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Abstract
The development of electrically responsive sensors based on the capacitance, voltage, and resistance that can detect
and simultaneou sly visualize the large strain involved with human motion is in great demand. Here, we demonstrate a
highly stretchable, large strain capacitive sensor that can visualize strain based on the strain-responsive structural color
(SC). Our device contains an elastomeric sensing film that produces a capacitance change under strain, in which a self-
assembled block copolymer (BCP) photonic crystal (PC) film with 1D periodic in-plane lamellae aligned parallel to the
film surface is embedded for the efficient visualization of strain. The capacitance change arises from changes in the
dimensions of the elastomer film under strain. The mechanochromic BCP PC film responds to strain, giving rise to an
SC change with strain. The initial red SC of the sensor blueshifts and turns blue when the sensor is stretched to 100%,
resulting in a full-color SC alteration as a function of the strain. Our BCP SC strain sensor exhibits a fast strain response
with multi-cycle reliability of both the capacitance and SC changes over 1000 cycles. This property allows for efficient
visible recognition not only of the strained positions during finger bending and poking with a sharp object but also of
the shapes of the strained objects.

Introduction
Strain and pressure sensors that are mechanically flex-

ible, bendable, and stretchable are capable of being
mounted on clothes and skin. These non-planar and
deformable surfaces have attracted significant interest due
to their potential for application in the detection of var-
ious physiological activities, health care monitoring,
human motion detection, and diagnosis1,2. Numerous
sensors have been demonstrated. The three major
mechanical-to-electrical conversion principles are the
capacitance3–8, piezo-electricity9,10, and piezo-
resistivity11–17. Piezo-based sensors rely upon either
electrical voltage or resistance changes under mechanical
deformation. For instance, high-performance piezo-

resistivity in 1D or 2D nanomaterials with efficient
pressure-sensitive percolation of their networked struc-
tures upon pressure application has been employed. This
property gave rise to a high pressure sensitivity12–14. On
the other hand, capacitive sensors utilize capacitance
changes in pressure-sensitive dielectric films under
mechanical stimuli. These sensors are advantageous
owing to their fast response times and compact circuit
layouts with vertically stacked device architectures3–7. To
make these sensors suitable for various applications,
particularly for largely deformable strain detection, the
sensing materials should be either elastomeric or effi-
ciently embedded in a rubbery matrix. These require-
ments make the sensors tolerant to repetitive
deformation6–8. Numerous previous works have been
devoted to developing elastomer-based dielectrics for
enhancing the sensitivity through efficient large-scale
integration by combining a variety of structural archi-
tectures3–5,8. These efforts have provided data supporting
the relevance of these capacitive sensors. The sensor
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functionality was, however, limited to pressure and strain
detection, thus precluding the realization of an interactive
sensing capability that converts the stimulus to a human-
readable output.
The visualization of either a pressure or a strain source

while sensing it can further extend the usefulness of a
sensor by offering novel functions, such as shape and
position recognition of a strained object and time-
dependent motion monitoring of an object on a sen-
sor3,5,6,9,10,14,17. This approach, commonly studied in the
area of stimuli-interactive displays, utilizes the active
matrix circuitry associated with active circuit elements
such as transistors to provide precise spatial recognition3.
For instance, tunable coloration/light emission have been
successfully demonstrated by combining optical elements
with pressure sensors, allowing for the visualization of
pressure; examples include organic light emitting diodes
(OLEDs)18 and electroluminescent19, electrochromic20,
thermochromic21,22, and triboelectrification devices23.
The visualization of a large strain of over 50% is required
for wearable and skin-mountable sensors. However, this
visualization is not straightforward and is possible with
only a few mechanochromic systems that are sufficiently
resistant to repetitive large strain deformation24,25.
Despite the great success in visualizing large strain with
mechanochromic films, no work has combined these films
with electrically detectable strain sensors and human
motion detection.
When a photonic crystal (PC) consisting of a periodic

lattice arrangement of two different optical components is
altered by strain, its structural colors (SCs) arising from
the constructive interference of light with the periodic
structure can be strain-dependent. This property gives
rise to a useful method for the low-power reflective mode
visualization of strain (Table S1, Supporting informa-
tion)24–35. In particular, SCs based on self-assembled
block copolymers (BCPs) are more suitable, as their per-
iodicities and dielectric constants are readily changed by
mechanical forces such as shear, tensile, and compressive
forces24,25,29. For instance, a BCP film with a non-volatile
plasticizing solvent as a domain swelling agent was suc-
cessfully responsive to an approximately 100% strain
imposed on the film24. We envisioned that a previously
developed BCP soft solid with visible-range SCs36 could
be suitable as the visualization component in a
mechanically deformable large strain sensor when a thin,
soft BCP SC film is appropriately embedded in an elas-
tomeric medium. This approach is widely used to detect
strain based on the strain-dependent capacitance change.
Here, we present a highly stretchable capacitive sensor

with the ability to simultaneously visualize strain. For the
visualization of the strain, a mechanochromic bilayer of
ionic gel (IG) containing an ionic liquid as a BCP domain
swelling agent and a BCP SC soft solid film with 1D

periodic lamellae whose surface normal is perpendicular
to the film surface is embedded in an elastomeric poly
(dimethyl siloxane) (PDMS) polymer. Our device con-
sisting of three vertically stacked components (hydrogel
ionic conductor/BCP SC:IG in PDMS/hydrogel ionic
conductor) successfully responds to strain through a
strain-dependent capacitance change of the BCP SC:IG in
the PDMS layer. At the same time, the BCP SC:IG film is
strain-responsive. This property arises from an efficient
change in the 1D lamellae structure under strain. The
initial red SC of the sensor blueshifts and turns blue when
fully stretched. This change gives rise to a full-color SC
alteration as a function of strain. Our BCP SC strain
sensor exhibits a fast strain response with a multi-cycle
reliability in both the capacitance and the SC change over
1000 cycles, allowing for convenient visible recognition of
finger bending, localized pressure and the shape of a
strained object.

Materials and methods
Materials
A symmetric polystyrene-b-poly(2-vinylpyridine) (PS-b-

P2VP) block copolymer was synthesized via sequential
living anionic polymerization in tetrahydrofuran (THF) at
−78 °C using sec-butyllithium as an initiator37. The
number-average molecular weight (Mn) and poly-
dispersity index (PDI=Mw/Mn), characterized by size-
exclusion chromatography (SEC), were measured to be
130 kg mol−1 and 1.03, respectively, as shown in Fig. S1.
The PS volume fraction (fPS) of the BCP were determined
to be 0.51 by 1H nuclear magnetic resonance (1H NMR)
spectroscopy (Fig. S2) based on the mass densities of the
two blocks (1.05 and 1.14 g cm−3 for PS and P2VP,
respectively). Propylene glycol monomethyl ether acetate,
chloroform, bromoethane, hexane, 1,4-dibromobutane,
and acetonitrile were purchased from Sigma-Aldrich. Poly
(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene)
(PVDF-TrFE-CFE) containing 8 wt% CFE was purchased
from Piezotech. Acrylamide (AAm; Sigma, A8887), N,
N-methylenebisacrylamide (MBAA; Sigma, M7279), N,N,N
′,N′-tetramethylethylenediamine (TEMED; Sigma, T7024),
ammonium persulfate (AP; Sigma, A9164), and lithium
chloride (LiCl; Sigma, L4408) were also purchased from
Sigma-Aldrich and used to fabricate a hydrogel. VHB 4905
was purchased from 3M and used as received

Preparation of BCP SC:IG Bilayers
BCP SC films were prepared by spin-coating PS-b-P2VP

block copolymer solutions (7 wt% in propylene glycol
monomethyl ether acetate) onto silicon wafers. The films
were subsequently solvent-annealed in chloroform vapor
at 60 °C for 12 h. The P2VP domains of the BCP films
were then selectively quaternized using 1-bromoethane
and 1,4-dibromobutane in hexane at 60 °C for 24 h. The
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Fig. 1 a Schematic illustration of a BCP SC strain sensor. The sensor consists of VHB/hydrogel/BCP SC:IG in PDMS/hydrogel/VHB. Photograph of a
cross-section of the sensor showing the layers vertically stacked on each other (right). b SEM image of a cross-sectioned BCP SC:IG in PDMS layer. The
periodic BCP lamellae with the swollen QP2VP domains containing IL are visualized in the magnified images (right). c Schematic of the cross-section
of a BCP SC:IG in PDMS layer. d UV-vis spectrum of a BCP SC sensor with its initial stop-band at a maximum wavelength of 650 nm. e 2D SAXS pattern
of BCP SC films embedded in PDMS with the incident beam perpendicular to the surface normal of the films. To achieve a sufficient scattering
intensity, 10 BCP films were stacked on each other. On the right-hand side, a plot of the scattering intensity vs. the scattering vector qz is shown. f
Schematic representing the variation in the SC of a BCP SC:IG film embedded in PDMS as a function of strain
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initial stopband of the BCP SC film was controlled by the
degree of quaternization and the amount of 1,4-dibro-
mobutane used during the quaternization process. IG
layers consisting of PVDF-TrFE-CFE and Li+TFSI− were
prepared by spin-coating onto a BCP film at 2000 r.p.m.
for 60 s.

Preparation of BCP SC:IG Embedded in PDMS
PDMS with a curing agent ratio of 20:1 was poured into

half of a mold (width: 15 mm, length: 70 mm, thickness: 1
mm) and pre-cured at 80 °C after removing the bubbles
with a vacuum pump. A BCP SC:IG layer was transferred
to the pre-cured PDMS. Additional PDMS was subse-
quently poured onto the BCP SC:IG layer on the pre-
cured PDMS followed by thermal curing at 80 °C for 3 h.

Fabrication of the BCP strain sensor
The hydrogel was prepared as reported in the previous

paper7. The bottom ion-conductive hydrogel was cut into
the desired shape and carefully placed on a VHB film. A
BCP SC film embedded in PDMS was attached to the
hydrogel. The top ion-conductive hydrogel was placed on
the BCP SC:IG in PDMS, followed by attachment of
another VHB layer to the top hydrogel to prevent the
evaporation of water from the hydrogels.

Characterization and Instrumentation
The cross-sectional morphologies of the 1D in-plane

lamellar structures in the BCP SC:IG in PDMS were
imaged by TEM (JEM-F200) with thin cross-sectional
samples prepared by a focused ion beam (FIB-4601F). 2D
SAXS measurements were performed with 10 BCP SC
films vertically stacked on each other to obtain a sufficient
X-ray scattering intensity using the PLS-II 9 A U-SAXS
beamline at the Pohang Accelerator Laboratory. Reflec-
tance spectra were taken by a UV-vis pectrometer (Ocean
Optics USB2000, Filmetrics F40, and LAMBDA 750). A
lab-made metal frame was used to stretch the BCP SC
sensors during the reflectance measurements. The capa-
citance change measurements of the BCP SC strain sen-
sors were performed with a precision LCR meter (Agilent
E4980A) under ambient conditions. For the strain-
dependent capacitance change measurements, a
computer-controlled universal manipulator (Teraleader)
was set up with the LCR meter.

Results and discussion
Design and fabrication of a BCP SC strain sensor
Our BCP SC strain sensor possesses a conventional

capacitor structure with a mechanically responsive BCP
SC:IG film in PDMS between two ion-conductive
hydrogel electrodes physically protected with elasto-
meric VHB, as shown in Fig. 1a. The development of a
BCP SC:IG film in PDMS started with fabricating a 1-μm-

thick poly(styrene-block-2vinyl pyridine) (PS-b-P2VP)
film with lamellae comprised of alternating PS and P2VP
domains. A BCP solution in propylene glycol monomethyl
ether acetate (PGMEA) was spin-coated. This step was
followed by solvent annealing with chloroform vapor for
12 h, which gave rise to a film with highly ordered in-
plane lamellae. Transmission electron microscopy (TEM)
confirmed the formation of a stacked in-plane lamellae
structure with a periodicity of approximately 60 nm
(Fig. S3, Supporting information). Based on the nearly
symmetric composition, both the PS and P2VP layers
were 30 nm thick.
On the BCP film, which was quaternized and partially

cross-linked through the pyridine rings of the P2VP
blocks with a mixture of bromoethane and dibromobu-
tane in hexane, a 3-μm-thick IG layer was coated on a
poly(vinylidene fluoride-co-trifluoroethylene-co-chloro-
fluoro ethylene) (PVDF-TrFE-CFE) film containing a
quaternized P2VP domain swelling agent, Li+TFSI−36.
The degree of cross-linking of the quaternized P2VP
(QP2VP) domains was determined by the amount of
dibromobutane. The characteristic SC of the BCP SC:IG
film instantly appeared and was dependent upon not only
the amount of Li+TFSI− in the IG layer but also the
fraction of dibromobutane (Fig. S4, Supporting informa-
tion). The BCP SC:IG film was subsequently embedded in
an approximately 1000 μm thick PDMS layer. A cross-
section of the BCP SC:IG film embedded in PDMS pre-
pared by a focused ion beam shows the periodic in-plane
BCP lamellae with highly swollen QP2VP domains con-
taining ionic liquid, as shown in Fig. 1b. The BCP SC:IG
film embedded in PDMS is schematically illustrated in
Fig. 1c. To electrically address the capacitance change of
the PDMS containing the BCP SC:IG film under strain,
two mechanically stretchable and ion-conductive hydro-
gel layers were placed on the top and bottom of the PDMS
layer. Finally, the multilayered hydrogel/BCP SC:IG in
PDMS/hydrogel structure was completely sealed in
another rubbery matrix of VHB to prevent the evapora-
tion of water from the hydrogel.
To utilize the full visible color range of the SC under

strain, we initially tuned the SC of the BCP film to red
with a wavelength at the maximum reflectivity of
approximately 650 nm, as shown in Fig. 1d. The average
domain size of the swollen QP2VP of approximately 220
nm matches well to our finite-difference time-domain
(FDTD) simulation in which the maximum reflection
occurs at approximately 650 nm with periodic domains of
QP2VP and PS of 220 and 30 nm, respectively36. The in-
plane BCP lamellae were also confirmed by 2D small-
angle X-ray scattering (SAXS) in transmittance mode, as
shown in Fig. 1e. Spot-like multiple reflections appeared,
which correspond to the 2nd-order, 3th-order, 4th-order,
5th-order, and 6th-order reflections at scattering vectors
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of approximately 0.050, 0.0769, 0.1028, 0.1273, and 0.153
nm−1, respectively, at the meridian of the 2D SAXS pat-
tern. The first-order refection was rarely detected because
of parasitic scattering near the incident beam at very low q
regimes and was located at a scattering vector of
approximately 0.025, giving rise to expected values of the
relative peak positions of the high-order reflections with
respect to the first peak position (qn/q1) of 1, 2, 3, 4, 5, and
6. The (100) plane distance obtained from 2π/q1 was 251
nm, which corresponded to the periodicity of the in-plane
lamellae. This result was consistent with the microscope
results shown in Fig. 1b. Note that to obtain sufficient
scattering intensity, 10 layers of the BCP films swollen
with ionic liquid were carefully stacked after removing the
IG layers (Fig. S5, Supporting information). Our BCP SC
strain sensor was then subjected to various mechanical
deformations that could be quantitatively evaluated in
terms of capacitance and SC changes, as schematically
illustrated in Fig. 1f. The capacitance increased due to the
decrease in the film thickness of the PDMS, and the
stopband of the BCP SC blueshifted due to the decrease in
the periodicity of the lamellae. One can anticipate that the
capacitance change under strain may be dominated by
dimensional changes in PDMS, which is 250 times thicker
than the BCP SC:IG layer.

Capacitive strain-sensing performance of a BCP SC sensor
First, the capacitive sensing properties of our BCP SC

sensor were examined, and the results are shown in Fig. 2.
A capacitance change was observed in the sensor con-
taining an approximately 4 μm thick BCP SC:IG film
embedded in a 1000 μm thick PDMS with strain, as shown
in Fig. 2a. The gauge factor (GF) of the device was eval-
uated as a function of strain, which is defined as GF= δ
(ΔC/C0)/δε, where ε is the applied strain, and C and C0 are
the initial capacitances with and without applied strain,
respectively. The results show that our sensor is capable
of sensing a broad range of strain with a linear capacitance
change as a function of the strain. The GF value from the
slope of the capacitance-strain plot was approximately 0.6,
which is similar to those obtained in previous capacitive
strain sensors based on dielectric rubbers such as PDMS6.
Our BCP SC strain sensor promptly responds to con-
secutive multiple strains at 25% with fast response and
relaxation times (~80msec), as shown in Fig. 2b. The
capacitance change response of our sensor to strain was
sufficiently sensitive to detect knee and elbow motions in
real time (Fig. S6, Supporting information). Figure 2c
shows the repetitive capacitance cycling of the sensor
under various applied strain ranges of 20, 50, and 100%.
We also evaluated the switching time constants as a
function of the strain, and the results show that the time
constants rarely change with strain (Fig. S7, Supporting
information). Our device shows reliable capacitance

response behavior during multiple strain/release cycles, in
which the capacitance change was minimally altered, even
after 5000 cycles with 50% strain, as shown in Fig. 2d.

Visualization of strain by BCP SC
A BCP SC:IG film embedded in PDMS allows for facile

visible color sensing based on its SC change, which arises
from dimensional changes in the self-assembled lamellae
under strain. This change gives rise to direct strain
visualization simultaneously with capacitive sensing of the
strain, as shown in Fig. 3. A sensor that exhibited an initial
red SC with a maximum reflectivity at a wavelength of
approximately 650 nm was stretched at a rate of
approximately 0.05 cm/s. Our sensor was readily stret-
ched up to approximately 100% and above, where it
started to tear. The SC of the sensor clearly blueshifted
with strain, as shown in the UV-vis reflectivity results
provided in Fig. 3a. The applied strain exerted compres-
sion in the direction normal to the plane of the strain,
which led to a decrease in the BCP SC:IG film thickness in
PDMS. The wavelengths at the maximum reflectivity were
plotted as a function of strain, and the results in Fig. 3b
show that the values almost linearly decreased with the
strain in the visible range. It should be noted that while
the shift in the maximum position under strain mainly
arises from the change in the average periodic distance of
a BCP nanostructure under strain, the reflectance change
is more complicated because it is affected by various
factors, such as the local film thickness variation and local
scattering. In fact, we employed an optical fiber-type UV-
vis spectrometer to characterize a small area of approxi-
mately 0.01 mm2 of the film. As described later, our BCP
SC film contained numerous structural defects consisting
of screw dislocations unevenly distributed in the film. The
local scattering resulting from the screw dislocations was
not uniform, and the film thickness also varied from point
to point due to the unevenly distributed screw disloca-
tions, giving rise to the variations in the reflectance.
The representative photographs of the sensor under the

corresponding strain shown in Fig. 3c clearly suggest that
the full visible range can be utilized for sensing a large
strain of up to 100%. It should also be noted that the local
variations in the BCP SC observed in the photographs was
mainly due to the presence of non-uniform BCP SC films.
In fact, a completely flat and uniform BCP SC film was
difficult to obtain during the transfer process in which a
film prepared on a Si substrate was transferred to a PDMS
layer, and instead, locally crumpled and irregular films
were often achieved, giving rise to non-uniform SC, as
shown in Fig. 3c. Another reason for the non-uniform SC
is due to the screw dislocations that were unevenly dis-
tributed in the film, creating randomly located microscale
cracks during repetitive strain events, as described in a
later section. Our sensor was reliably stretched to 100%
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and repeatedly recovered to its original shape. This cycle
gave rise to repetitive switching of the SC from red to blue
during multiple strain/release cycles, as shown in Fig. 3d.
A reliable SC change during consecutive strain/release
cycles was observed, as shown in Fig. 3e, where the initial
SC with a wavelength at the maximum reflectivity of 650
nm barely changed during the 100 strain/release cycles.
No significant degradation of the SC was observed, even
after 1000 deformation cycles (Fig. S8, Supporting
information).
To confirm that a decrease in the domain size occurred

due to the external strain, SAXS experiments were per-
formed, and the results are shown in Fig. 3f, g. 1D plots of
a BCP SC in PDMS as a function of the strain obtained
from the 2D SAXS results (Fig. S9, Supporting informa-
tion) clearly show that the set of reflections shifted to
higher q values with strain. This indicates a decrease in
the periodicity of the BCP film with strain. When the
strain was released from the BCP film, the set of reflec-
tions recovered its original state without strain. It should
be again noted that the first-order reflection peaks of the
film under strain could not be detected because of para-
sitic scattering near the incident beam at very low q
regimes. The lamellar periodicity values from the first-
order reflections with different strains were 251, 196, and
174 nm for strains of 0, 50, and 100%, respectively. The

film after removing the strain exhibited as lamellar peri-
odicity of 246 nm, as shown in Fig. 3g.

Mechanism of the reversible visualization of strain in the
BCP SC strain sensor
The linear variation in the SC of the BCP SC:IG film

with strain and the SAXS results suggest that affine
deformation occurred in our sensor, and thus, the BCP
lamellae with their initial periodicity decreased accord-
ingly with the macroscopic strain. It is surprising that the
periodic lamellae, particularly those having glassy PS
domains that are minimally deformable with strain,
underwent reversible large strain deformation. We
revealed that the reversible deformation of the BCP films
was attributed to two main factors: (1) the unique geo-
metry of our BCP SC sensor, in which a BCP SC:IG film
was embedded in an elastomeric PDMS and (2) the pre-
sence of an ionic liquid in the QP2VP domains. Note that
all of the following experiments were carried out after
removing the IG layer to clearly elucidate the deformation
of the BCP film. A BCP film placed on a PDMS substrate
without the ionic liquid was severely torn when stretched
up to 100% strain in addition to the characteristic buckled
structure with a periodicity of approximately 100 microns,
as shown in Fig. 4a. When stretched by strain εs, a BCP
film was compressed perpendicular to the strain direction
(Fc), resulting in a buckled structure along the strain

Fig. 2 a Plot of the capacitance vs. strain for a BCP SC sensor. b Capacitance change under 25% strain with time. The insets show that the
capacitance changes upon both stretching and release occur within 80 msec. c Capacitance changes during repetitive variations in the strain from 20
to 100%. d Endurance of the capacitance change during more than 5000 50% stretch/release cycles
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Fig. 3 a Reflectance spectra of a BCP SC sensor as a function of strain. The initial BCP SC without strain, which exhibits a wavelength at the maximum
reflection of approximately 650 nm, blueshifted with strain. b Plot of the wavelength at the maximum reflection as a function of strain. c Photographs
of the sensor as a function of strain. All scale bars represent 1 cm. dWavelengths at the maximum reflection during repetitive stretching (100% strain)
and release cycles. e Variation in the wavelength at the maximum reflection with repetitive stretching (100% strain) and release cycles. f 1D SAXS
plots of the scattering intensity vs. the scattering vector qz of BCP SC films under different strains. To achieve a sufficient scattering intensity, 10 BCP
films were stacked on each other. g Periodicities of the BCP lamellae under strains of 0, 50, 100, and 0%
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direction in some areas. When released to the 0% strain
state, another compressive force was exerted in the film
parallel to the initial strain direction. A secondary buckled
structure occurred in the film perpendicular to the com-
pressive force. In contrast, mechanical failure was sig-
nificantly reduced to give a buckled structure finer than

that on PDMS when the BCP film was embedded in
PDMS, as shown in Fig. 4b. This result implies that the
confinement of the BCP film is beneficial for mitigating
the mechanical failure of the film. The two types of
buckled structures were also observed during stretch and
release cycles.

Fig. 4 OM images of (a) a BCP film containing no ionic liquid on PDMS, (b) a BCP film containing no ionic liquid embedded in PDMS and (c) a BCP
film containing ionic liquid embedded in PDMS and the film stretched with a strain of 100% (left) and released to a strain of 0% (right). All of the
scale bars in the OM images represent 100 μm. SEM images of (d) the in-plane, (inset) inclined, and (e) cross-sectional views of a BCP film containing
ionic liquid embedded in PDMS after a 100% stretching and release cycle. The characteristic micron-scale buckled structure that developed both
parallel and perpendicular to the stretching direction is shown. f TM-AFM image in height contrast of a BCP SC film before stretching. The screw
dislocations that act as channels for transporting the ionic liquid into the QP2VP domains are apparent
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More importantly, the ionic liquid that is miscible with
the QP2VP domains and causes them to swell plays a key
role in reducing the mechanical failure during repetitive
strain/release cycles when combined with the aforemen-
tioned unique confined geometry of the BCP film. Since
the QP2VP domains become elastic due to the plastici-
zation of the polymers with ionic liquid4,38, no large
fracture of the film was observed, and the buckled
structure was much finer when a BCP film with ionic
liquid embedded in PDMS was stretched to 100% strain
than that without ionic liquid, as shown in Fig. 4c. The
secondary buckled structure also developed and was again
much finer than that without ionic liquid, giving rise to
two characteristic types of micro-buckled structures, as
shown in Fig. 4d. A cross-sectional view of a deformed
BCP film with ionic liquid also reveals a few-micron-scale
buckled structure, as shown in Fig. 4e. A micro-buckled
lamellae structure after the stretch/release cycle was also
observed in the SAXS results, in which more broad
reflections were observed after the cycle than for a film
before deformation (Fig. S6, Supporting information). The
film with the fine texture remained even after multiple
strain/release cycles. This feature allowed for reliable and
cyclic SC modulation.
What remains unclear is how the glassy PS domains

periodically placed between the elastic QP2VP domains
containing ionic liquid reliably respond to the 100% large
strain/release cycles. The affine deformation of the PS
domains that are immiscible with the ionic liquid is not
plausible, and an alternative mechanical response to the
strain should be proposed to explain the reversible SC
modulation. In our BCP SC:IG film, the ionic liquid
preferentially diffuses into the QP2VP domains proceed-
ing from the top to the bottom of the micron-thick BCP
film. The transport across the alternating PS and QP2VP
in-plane layers occurs via the vertically oriented screw
dislocations created while preparing the IG layer on the
BCP layer. In our previous work, numerous screw dis-
locations a few micrometers in size developed in a BCP
film39. When mechanical tensile stress is applied to a
ductile film on an elastic substrate, the microcracks will
deform slowly and withstand repeated loading and
unloading cycles40. We speculate that the centers of
individual dislocations, which serve as channels for the
ionic liquid, are responsible for efficient release of the
mechanical stress exerted on the PS domains. Since
mechanical rupture of the PS domains around the screw
dislocations can occur rather evenly throughout the film
under strain, it can be fully recovered when the strain is
removed. We also identified the presence of screw dis-
locations a few micrometers in size uniformly distributed
in the BCP film after detaching the IG layer from the BCP
film, as shown in Fig. 4f. The micron-scale buckled

structure may arise from the presence of screw disloca-
tions in the film.

Simultaneous sensing and visualization of external stimuli
The great advantage of our BCP SC strain sensor lies in

the fact that the strain exerted on the device can be
directly visualized through the SC over a large strain. For
instance, the large strain arising from a finger bending
motion was readily detected via a capacitance change
(Fig. 5a) with the clear visualization of the strain on the
sensor, which changed from red to green with the bending
strain, as shown in Fig. 5b. Another example of both
sensing and visualization of large strain induced by
pressure was demonstrated with our BCP SC sensor
wrapped around a push-pull gauge with different forces,
as shown in Fig. 5c. A blueshift in the sensor was observed
due to the large strain. When our sensor that includes a
BCP SC film is bent, the region of the film above the
neutral plane is stretched, while that below the neutral
plane is compressed. The SC usually blueshifts, which is
mainly due to the stretching of the upper regions since
compression rarely alters the BCP structure. The incon-
sistency in the SC around the circular lines with the lar-
gest strains in Fig. 5c arises mainly from the non-uniform
strain applied to the BCP SC film (Fig. S10, Supporting
information). At the same time, the capacitance properly
responded to two forces of 4 and 8 N, which again showed
corresponding SCs of orange/green and blue, respectively.
Direct visualization of strain by our BCP SC sensor is

also advantageous because it offers a convenient way to
obtain positional information of strained areas without
pixelated sensing arrays. Four different positions were
pressed with a push-pull gauge having a contact area of
approximately 0.0625 π mm2 with the same pressure.
While the capacitance change for all 4 pressing events was
very similar due to the application of the same strain on
the BCP SC sensor, the locations of the areas deformed by
the cylinder were clearly visualized through the SC, as
shown in Fig. 5d. We also designed topographic clover,
tree, star and stick rubber stamps with similar areas.
When these stamps were gently touched to a BCP SC
sensor with an area of 9 cm2, both capacitance and SC
information were obtained. Figure 5e shows that the four
different shapes were clearly visualized in the SC (left
images in Fig. 5e), while no significant difference was
observed in the capacitance since there was no pressure
difference. The SC-based position and shape recognition
is one of the most unique properties of our BCP SC
sensor, which conventional strain sensors do not possess
(Table S2, Supporting information). Our simple but
robust BCP SC sensor based on a low-power reflective
mode displays a promising capability to directly visualize
the spatial distribution of strain on a single device. On the
other hand, conventional strain visualization requires
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high-density pixel arrays in display elements with com-
plicated circuit integration to individually address spatial
strain distributions.

Conclusion
We demonstrated that a novel BCP SC strain sensor is

capable of electrically sensing strain through a capacitance
change with simultaneous visualization of the strain. A
thin mechanochromic bilayer of a BCP SC film with 1D
periodic lamellae placed on an IG layer allowed for the
direct visualization of strain while sensing the capacitance
when embedded in an elastomeric PDMS dielectric
medium. Our mechanically flexible and stretchable device
consisting of a hydrogel ionic conductor/BCP SC:IG in
PDMS/hydrogel ionic conductor structure exhibited a
successful sensing performance, with both a capacitance
change and an SC modulation observed as a function of
strain up to 100%. This result held true even after
1000 strain/release cycles. The affine compression of the
1D lamellae under strain caused the BCP SC to blueshift
with strain, offering a useful route for visualizing the
strain in full color. The characteristic micron-scale
buckled structure of a BCP SC film with periodic lamel-
lae containing glassy PS domains that developed during
multiple cycles of deformation and recovery was respon-
sible for the successful SC detection under large strain.
This study revealed that the buckled structure arose not
only from the unique confined geometry of the BCP SC:
IG film in PDMS but also from the ionic liquid, which
transported through the screw dislocations in the BCP
film and caused the BCP domains to swell. Our BCP SC
strain sensor was suitable as a reflectively visible electro-
nic skin, which readily recognized human motion of the
finger, elbow, and knee.
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