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There is a great demand for the development of self-powered physical sensors for wearable applications in recent
years. However, it is still challenging to achieve self-powered sensors with a high stability, accuracy, and line-
arity. Here, a novel wearable self-powered pressure sensor based on the integration of a piezo-transmittance
microporous elastomer (PTME) and a thin-film organic solar cell (OSC) is proposed. In contrast to the sensors
based on other mechanisms such as piezoelectricity or triboelectricity, the proposed self-powered pressure sensor
is cable of measuring static pressure continuously and stably, and utilizes the ambient light as the power source
regardless of its intensity. The PTME shows the light transmittance changes by a gradual closure of micropores
with compression in response to the applied pressure. This unique optical characteristics of the PTME enables the
OSC to generate varying electrical current in response to the pressure. The proposed self-powered pressure sensor
shows a high-performance with a sensitivity of 0.101/kPa, a linearity of R? = 0.995, and fast and reversible
response to the pressure up to ~100 kPa. As practical applications of the proposed sensor, a detection of flexion/
extension of a human finger for the manipulation of a prosthetic robot finger and a wind detection for the

Pressure sensor

continuous monitoring of the wind speed and direction have been demonstrated.

1. Introduction

Recently, many studies on the pressure sensors with high sensitivity
and flexibility have been carried out towards wearable sensor applica-
tions such as electronic skin [1-7], smart textile [8-10], flexible display
[11,12], prosthetics [2], and mobile human motion sensors [4,13].
Previously, a number of piezoresistive [14-18] and capacitive [19-21]
pressure sensors have been developed. However, these types of sensors
require external power sources for their operations. To address this
issue, numerous research for energy harvest utilizing such as piezo-
electricity and triboelectricity were previously reported as self-powered
sensors. For piezoelectricity-based pressure sensors, materials such as
ZnO [22], lead zirconium titanate (PZT) [23], BaTiOs [24], poly
(vinylidene fluoride) (PVDF) [25], and PVDF-based copolymers [26]
have been employed to generate different levels of electrical power in

response to dynamic pressure with high sensitivity and fast response
time. In addition, triboelectricity-based pressure sensors with various
combinations of materials with different triboelectric polarities and
surface morphologies (e.g. micropyramids [27], micropores [28,29],
nanopores/nanowires [30]) also showed successful demonstrations for
detection of dynamic and repetitive pressure.

However, both the piezoelectricity-based pressure sensors and
triboelectricity-based pressure sensors can only detect dynamic pressure
change and lack a capability of static pressure detection due to a pulse-
like voltage generation with quick decay of response [31]. Furthermore,
pressure-sensing performance of both sensors have shown poor resolu-
tion with an inconsistent response to identical pressure.

In this work, to achieve high performances such as high stability,
accuracy, and linearity of a self-powered pressure sensor, we propose a
novel self-powered pressure sensor (piezo-transmittance based self-
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powered pressure sensor; PTSPS) for wearable and portable applications
by integration of microporous elastomer (PTME) with a piezo-
transmittance (optical transmittance change by applying pressure) and
a thin-film organic solar cell (OSC). The PTME has a property of light
transmittance changes by a gradual closure of micropores with
compression in response to pressure (P). A unique mechanical and op-
tical characteristic of the PTME are employed to provide capabilities of
highly sensitive and stable pressure sensing, which can cover the whole
tactile pressure range (0.2-100 kPa) in a facile and cost-effective way.
For the mechanical characteristics of the PTME, deformability of the
PTME is regulated to induce large displacement with small pressure,
enabling highly sensitive pressure response of the PTSPS. In addition,
elasticity of the PTME is highly improved by minimization of visco-
elastic property of a solid elastomer (SE), resulting in complete and
immediate recovery of sensor responses. Regarding the optical charac-
teristics of the PTME, the PTME shows a linear response between the
relative change of current (Al/Iy) generated by the OSC and pressure. By
these characteristics, the PTSPS showed a high-performance with a
sensitivity of 0.101/kPa, a linearity of R*> = 0.995, and fast and
reversible response for the pressure up to ~100 kPa. Finally, for
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practical applications, a finger motion sensor that can detect flexion/
extension of a human finger for the manipulation of a prosthetic robot
finger and a wind detection sensor capable of continuously monitoring
wind speed and direction are demonstrated.

2. Results and discussion

A schematic design of the PTSPS is illustrated in Fig. 1. The PTSPS
consists of two parts: the PTME as an active light transmission medium
and the OSC as a light-induced power-generating device. To fabricate
the PTME, the three-dimensional microporous elastomer was prepared
by casting Ecoflex 00-30 prepolymer solutions within a sugar cube
template (see Experimental Section for details). In specific, combination
of a translucent (i.e. semi-transparent) characteristic of the Ecoflex
00-30 and the microporous structure could bring a great piezo-
transmittance effect. For the power-generating device, the OSC has
received great attention for the wearable and portable devices due to
their flexibility and light weight. We employed organic solar cells using
[[2,6'-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]  dithiophene][3-
fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7-

Ambient light

Pressure

23

Fig. 1. Proposed piezo-transmittance based self-powered pressure sensor: (a) Schematic representation of the PTSPS. (b) Optical properties of the PTME under
compression. (i) Low amount of light transmission through the PTME (T = T,) due to light scattering under the uncompressed state (P=P,=0) and higher amount of
light transmission through the PTME (T = T;>T,) under the compressed state (P=P;>Py). (ii) Photographs of the change in transparency of the PTME before
compression (top photograph) and after compression (bottom photograph). (iii) SEM images showing the pore-closing behavior of the PTME before compression (top
image) and after compression (bottom image). (c) Optical images of the PTSPS showing its capability of (ii) bending and (iii) twisting.
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Th) having a high sensitivity for the detection of light below indoor
condition(~1 W/rnz). Besides, flexible and lightweight characteristics of
the OSC is highly favorable for wearable and portable applications.
Under compression, the PTME is gradually compressed with closure of
micropores within its whole volume, and this allows larger quantity of
light to pass through the compressed PTME than the initial state due to
less scattering, leading to an increase in electrical current generated by
the OSC. Therefore, the PTSPS is operated by reading the generated
electrical current from the OSC beneath the PTME. The schematic
illustration describing the ray traces, which pass through the uncom-
pressed PTME and compressed PTME by applied pressure, is shown in
Fig. 1b(i) In the initial state (P=Py=0), most of light entering the PTME
is scattered by the micropores randomly distributed within the whole
volume of the PTME. Thus, only small amount of light is transmitted to
the OSC through the PTME with a transmittance (T) value of T = Ty,
generating low electrical current. In the compressed state (P=P;>Py),
more micropores within the PTME get to be closed and less light scat-
tering occurs, providing the enhanced T (T = T1>Tp). Then, more light
transmitted through the PTME reaches the OSC, producing higher
electrical current than the case of uncompressed state. When pressure is
released, the elastic resilient force of elastomer bridge fraction enables
re-opening of closed micropores, and consequently the PTME recovers to
its original shape, leading to the recovery of the sensor response. In
Fig. 1b(ii) and Fig. 1b(iii), we can observe that the transparency and the
cross-sectional morphology of the PTME in compressed and uncom-
pressed states were characterized by transparent acrylic glass plates (see
Experimental Section for details) and scanning electron microscopy
(SEM). The micropores are randomly distributed within the PTME, and
the micropores are closed by applied pressure as the neighboring bridges
are crumpled into the micropores. The size of micropores at the initial
state was observed as 400 + 140 yum, and porosity was calculated as
72.8 £+ 0.5%. In addition, the configuration of the PTME layer within its
entire volume turned out to be uniform in macroscopic point of view
according to the X-ray tomography image as shown in Fig. S1 and Movie
S1, Supporting Information. Furthermore, from flexibility of both the
PTME and the OSC, the PTSPS is capable of bending and twisting, as
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depicted in Fig. lc.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104749.

In order to predict the light transmission performances of the PTME
according to varying compressive strain (CS), we carried out a ray-
tracing optical simulation. As shown in Fig. 2a, we modeled the PTME
(2 mm x 2 mm x 2 mm) to describe a nonlinear constitutive compres-
sive behavior with finite element analysis based on the Neo-Hookean
hyperelastic model using the same method conducted in our previous
work [32]. Then, the light paths through the PTME under different levels
of compressive strain was examined to calculate the transmittance. The
representative simulation results for the ray-traces transmitted through
the PTME under compressive strain of 0%, 20%, 40%, 60%, and 80% are
visualized to estimate the light scattering effect with respect to the
compressive strain as shown in Fig. 2b. Moreover, the corresponding
light intensity mappings for the distributions of transmitted light in-
tensity at the detector can be found in Fig. S2, Supporting Information.
The transmittance was calculated as a ratio of transmitted light intensity
received by the detector to the incident light intensity from the surface
light source. The transmittance of the PTME is gradually increased with
the increase of compressive strain, showing a reasonable agreement
between the experimental and simulation results as shown in Fig. 2c.

Fig. 3 displays the mechanical and optical characteristics of the
PTME compared to SE with the same dimension. The compressive be-
haviors of the PTME and SE were investigated as shown in Fig. 3a. The
compressibility was calculated as the slope of the pressure vs.
compressive strain curves. The compressibility of the PTME is 6.73%/
kPa (R® = 0.986) while that of the SE is 0.21%/kPa (R* = 0.991). By
introducing the micropores within the PTME, the compressibility of the
PTME is significantly increased by ~32 times as compared to the SE,
which is critical for highly sensitive pressure sensing. For the evaluation
of optical characteristics, the transmittance of the PTME over the visible
light range (wavelength of 300-800 nm) under various compressive
strains was measured by the ultraviolet-visible (UV-Vis) spectropho-
tometer as shown in Fig. 3b. The overall transmittance of the PTME in
the visible light range were increased with the increase of compressive
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Fig. 2. Ray-tracing optical simulation results for the prediction of light transmission changes of the PTME by compressive strain: (a) Schematic illustration of the
simulation model in similarity to the actual experimental set up. (b) Results of the simulation, showing the light paths transmitted through the PTME. (c) Trans-
mittance versus compressive strain curves of the experimental data and simulation results. The transmittance of the PTME gradually increases with increasing
compressive strain; the graph shows a reasonable agreement between the experimental and simulation results.
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Fig. 3. Mechanical and optical characteristics of the PTME: (a) Compressive behavior of the PTME and SE. The compressibility of the PTME was 6.73%,/kPa R? =
0.986) while that of the SE was 0.21%/kPa (R? = 0.991). (b) The transmittance of the PTME over the range of visible light under various compressive strain. (c) The
piezo-transmittance property of the PTME was visually captured by a CCD camera. The closure of pores occurs uniformly throughout the whole surface of the PTME,
and the transparent area fraction of the PTME, which can be determined by the clarity of the institution logo (KAIST) under the PTME.

strain. To visualize the piezo-transmittance property of the PTME, the
compressed PTME was captured by a charged coupled device (CCD)
camera as shown in Fig. 3c (Movie S2, Supporting Information). The
closure of pores occurs uniformly throughout the whole surface of the
PTME and the transparency of the PTME, which can be determined by
the fact that clarity of our institution logos (KAIST) under the PTME, is
gradually increased with the increase of compressive strain.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104749.

Fig. 4 shows the static and dynamic pressure sensing performances of
the PTSPS under incident illumination intensity of 250 W/m?2. The static
pressure sensing performance was evaluated by plotting curves of the
relative change of current generated by the OSC versus pressure. In
Fig. 4a, the PTSPS showed highly sensitive and linear behavior with a
sensitivity (defined as the slope of the curve, Sprsps = 8(Al/Iy)/8P) of
0.101/kPa up to the pressure of 150 kPa without any mechanical or
electrical instability of the sensor. Its sensitivity is nearly 100 times
higher than that of the SE-based self-powered pressure sensor (SESPS).
Additionally, the recoverability of the PTSPS and SESPS was examined
by plotting the normalized response (AP./AP.—g00,max) Versus time (t) as
shown in Fig. 4b. The step stimuli with compressive strain of 60% for 1
min were applied and each response to the step stimuli was normalized
by its maximum value over the testing time. The normalized responses
are indicated in Fig. 4b with the notation of AP,/AP,_g0%, max- While the
SESPS did not show full recovery due to the viscoelastic property of the
SE, the PTSPS showed a complete and immediate recovery to the orig-
inal value due to the improvement of elastically resilient property.
Furthermore, dynamic responses were investigated over the pressure
ranges of 1-120 kPa as shown in Fig. 4c. It was observed that the PTSPS
covered the tactile pressure range (1-100 kPa) with fast, stable, noise-

free and perfectly reversible response. Therefore, it was confirmed
that the sensitive, linear, and fully reversible pressure sensing perfor-
mance is achieved by introducing the microporous configuration into
the elastomeric light transmission medium. Moreover, the pressure
response curves of the PTSPS under the various light intensities of 100
W/m?, and 200 W/m? and 250 W/m? were examined as shown in
Fig. 4d. From the results, it is observed that the pressure sensing per-
formance of the PTSPS is not significantly affected by the intensity of
illuminated light. In Fig. 4e, the long-term stability and electrome-
chanical durability of the PTSPS was evaluated under 5000 cycles of
repeated compression/release at ~50 kPa (compressive strain of 70%).
No noticeable drift of the sensor response and no structural change of the
PTME were found during the repeated compression cycles. From the
results, the PTSPS is appropriate for long-term, repeated wearable ap-
plications. In Fig. 4f, the PTSPS was evaluated at different values of
temperature and humidity. As temperature (T) increased from 20 to 75
°C, initial current of the PTSPS decreased. However, the relative change
of current was not significantly affected. This means that the sensor can
be used for practical wearable devices because most of the electrical
devices for these purposes should not exceed 65 °C in general. Also,
when relative humidity (RH) at 25 °C changed from 15 to 80%, no
variation in the relative change of current was observed. Finally, the
theoretical limit of detection (LOD) value was calculated based on the
slope of linear calibration curve (a) near the LOD value and the signal-to-
noise ratio (Fig. S3, Supporting Information). The noise level was esti-
mated as 5.49 x 104 by a standard deviation of blank responses (cpjank),
which is the relative change of current by the OSC without applying
pressure, and the slope of linear calibration curve near the LOD value
was obtained as 0.00791/kPa. From these parameters and the equation
of LOD = 3opiank/a, the theoretical LOD value was estimated as ~0.2
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Fig. 4. Static and dynamic pressure sensing performances of the PTSPS: (a) the relative change of current versus pressure of the PTSPS compared to the SESPS. (b)
Recoverability performances of the PTSPS compared to the SESPS. (c) Dynamic responses of the PTSPS to various pressure ranging from 1 kPa to 100 kPa. (d) The
relative change of current versus pressure of the PTSPS under the various light intensities of 100 W/m?, 200 W/m?, and 250 W/m?. (e) Long-term electromechanical
stability of the PTSPS over 5000 cycles of a repeated compression/release test with a compressive strain of 70%. (f) Initial current and the relative change of current

of the PTSPS under different temperature and humidity conditions.

kPa. From the result, it was verified that the LOD of the PTSPS is small
enough to detect a subtle pressure.

For wearable devices, the dimensions of sensors are important fac-
tors for better wearability and less interference with diverse human
motions and 3D shape of objects. As shown in Fig. S4, Supporting In-
formation, the pressure-sensing performances of the PTSPS were
examined for different values at tijckness Of 1, 2, 5, and 10 mm and at
Tbending Of 5, 30, and co mm of the PTME (reference tejckness and T'vending
are 2 mm and co mm, respectively). For the different thickness, the
response is slightly decreased when the thickness decrease because
lower thickness of the PTME has less pores in the PTME, which decrease
light scattering inside of the PTME. However, this dependency is not
significant for the thickness down to 2 mm. For the different bending
radii, the response slightly decreased at rpending of 5 mm. However, the
SENsor OVer Tbending of 30 mm showed bending-insensitive properties.

Making use of these excellent properties, we applied the PTSPS to a
finger motion sensing, in which the flexion/extension of a human finger
are detected and utilized for the manipulation of a prosthetic robot
finger. Firstly, for the finger motion sensor, two OSCs (a sensing OSC and
a reference OSC) were attached on the finger for calibrating the re-
sponses under different light intensities, i.e., To compensate the re-
sponses under different light intensities for real situations. Then, the
PTME was placed only on the sensing OSC, covering the active area of
the sensing OSC, and then a thin polydimethylsiloxane (PDMS) film was
attached to the structure as shown in Fig. 5a. Fig. 5b shows photographic
images of the sensor package and the prosthetic robot finger being
controlled by using the motion sensor on the human finger. When the
finger is not flexed, the PDMS film stays at its original position. When the
finger is flexed, the PDMS is stretched in the horizontal direction, and it
compresses the PTME in the vertical direction, which in turn changes the
transmittance of the PTME. Therefore, the flexing action of the finger
only changes the response of the sensing OSC when the light intensity is

constant. From the response, the finger angle can be evaluated (Fig. 5c)
and the prosthetic finger can be controlled to match with the human
finger angle. The video for the prosthetic finger control by the finger
motion sensor is shown in Movie S3, Supporting Information. However,
it should be noted that the intensity of incident light can continuously
change depending on the illumination conditions (i.e. different solar
irradiation or indoor lighting). Therefore, we have utilized a pair of
reference OSC and sensing OSC to remove this effect. In Fig. 5d, the
black curve with circle markers and the blue curve with square markers
represent the current generated by the reference OSC and the sensing
OSC, respectively, with repeated flexion/extension motions of human
finger under different light intensities. The amount of current generated
by the reference OSC and the sensing OSC decreased with the decrease of
light intensity. The experimental relation obtained to compensate the
responses of the sensing OSC under different light intensities is shown in
Fig. S5, Supporting information. Using this relationship, the calibrated
relative change of current shows the desired behavior, i.e., similar
response regardless of the light intensity, as shown in the red line with
triangle markers. A video of the sensor responses with repeated flexion/
extension motions of a human finger under different light intensities is
shown in Movie S4, Supporting Information.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104749.

As another practical application of PTSPS, we demonstrated its use in
the wind detection application, where the PTSPS can sense a sudden
change in the wind without any supply of electricity, and it can be
attached on curved surfaces, such as a turbine. Fig. 6a shows a 3D
schematic depicting the components of the wind detection sensor. Here,
five sensing OSCs (covered by the PTMC) and five reference OSCs were
attached on the pole for detecting the wind speed and direction under
different light intensities. The incoming wind compresses the PTME,
placed on the sensing OSC, and based on the transmittance change
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Fig. 5. Demonstration of the finger motion
sensing by PTSPS for control of the pros-
thetic robot finger: (a) Photographic image
of the finger motion sensor on the finger
based on the PTME and OSC and 3D model
of detailed components of the finger motion
sensor. (b) Photographic images of control-
ling the prosthetic robot finger using the
sensor on the human finger. (c) The sensor
response over the finger angle of 0° — 90°.
(d) The sensor responses of the sensing OSC
and reference OSC and the -calibrated
response with repeated flexion/extension
> motions of human finger under different
{ light intensities. The amount of current
! generated by the sensing OSC and reference
OSC were decreased with the decrease of

S b illumination intensity. However, the cali-
e brated relative change of current shows
similar tendency regardless of the light in-
tensity as shown in the red line with a tri-

angle marker.
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induced by this compression, the speed of the wind can be estimated by
the similar sensing mechanism used in the finger motion sensor. In
addition, by using the array configuration shown in Fig. 6a, the direction
of the wind can be determined. We used an air gun to generate the
desired wind speed (4 m/s) and direction; the speed and directions were
controlled by an air pressure pump and a rotatable plate, respectively.
The wind speed was confirmed by a commercial anemometer. Fig. 6b
shows the relative change of current on each sensor when the wind was
blown continuously in the direction from S1 to S5, and then back to S1.
For the enhanced visual representation of the data in Fig. 6b, a 2D color
map of the signal change is plotted in polar coordinates in Fig. 6¢
(Fig. S6, Supporting Information). Furthermore, a demonstration video

is shown in Movie S5, Supporting Information. With this, we have
demonstrated the feasibility of the PTSPS for the wind detection appli-
cations with a stable, continuous and accurate detection capability.
Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104749.

3. Conclusion

In conclusion, we have developed a PTSPS based on a PTME, as an
active light transmission medium, and a OSC, as a power generation
device. The intensity of light transmitted through the PTME increases
with increasing pressure due to the closure of its micropores. The light
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Fig. 6. Demonstration of the wind detection sensing by an array of PTSPS: (a) 3D schematic depicting the components of the wind detection sensor. The five sensing
0OSCs covered by the PTMC and five reference OSCs were attached on the pole for detecting the wind speed and direction under different light intensities. (b) The
relative change of current on each sensor when the wind was blowing in the direction from S1 to S5 continuously and then back in the direction to S1. (c) 2D color
mapping of the intensity change of each sensor in polar coordinates. The change in the signal of each sensor is represented by the darkness level of blue color.

transmitted through the PTME enters the OSC, and generates electrical
current for self-powered sensing. Through ray-tracing optical simulation
and experiment, it was verified that the transmittance values of the
PTME are gradually increased with the increase of compression. For the
sensing performance, the PTSPS showed highly sensitive and linear
behavior with a sensitivity of 0.101/kPa, the linearity of R%?= 0.995, and
accurate, fast, and stable response over the tactile sensing range. Addi-
tionally, we confirmed the effects of light intensity, temperature, hu-
midity, thickenss, bending radius for applying the PTSPT to practical
wearable applications. From the results, we have confirmed that the
PTSPS is appropriate for long-term, repeated wearable applications.
Finally, we demonstrated the practical applications of PTSPS to the
finger motion sensings for the human-robot interface system and wind
detection sensing, without any electrical power source, and regardless of
the change of external light conditions.

To the best of our knowledge, this is the first flexible self-powered
pressure sensor based on the optically active structures and photovol-
taic power generation devices, and as such it is expected to have a major
impact on the flexible sensor industry and research in this area.
Furthermore, in contrast to other sensors based on other mechanisms as
piezoelectric and triboelectric sensors, our sensor is cable of measuring
static pressure continuously and stably. For now, it has lower flexibility
and sensitivity when compared to these other self-powered pressure
sensors, such as piezoelectric and triboelectric sensors. However, this is
expected to be improved with the development of new piezo-
transmittance materials and more flexible organic solar cells. There-
fore, we believe that our sensor, based on this novel sensing mechanism,
could be an alternative solution to previous self-powered pressure sen-
sors and applied to broader applications.

4. Experimental Section
4.1. Fabrication of PTME and SE

The PTME and SE were prepared by casting Ecoflex elastomer into a
sugar cube template and a mold with the same size as the sugar cube
template. The Ecoflex (Ecoflex® Shore hardness 00-30, Smooth-On,
Inc., USA) prepolymer solution was poured into the sugar cube tem-
plate and the mold. Then, the poured solution was degassed in a vacuum
chamber. After curing at room temperature for 2 h, the sugar cube was
dissolved by water to form the PTME. SE was simply detached from the
mold after curing process.

4.2. Fabrication of OSC

The OSC was fabricated on the ITO deposited Polyethylene tere-
phthalate (PET) substrate. The substrate were cleaned by sonication
with detergent, acetone, isopropyl alcohol for 20 min, respectively.
Next, zinc oxide (ZnO) solution using the electron transporting layer was
spin coated on the substrate at 6000 rpm for 30 s. Then, this substrate
was annealed at 200 °C for 20 min. For the deposition of photoactive
layer, poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]
dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thio-
phene-)-2-carboxylate-2-6-diyl)] commonly known as PTB7-Th and
[6,6]-Phenyl Cy; butyric acid methyl ester (PC71BM) was mixed with a
weight ratio of 1:1.5. Then, 20 mg of this mixture was dissolved in 1 ml
of chlorobenzene with 30 pl of 1-8 diiodooctane. This solution was spin
coated on the ZnO coated substrate at 2500 rpm for 30 s. After drying in
a N, glove box for 30 min, molybdenum oxide layer with a thickness of
10 nm and silver electrode layer with a thickness of 150 nm were
deposited by thermal evaporation. The fabricated OSC can be shown in
Fig. S7, Supporting Information.



J. Choi et al.
4.3. Characterization of PTME and SE

A high-precision universal testing machine (AGS-X, SHIMADZU,
Japan) was used to evaluate the mechanical property of the PTME. A
disk-type compression fixture with a diameter of 40 mm was utilized for
uniform deformation of the PTME. A position-controlled compression
test was conducted at a compressive speed of 0.05 mm/s. The cross-
sectional morphologies of the PTME were characterized by field emis-
sion scanning electron microscopy (FE-SEM, Sirion, FEI, USA). The in-
ternal structure of the PTME was nondestructively visualized by high-
resolution micro computed tomography (Micro-CT, SkyScan 1272,
Bruker AXS, USA). For the optical characteristics, firstly, a CCD camera
was used to visualized the piezo-transmittance property of the PTME
(Fig. S8, Supporting Information). Secondly, a ray-tracing optical
simulation (Light Tools®, USA), a solar illuminator (LAX-C100 Xenon
light source, Asahi Spectra Co., Ltd., Inc., Japan), and a photodiode
power sensor (S120C, Thorlabs, Inc., USA) with a USB power and energy
interface (PM100USB, Thorlabs, Inc., USA) were used to predict the light
transmission performances. As a light source to characterize the sensor
performance, the solar illuminator with a range (A = 400-800 nm) was
employed (Fig. S9, Supporting Information). Regarding the actual
experimental conditions, the illuminator was located at 0.5 mm above
the top surface of the PTME and the photodiode power sensor was
located below the PTME. The simulation conditions were set as same as
the actual experimental conditions. Third, the optical transmittance of
the PTME was measured by UV-VIS spectrophotometer (Lambda 1050,
Perkin Elmer, USA).

4.4. Characterization of PTSPS and SESPS

To measure the static and dynamic response of the sensor, a linear
stage (SAS, SAMICK THK, Korea) and a load cell (SM-500 N, Interface,
USA) were used under displacement control with a source meter
(Keithley 2400, Tektronix, USA) and solar illuminator (LAX-C100 Xenon
light source, Asahi Spectra Co., Ltd., Inc., Japan) with collimator as
shown in Fig. S10, Supporting Information. Temperature and humidity
were monitored using an IR camera (E30, FLIR, USA) and a humidity
sensor (SHT31 SMART, Sensiron, USA), respectively.

4.5. Demonstration of finger motion sensor for control of prosthetic robot
finger and wind detection sensor

For wearable application, output from the OTSCs were measured by
an Arduino Uno and a 16-bit resolution ADC (ADS1115, Adafruit, USA)
with an Op-amp (MCP6004, MICROCHIP, USA) circuit (Fig. S11, Sup-
porting Information). Then, using MATLAB (MATLAB 2018, Mathworks
Inc., USA), the raw data was plotted. For the finger motion sensor, two
OSC (sensing OSC, reference OSC) were attached on the finger. Then, the
PTME was placed only on the sensing OSC, covering the active area of
the sensing OSC, and then a thin polydimethylsiloxane (PDMS) film was
attached to the structure. A prosthetic robot finger was fabricated by
first building its skeleton and then covering it with a thin skin-like
elastomer. For the first part, a human hand was scanned by a 3D scan-
ner (XYZ Printing, Taiwan) for modeling the skeleton of the robot fin-
gers. After that, the skeleton of the robot fingers was printed by a 3D
printer using thermoplastic polyurethane. The robot finger was then
connected to a servo motor (DM-S0300D, China) with threads for its
actuation. For the second part, thin skin-like elastomer was fabricated by
the following three sequential steps. First, Alja Safe powder (Smooth-
On, USA) was mixed with water to form a rubbery elastomer, which was
subsequently poured into a container. Second, human fingers were
dipped into the container for 5 min until it was cured to form a mold for
the skin-like elastomer. Finally, Ecoflex00-35 prepolymers (Smooth-On,
USA) were poured into the mold back and forth to form a thin skin-like
film conformably around the mold (Fig. S12, Supporting Information).
When the finger is flexed, the PDMS is stretched in the horizontal
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direction, and it compresses the PTME in the vertical direction, which in
turn changes the transmittance of the PTME. Therefore, the microcon-
troller in Arduino can measure the current generated by two OSCs using
the Op-amp and the ADC circuit as shown in Fig. S11. At the same time,
the microcontroller send the signal to the servo motor to flex the pros-
thetic finger based on the current generated by two OSCs. For the wind
detection sensor, the five sensing OSCs covered by the PTMC and five
reference OSCs were attached on the 3D printed pole (r = 5 mm). For an
air generation system, we used an air gun (Denkousyounendan, Japan)
to make artificial windy condition experimentally. The wind speed and
direction were controlled by an air pressure pump (Denkousyounendan,
Japan) and a rotatable plate. Also, the wind speed was confirmed by a
commercial anemometer (Testo, 450i, Germany).
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