color intensity?. Lee et al. fabricated a Fabry-Perot mechanochromic interferometer with slight color shift
over a board viewing angle?!. Meanwhile, Zeng et al. embedded a fluorescent thin layer under a shielding film to
demonstrate mechanochromic sensor. Although its strain range was under 60%, it could emit angle-independent
colors according to the strain®’. Another issue of the colorimetric sensors is the working range of strain. A sensor
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Figure 1. Schematic illustration of the fabrication process for mold and sensor. Nanoparticles were assembled
on a silicon substrate then they were etched with RIE process. Metal (Cr) film was deposited in the gap between
the particles so that concave structures were fabricated after peeling off the particles. The mold with nano-
concave structures were used to fabricate sensor substrate with nano-convex structures.

with colored hydrogel was reported by Gossweiler et al. by adding a bis-alkene functionalized spiropyran into
PDMS. The measurable strain was up to 200%, while the color changed from purple to blue®. So the variation
of color needs to be expanded in order to improve the sensitivity. Later on, photonic crystal hydrogels were used
by Chen et al. to fabricate the strain sensor. The color shifted in the whole visible spectrum for the strain up to
570%, but it was unable to be restored to the initial shape without swelling-deswelling process®.

In this study, we propose a colorimetric strain sensor based on structural color, which has wide range of strain
and color variation. Molds with 2D photonic crystal structures (PCS) were fabricated by self-assembly of nano-
particles, then the crystal structures were transferred onto PDMS substrate, which is the strain sensor. The color
of the crystal structures changes according to the strain, but it also changes to the incident and viewing angles.
So additional structures were made on non-stretchable substrate, and it was attached on the sensor substrate.
Color of this substrate changes only to the incident and viewing angles, so this can be used to compensate the
color change of the stretchable sensor substrate for arbitrary incident and viewing angles. The colors on the rigid
substrate indicate the current incident and viewing angles, while those on the stretchable substrate indicate the
color change according to the strain. Therefore, the strain could be obtained for arbitrary incident and viewing
angle by comparing the colors of each substrate. And the crystal structures on the stretchable substrate were
made with different periodicities, which are 780, 510 and 356 nm. Since each structure has different working
ranges, the sensor substrate has wide range of measurable strain (up to 150%) with high sensitivity. And the
sensor substrate showed good durability from the mechanical stretch test for over 5000 cycles. The fabrication
process in this study is relatively simple and cost effective, and it is based on the robust and reusable molds. So,
this study is expected to be applied for commercial strain sensors in the future.

Method

Preparation of molds. The fabrication process for the mold is illustrated in Fig. 1. The mold was made to
have concave nanostructures so that the sensor substrates had convex ones after replication. We had investigated
a fabrication process for nano- concave or convex structures using nanoparticles and thin film deposition®.
Based on the fabrication method, monolayers of polystyrene nanoparticles (Bangs Laboratories, Inc.) with mean
diameters of 780, 510, 356 nm were assembled on a silicon wafer by spin coating at specific areas respectively.
And they were measured by a Scaning electron microscope (SEM, SM-356, Topcon) as seen in Fig. 2a—c. Next,
oxygen (O,) reactive ion etching (RIE) was done to decrease the mean diameters of NPs (Fig. 2d-f). Then, a Cr
layers with thickness of 30, 50, and 80 nm were deposited on the 780, 510, 356 nm particle areas using an e-beam
evaporator, respectively. The difference of thickness of Cr layers will be explained in the result and discussion.
Finally, after the removal of the particles with adhesive tape, the molds with nano-concave structures were ready
for further replication process (Fig. 2g-i). We selected Cr due to its good adhesion with silicon substrate so that
the metal layer could remain intact after taping and replication step.

Preparation of strain sensor with wide working range. The replicated PDMS substrates, which are
the strain sensors, need to have high stretchability. And it strongly depends on the mixing ratio of base material
and curing agent of PDMS. So, a preliminary test was done with substrates of various mixing ratios. Different
mixtures were prepared with ratio of 5:1, 10:1, 15:1 and 20:1 (base material: curing agent), respectively, and
they were diluted with hexane at the ratio of 5:5 (wt%). The hexane was used to enhance penetration of PDMS
mixture into nanostructures of the mold. The mixtures were poured onto the master mold and cured at 80 °C
for 2 h. Then tensile tests were done with the substrates as seen in Fig. 3. It shows that the PDMS substrates
became more ductile with decreasing curing agent content. As the result, the breaking point could reach to the
strain of 160% at ratio of 20:1. In addition, The elastic modulus, calculated from the slope of the initial linear
region (strain from 0 to 10%), varied from 3.3 MPa to 0.77 MPa with mixing ratio from 5:1 to 20:1, which is in
accordance with the literature values'®. Based upon this result, we fabricated the PDMS substrate with mixing
ratio of 20:1 so that the sensors could tolerate the strain up to 150%. For another approach to obtain wide work-
ing range, multiple crystal structures were made with different periodicities. The nanoparticles with diameters
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Figure 2. SEM images of (a-f) nanoparticles and (g-i) molds: (a-c) monolayers of (a) 780, (b) 510, (c) 356 nm
nanoparticles. (d-f) monolayers of (d) 780, (e) 510, (f) 356 nm nanoparticles after RIE. (g-i) molds with
periodic nanostructures from (g) 780, (h) 510, (i) 356 nm nanoparticles (scale bar 500 nm).
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Figure 3. Results of tensile test with PDMS substrates for different mixing ratios (base : curing agent).

of 780, 510 and 356 nm were used for fabrication of the mold which has separate areas for each particle as seen
in Fig. 4. Different shapes in the shadow mask were used for the deposition process, so the periodicity could be
distinguished by the geometric shapes, where the triangle is for 780 nm, the circle is for 510 nm and the square is
for 356 nm. Figure 4 shows the nano-convex structures with periodicities of 780, 510 and 356 nm on the PDMS
substrate, respectively.

Results and discussion

Structural color of 2D PCS and its strain-responsive characteristics. There have been previous
reports on the colorimetric strain sensor based on 2D PCS with both simulation and experiment®*-?. In the
literature, the PCS are in line grating or square lattice structure, where orientations of crystalline structures
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Figure 4. (a) Photo of the mold with 780, 510, and 356 nm periodic nanostructure in triangle, circle and square
areas, respectively (scale bar 0.5 cm), (b) Photo of the sensor substrate and SEM images of 780, 510, and 356 nm
periodic nanostructure in each area (scale bar 1 um).

Strain: 0% Strain: 50%

Figure 5. Working principle of colorimetric strain sensor based on structural color. (a) Schematic of the
diffraction phenomenon with 2D hexagonal photonic crystal structure. (b) Incident light and diffracted light out
of the sensor at initial (0% strain) and at stretched (50% strain) states.

are uniform. However, due to the self-assembly of NPs during the spin coating step, the 2D PCS in this study
has hexagonal lattices with different orientations regionally?>*. This phenomenon may usually occur especially
when the particles are self-assembled on a large area. Therefore, we have investigated the influence of crystalline
orientation on the structural color. When incident light interacts with 2D PCS at incident angle 0, (Fig. 5a) and
it is diffracted at angle (viewing angle) 8,, the difference of the light paths between 2 adjacent beams is calculated
following this equation®"*2;

A = nd (sin0; + sin6,) (1)

where # is the refractive index of external environment, which is approximate 1 for the ambient air, and d is the
distance between adjacent lattice rows, which is equal to V3 /2D(D is the distance between centers of two adjacent
nanostructures). For the hexagonally closed-packed NPs in this study, D is the diameter of NP. When the light
path difference is integer multiple of certain wavelength, constructive interference occurs at this wavelength as
described by the following equation:

mi = «/g/ZD(sin 0, + sin6,) (2)

where m is the order of diffraction and A is the diffracted wavelength. Herein, we only consider the first order of
diffraction (m=1). And the color appears only when the wavelength is in the invisible spectrum (400-700 nm).

We observed the diffraction interaction between light and 2D PCS with hexagonal lattice using an optical
microscope (OM, BX53MRE-S, Olympus) and an external halogen light source. Figure 6a is a microscopic image
in transmission mode, showing the monolayer of 780 nm NPs (seen in red color) which were assembled on a
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Figure 6. (a) Optical images of 2D hexagonal photonic crystal structures at reflection mode shows the areas
have different brightness, (b) Optical images of 2D hexagonal photonic crystal structures at transmission mode
shows the presence of nanoparticles in region A and B, while region C is empty. (c-f) Optical images of 2D
hexagonal photonic crystal structures for various angles (reflection mode) show the alternating brightness

of region A and B, (g) Polar plot of brightness of region B with rotation angle, (h) High magnification image
(transmission mode) shows the orientations of hexagonal lattices and incident light in region A and B (scale bar
5 um).

glass substrate. However, when it is observed in reflection mode as seen in Fig. 6b, region A (yellow trapezoid)
appeared with bright blue color, but adjacent regions B (red circle) and C were dark, even though there were parti-
cles in the region B. To explain this phenomenon, we rotated the substrate to various angles as shown in Fig. 6¢-f.
The brightness of 2 regions (A and B) were opposite and alternated with each other as the substrate rotated. The
polar plot of brightness variation in region B is illustrated in Fig. 6g. The alternating period of the brightness is
60°, which is haft of the axial angle of 2D hexagonal lattice. And this alternation of brightness also shows that
the orientation of hexagonal lattice in region A was different from that in region B for 30°. Closer observation of
Fig. 6f is shown in Fig. 6h, where the orientations of those two lattices deviated by 30°. And it can be also seen
that the lattice orientation of the bright region (B) was aligned with the projection of the incident light (blue
arrow). Therefore, the different orientations of 2D hexagonal PCS leads to different strength of diffraction lights
locally, but it does not influence the overall color when it is seen by naked eyes. Consequently, the color of the
sensor substrate is made from the local regions where the lattice orientation matches that of the incident light.
And when the sensor is stretched, the color changes in those bright regions while others remain dark. In detail,
when the strain is &, d shifts to d’=d,, (I + £) and according to Egs. (1) and (2), the diffracted wavelength shifts to:

V= Jo(1+¢) (3)

As shown in Eq. (3), the wavelength varies linearly with the strain. Thus, to achieve color variation over the
visible spectrum from blue (450-485 nm) to red (625-750 nm), the strain range for a single sensor is determined
by the ratio of those wavelengths, which is 50% (Fig. 5b).

The strain-responsive reflection spectra of the sensor were measured using a customized stage (Fig. S1),
spectrometer (Flame-s-vis—nir, Ocean optics, Inc.), and a tungsten halogen light source. All digital photos and
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Figure 7. Strain-responsive characteristics of the sensor substrate which was made from 780 nm nanoparticles.
(@) Reflectance spectra for various strain. (b) Colors and diffracted wavelengths for various strain and their
comparison with theorical calculation (gray arrow).

videos were taken with a cell phone (iPhone X) and a digital camera (EOS R5, Canon Inc.). For the 2D PCS
fabricated from NPs with diameter of 780 nm, we set the incident angle (8,) at around 40° and the camera is
perpendicular to the substrate plane (6,=0°). Then the diffracted light from the sensor substrate was measured as
it was stretched. The experimental results shown in Fig. 7a agree with the theoretical calculation based on Eq. (3).
The wavelength shifted from 425 to 650 nm, as the strain increased from 0 to 50% (Fig. 7a). Accordingly, as the
wavelength shifted linearly with applied strain, the color of sensor changed from blue (0%) to light blue (10%),
green (20%), yellow (30%), orange (40%), and red (50%) (Fig. 7b). In addition, the intensity of diffracted light
decreased as the strain increased (Fig. 7a). This is due to the vertical contraction of nano-convex structures as
a result of substrate’s Poisson’s ratio'#**. Thus, for higher strain above 50%, the color returned to the initial one
(blue) and changed with another cycle. But the intensity deteriorated greatly in the second cycle and afterward
(Video S1), so the first cycle of the color change was considered only for the strain sensor. Furthermore, the light
source and camera were parallel to the change of the periodicity, or the stretching direction of the senor, in our
study. So the color of our sensor changed from blue to red as seen in the results. However, when the light source
and camera were perpendicular to the stretching direction, the color changed from red to blue. It is because
the periodicity for the perpendicular direction decreases due to the Poisson’s ratio®>?. This was also tested and
shown in the supplementary information (Video S2).

Strain sensor with angle compensator. Angle-dependency of the color has been a critical issue for the
sensors based on PCS'*!>!828 So a lot of materials and nanostructures have been studied in order to attain angle-
insensitive colors?>**-*. The color of PCS is determined by the incident and viewing angles in Eq. (2), which is
the initial color before strain is applied. Then, as the substrate is stretched, the color changes according to the
strain, as seen in Eq. (3). So this variation of color can be illustrated as seen in Fig. 8a. Colors without strain (on
x-axis) represent the initial ones for certain combination of incident and viewing angles (sin 8, + sin 6,). When
the strain is applied, the color of PCS changes upward in the diagram (parallel to y-axis) from the initial point.
This means that the strain can be measured for any angle, as long as the initial color is known even after the sen-
sor substrate is stretched. Therefore, additional crystal structures with periodicity of 780 nm were made on rigid
silicon substrates in order to show the initial color. And they were attached on the stretchable sensor substrate as
angle compensators (Fig. S2a). The angle compensators were attached on both sides of the sensor symmetrically,
so that stretchable substrate could be deformed uniformly, as seen in Fig. S2b. Figure 8b shows the measuring
results of the sensor substrate for different strain and angle. The stretchable sensor substrate changed its color
according to the strain, while the angle compensator kept showing the initial color. Therefore, by comparing
both colors, the strain could be measured regardless of the angles. Figure 8 also shows that the measuring range
depends on the initial color, or the viewing and incident angles. If target range is 50% or higher as in this study,
the initial color needs to be set between purple and light blue. The color of PCS of 780 nm is calculated and
illustrated for various incident and viewing angles as seen in Fig. S3, which needs to be considered for setting
the angles. Meanwhile, it is common in practical applications to make the incident and viewing angles the same,
such as smart phones and cameras with flashlight. This is known as Littrow configuration (6,=0,). The color
variation for this case is shown in Fig. S4, where colors are visible for the angle from 18° to 30°, and the strain
can be measured up to 50% for the angle from 18° to 21°.

Strain sensor with wide working range. Although the sensor substrate is mechanically stretchable
enough for larger strain, the variation range of visible spectrum is available only up to 50% of strain, as discussed
in the previous paragraph. Therefore, we integrated three different periodic nanostructures on a single substrate
so that it can measure the strain up to 150%. The working principle is schematically illustrated in Fig. 9a. The
triangular area is constructed by 780 nm periodic nanostructures to measure the strain from 0 to 50%. And
the circular and square areas contain 510 and 356 nm periodic nanostructures, for measuring strain from 50
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Figure 8. Color variation of the PCS of 780 nm with strain for different initial colors from (a) simulation (b)
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Figure 9. (a) Working principle to expand strain range up to 150% by integration of three different periodic
nanostructures. 780, 510, and 356 nm periodic nanostructures were made in triangular, circular and square
areas respectively. (b) Photos and diffracted wavelengths of triangular (0-50% strain), circular (50-125% strain),
and square (125-150%) areas.
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Figure 10. Comparison of working range and sensitivity of the stretchable colorimetric strain sensors.

to 125%, and 125% to 150%, respectively. When the sensor substrate is stretched to 50%, the periodicity in the
circular area reaches 765 nm, which is similar to the initial periodicity in the triangular area (780 nm). Similarly,
at 125% strain, the periodicity of nanostructure in the square area also reaches 780 nm. In addition, as afore-
mentioned, the intensity of the color decayed as the sensor was stretched because of substrate’s Poisson’s ratio.
So we fabricated those nanostructures with different heights, where higher structure was for smaller periodicity.
By this way, the narrowest structures (square area) could emit vivid and visible colors even when the strain was
high. As seen in Fig. 9b, when the sensor was illuminated with a white light source at initial state (strain=0%),
only the triangle appeared with blue color. From 0 to 50%, the color of triangle changed from blue to red. Dur-
ing further stretching the sensor from 50 to 125%, the color of triangle faded out while the circular area started
shifting form blue to red. While further stretching from 125 to 150%, the square changed its color from blue to
cyan. Thus, by reading the color of each area, we could evaluate the strain for the whole range wide range from 0
to 150%. It is also worthy to mention that in theory, the working range of the square could be expanded to 250%
(supplementary information Table S1), however, the elongation break of PDMS in this study is under 160%, so
we only considered the working range up to 150%.

In comparison with previous literature, we summarized the working range and sensitivity of various stretch-
able colorimetric strain sensors as shown in Fig. 10. The sensitivity is calculated by following equation:

S=Al/e (4)

As seen in the figure, the strain range and the sensitivity are competing parameters for the colorimetric strain
sensors, as they are in general. However, the principle of this study shows quite high sensitivity and relatively
wide strain range. Moreover, this study is also promising for enhancing the strain range with high sensitivity, if
additional nanostructures with smaller periodicity are added.

Sensor durability.  Since the working principle of this study is based on the mechanical stretch of the elas-
tic substrate, its durability for restoration is crucial for practical applications. So, we performed durability test
by stretching the substrate from 0 to 50% of strain for 5000 times, using a motorized stretching jig (Fig. S5).
Figure 11 shows the comparison of reflection spectra before and after 5000 times of stretching, at strains of 0%
and 50%. Although a slight variation occurred in the reflectance peaks, which are 2.7 nm at 0%, 1.3 nm at 50%
of strain, the colors from the sensor were stable overall. This is because the material of the sensor substrate is
a durable elastomer (PDMS), while other materials such as Polystyrene nanoparticles, metal (Cr) film and Si
wafer are used only for fabrication of the molds. So, our principle is expected to provide higher durability for
stretchable sensors.

Conclusion

One of the major purposes of this study is to provide a simple and cost-effective process for fabrication of a strain
sensor based on structural color. The sensor is simply replicated from a mold, which is fabricated by self-assembly
of nanoparticles and thin film deposition. The other purpose is providing a novel method to measure the strain
for various viewing and incident angles. The rigid substrate with photonic crystal structures was used as an angle
compensator, which indicated the initial color for arbitrary angle. And this study also includes the investigation
on the strain sensor with wide working range and high sensitivity. Strain of the sensor substrate causes change
of the periodicity of the nanostructures, thus generates change of the color reflected from the sensor surface.
The color changes in the whole visible spectrum from the strain of 0-50%. And the working range is expanded
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Figure 11. Reflectance spectra of sensor substrate after first cycle and 5000th cycle of stretching for (a) 0% and
(b) 50% strain.

up to 150% by making multiple structures with various periodicities. Furthermore, the sensor substrate shows a
good mechanical durability, which we believe is an advantage for future applications in the industries. As there
are a lot of expectations for wearable devices, robotics, flexible sensors and so on, this study is believed to provide
possible fabrication methods and sensor devices for those needs in the future.

Data availability
The datasets generated during or analysed during the current study are available from the corresponding author
on reasonable request.

Received: 5 September 2022; Accepted: 13 December 2022
Published online: 19 December 2022

References

1

2.

10.
11.

12.

13.

15.

16.
17.

18.

20.

21.

22.

23.

. Souri, H. et al. Wearable and stretchable strain sensors: Materials, sensing mechanisms, and applications. Adv. Intel. Syst. 2, 2000039

(2020).
Chen, Z., Yan, T. & Pan, Z. Review of flexible strain sensors based on cellulose composites for multi-faceted applications. Cellulose
28, 615-645 (2021).

. Amjadi, M., Pichitpajongkit, A., Lee, S., Ryu, S. & Park, I. Highly stretchable and sensitive strain sensor based on silver nanowire-

elastomer nanocomposite. ACS Nano 8, 5154-5163 (2014).

. Han, Z. et al. High-performance flexible strain sensor with bio-inspired crack arrays. Nanoscale 10, 15178-15186 (2018).
. Zhang, X. et al. Silver Nanowire/Silver/Poly(dimethylsiloxane) as Strain Sensors for Motion Monitoring. ACS Appl. Nano Mater.

5,15797-15807 (2022).

. Yang, H. et al. Wireless Ti3C2TxMXene strain sensor with ultrahigh sensitivity and designated working windows for soft exoskel-

etons. ACS Nano 14, 11860-11875 (2020).

. Yang, Z. et al. Graphene textile strain sensor with negative resistance variation for human motion detection. ACS Nano 12,

9134-9141 (2018).

. Sun, X. et al. Flexible Tactile electronic skin sensor with 3D force detection based on porous CNTs/PDMS nanocomposites.

Nanomicro Lett. 11, 57 (2019).

. Lee, C.J. et al. Crack-induced Ag nanowire networks for transparent, stretchable, and highly sensitive strain sensors. Sci. Rep.

7,7959 (2017).

Park, T. H. et al. Block copolymer structural color strain sensor. NPG Asia Mater. 10, 328-339 (2018).

Howell, I. R, Li, C,, Colella, N. S., Ito, K. & Watkins, J. J. Strain-tunable one dimensional photonic crystals based on zirconium
dioxide/slide-ring elastomer nanocomposites for mechanochromic sensing. ACS Appl. Mater. Interfaces 7, 3641-3646 (2015).
Tseng, M. L. et al. Two-dimensional active tuning of an aluminum plasmonic array for full-spectrum response. Nano Lett. 17,
6034-6039 (2017).

Jin, C., Ma, C,, Yang, Z. & Lin, H. A force measurement method based on flexible PDMS grating. Appl. Sci. 10, 2296 (2020).

. Shin, J. H. et al. Color-tuning mechanism of electrically stretchable photonic organogels. Adv. Sci. 9, 2202897 (2022).

Snapp, P, Kang, P, Leem, J. & Nam, S. W. Colloidal photonic crystal strain sensor integrated with deformable graphene phototrans-
ducer. Adv. Funct. Mater. 29, 1902216 (2019).

Fudouzi, H. & Sawada, T. Photonic rubber sheets with tunable color by elastic deformation. Langmuir 22, 1365-1368 (2006).
Zhang, Z. L. et al. Chameleon-inspired variable coloration enabled by a highly flexible photonic cellulose film. ACS Appl. Mater.
Interfaces 12, 46710-46718 (2020).

Wang, Y. et al. Bioinspired structural color patch with anisotropic surface adhesion. Sci. Adv. 6, eaax8258 (2020).

. Ito, T, Katsura, C., Sugimoto, H., Nakanishi, E. & Inomata, K. Strain-responsive structural colored elastomers by fixing colloidal

crystal assembly. Langmuir 29, 13951-13957 (2013).

Hu, Y., Zhang, Y., Yang, D., Ma, D. & Huang, S. Self-assembly of colloidal particles into amorphous photonic crystals. Mater. Adv.
2, 6499-6518 (2021).

Bae, G., Seo, M, Lee, S., Bae, D. & Lee, M. Angle-insensitive fabry-perot mechanochromic sensor for real-time structural health
monitoring. Adv. Mater. Technol. 6,2100118 (2021).

Zeng, S. et al. Bio-inspired sensitive and reversible mechanochromisms via strain-dependent cracks and folds. Nat. Commun.
7, 11802 (2016).

Gossweiler, G. R. et al. Mechanochemical activation of covalent bonds in polymers with full and repeatable macroscopic shape
recovery. ACS Macro Lett. 3,216-219 (2014).

Scientific Reports |

(2022) 12:21926 | https://doi.org/10.1038/s41598-022-26272-1 nature portfolio



www.nature.com/scientificreports/

24. Chen, J. et al. Highly stretchable photonic crystal hydrogels for a sensitive mechanochromic sensor and direct ink writing. Chem.
Mater. 31, 8926 (2019).

25. Minh, N. H., Kim, K., Kang, D. H., Yoo, Y. E. & Yoon, J. S. Fabrication of robust and reusable mold with nanostructures and its
application to anti-counterfeiting surfaces based on structural colors. Nanotechnology 32, 495302 (2021).

26. Zhao, P. et al. Stretchable photonic crystals with periodic cylinder shaped air holes for improving mechanochromic performance.
Smart Mater. Struct. 28, 075037 (2019).

27. Escudero, P, Yeste, J., Pascual-Izarra, C., Villa, R. & Alvarez, M. Color tunable pressure sensors based on polymer nanostructured
membranes for optofluidic applications. Sci. Rep. 9, 3259 (2019).

28. Quan, Y. ], Kim, Y. G., Kim, M. S, Min, S. H. & Ahn, S. H. Stretchable biaxial and shear strain sensors using diffractive structural
colors. ACS Nano 14, 5392-5399 (2020).

29. Khanna, S. et al. Fabrication of long-ranged close-packed monolayer of silica nanospheres by spin coating. Colloids Surf. A Phys-
icochem. Eng. Asp 553, 520-527 (2018).

30. Chandramohan, A. et al. Model for large- Area monolayer coverage of polystyrene nanospheres by spin coating. Sci. Rep. 7, 40888
(2017).

31. Zhang, Y. et al. Nonintrusively adjusting structural colors of sealed two-dimensional photonic crystals: Immediate transformation
between transparency and intense iridescence and their applications. ACS Appl. Mater. Interfaces 13, 13861-13871 (2021).

32. Wu, H. et al. Crucial impact of hydrophilicity on the self-assembled 2D colloidal crystals using Langmuir-Blodgett method.
Langmuir 36, 10061-10068 (2020).

33. Haque, M. A., Kurokawa, T., Kamita, G., Yue, Y. & Gong, J. P. Rapid and reversible tuning of structural color of a hydrogel over
the entire visible spectrum by mechanical stimulation. Chem. Mater. 23, 5200-5207 (2011).

34. Bae, G, Seo, M., Lee, S., Bae, D. & Lee, M. Angle-Insensitive Fabry—Perot Mechanochromic Sensor for Real-Time Structural Health
Monitoring. Adv. Mater. Technol. 6,2100118 (2021).

35. Kim, J. B, Chae, C., Han, S. H., Lee, S. Y. & Kim, S. H. Direct writing of customized structural-color graphics with colloidal photonic
inks. Sci. Adv. 7, 8780 (2021).

Acknowledgements

This research was supported by the Institute Project (NK2328e) and the Creative Materials Discovery Pro-
gram through the National Research Foundation of Korea (NRF) funded by Ministry of Science and ICT
(2020M3D1A2101795), the Bio & Medical Technology Development Program of the National Research Foun-
dation (NRF) funded by the Korean government (MSIT) (Grant No. NRF-2021M3A915021438), and the UST
Young Scientist Program (2022YS43).

Author contributions

N.H.M,, KK, D.HK,, J.S.Y. conceived and designed the experiments. N.H.M., K.K., D.H.K. carried out the
experiments and analyzed the data. N.H.M. wrote the paper. Y.Y. commented on the manuscript. J.S.Y. revised
and modified the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-26272-1.

Correspondence and requests for materials should be addressed to J.S.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:21926 | https://doi.org/10.1038/s41598-022-26272-1 nature portfolio


https://doi.org/10.1038/s41598-022-26272-1
https://doi.org/10.1038/s41598-022-26272-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	An angle-compensating colorimetric strain sensor with wide working range and its fabrication method
	Method
	Preparation of molds. 
	Preparation of strain sensor with wide working range. 

	Results and discussion
	Structural color of 2D PCS and its strain-responsive characteristics. 
	Strain sensor with angle compensator. 
	Strain sensor with wide working range. 
	Sensor durability. 

	Conclusion
	References
	Acknowledgements


