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A B S T R A C T   

In the field of soft strain sensors, piezo-transmittance based strain sensors, which detect strains by optical 
transmittance change, have promising advantages of fast response, high sensitivity, long-term stability, and 
negligible effect from environmental factors. However, they feature low sensor-to-sensor and in-sensor unifor
mity as well as unpredictable response and high stiffness. This study exploits the gap control of an auxetic- 
patterned elastomer to develop a piezo-transmittance based strain sensor. Gap opening mechanism in the 
negative Poisson’s ratio metamaterial with rotating square structures makes the sensor free from these limita
tions; thus, achieving a designable response and low stiffness. In addition, high sensor-to-sensor ((root-mean- 
square deviation (RSD) < 3.5%) and in-sensor (RSD < 5%) uniformities are achieved by uniform metal-deposited 
light-blocking film. Finally, the developed sensor has been integrated with a solar cell and Bluetooth Low Energy 
(BLE) 4.0 to afford a self-powered wireless strain sensing system that is successfully applied to structural health 
monitoring and human motion monitoring.   

1. Introduction 

Soft strain sensors, which offer the benefits of high stretchability and 
mechanical compatibility with curved surfaces, are attracting huge at
tentions in both soft systems (e.g., human motion monitoring [1–3] 
(HMM), electronic skins [4–7], healthcare monitoring systems [8,9], 
and soft robotics [10–12]) and rigid systems (e.g., structural health 
monitoring (SHM) [13]). Among the soft strain sensors, piezo-resistive 
and piezo-capacitive sensors have been widely researched [14–16]. 
However, piezo-resistive devices [17–23] suffer from unstable response 
and hysteresis, while piezo-capacitive devices suffer from low sensi
tivity. Moreover, the responses of both types are affected by environ
mental factors, such as temperature, humidity and electromagnetic 
interference [24–26]. Therefore, piezo-transmittance based strain sen
sors, which detect strains based on the changes in the optical trans
mittance, have garnered attention owing to their advantages such as fast 
response, high sensitivity, long-term stability, and negligible effect from 
environmental factors [27,28]. However, the randomness of used 

nanomaterials (e.g., carbon nanotube (CNT) and TiO2 nanoparticles) 
and applicable fabrication methods (e.g., spray coating [27,29–32], 
mechanical mixing [33,34], and dip coating [35]) result in low in-sensor 
and sensor-to-sensor uniformities, while the mechanism based on the 
strain-dependent crack propagation results in unpredictable responses. 
In addition, current overall soft strain sensors have two common prob
lems. First, even if a soft material such as an elastomer is used as the 
sensor substrate, the target to be measured is subjected to a mechanical 
constraint owing to the stiffness of the substrate. Second, previously 
reported sensors inevitably require a power source for signal detection, 
whereas self-powered sensor are increasingly required for applications 
in SHM and wearable devices. Therefore, the development of soft strain 
sensors that overcome all of these limitations is in high demand but still 
remains very challenging. 

Meanwhile, mechanical metamaterials have attracted attention 
because of their unique and unprecedented characteristics [36–47]. In 
particular, auxetic structures feature a negative Poisson’s ratio, i.e., 
expand (rather than contract) in the transverse direction upon stretching 
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in the longitudinal direction, and this characteristic can significantly 
affect the sensing performance. Therefore, these structures have been 
used to improve the performance of piezo-resistive and piezo-capacitive 
sensors. However, because they only focused on the enhancement of 
sensitivity, they still have not been able to solve the abovementioned 
critical problems of soft strain sensors [48–53]. 

To address the limitations of piezo-transmittance based soft strain 
sensors associated with the uniformity, response predictability, power 
consumption, and mechanical stiffness, we developed a self-powered 
piezo-transmittance based strain sensor using an auxetic structure. It 
utilizes a uniform Au-deposited elastomer film with a rotating square 
pattern (GDE-R), and changes its optical transmittance in response to the 
changes in auxetic pattern gaps under externally applied strains. This 
gap opening mechanism of GDE-R allows not only a quantitative and 
rational design of the sensor response using ray-optics simulation but 
also an ultralow stiffness owing to the bending-dominated deformation. 
Therefore, we achieved high sensor-to-sensor uniformity (root mean 
square deviation (RSD) < 3.5%), high in-sensor uniformity (RSD < 5%), 
response predictability, and low mechanical stiffness during stretching. 
Additionally, the bending-dominated deformation, not the elongation of 

material, and the negative Poisson’s ratio provide the sensor with high 
sensitivity (gauge factor (GF) ≈ 10.5), low hysteresis (~0.508%), high 
linearity (R2 > 0.997), and long-term stability (>10,000 cycles). For 
showing the practical applicability and performance demonstration, the 
developed sensor was integrated into a self-powered wireless strain 
sensing system (using the response change of a solar cell under natural 
or artificial light) for SHM and HMM. In the case of SHM, the sensor was 
used to monitor the inflation and deflation of a soft aerostat and to 
detect a crack propagation in a rigid structural object. In the case of 
HMM, our sensor was utilized to implement a real-time monitoring of 
target muscle contraction and the corresponding joint to prevent injuries 
caused by incorrect postures during weight training. 

2. Results and discussion 

2.1. Sensor design and working principle 

To develop the optimized predictable and uniform soft piezo- 
transmittance based sensor, three aspects of the film were considered: 
the light-blocking material and its fabrication method, the transmittance 

Fig. 1. Design parameters and working principle of the soft piezo-transmittance based strain sensor. a, Schematic of piezo-transmittance mechanisms relying on 
crack propagation and gap opening with negative/positive Poisson’s ratio. b, Schematic representation of the GDE-R based strain sensor. c, Images of the GDE-R 
captured during stretching from ε = 0–30%. 
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change mechanism, and the sensor structure. First, the light-blocking 
film and fabrication method affect the uniformity and sensitivity of 
the piezo-transmittance based strain sensor. In the previous studies, 
nanomaterials, such as CNT or TiO2 nanoparticles, were used as the 
light-blocking materials because of their high optical absorbance in 
visible range [27,28]. However, the randomness of the materials and 
fabrication methods inevitably causes low uniformity of sensors. 
Therefore, in this study, metal thin film using e-beam evaporation is 
suggested as a light-blocking film owing to its superior uniformity and 
high reflectance. Second, with regard to the mechanism, the crack 
propagation and a gap opening are compared for the sensor 

predictability and uniformity, as shown in Fig. 1(a). Previously reported 
piezo-transmittance based strain sensors were based on the random 
crack propagation of the light-blocking material, which makes the 
sensor response non-predictable and non-designable as well as results in 
a poor sensor uniformity [27]. Therefore, a novel gap opening mecha
nism is suggested in this study. Because the gap opening mechanism is 
based on the predictable deformation of a regular pattern, the sensor 
response can be rationally designed using numerical simulation. Third, 
for the sensor structure in this study, gap opening structures with a 
positive Poisson’s ratio and a negative Poisson’s ratio were compared for 
obtaining a high sensitivity and a mechanical softness, as shown in Fig. 1 

Fig. 2. Results of FEM-based simulation and characterization of the piezo-transmittance based strain sensor based on the GDE-R. a, 3D model used for mechanical 
and optical simulation, and the result of simulation for 30% strain. b, Light transmitted through the GDE-R (the regions illuminated by the transmitted light are 
shown in red). c, Comparison of simulated and experimental results obtained for GDE-R and GDE-L. d, Load–displacement curves of bare elastomer, GDE-R, and GDE- 
L. e, Response to input strain in the range of ε = 0–20%. f, Dynamic responses to static loading. g, Sensor response to small strain inputs (10 × 0.1%). h, Sensor 
responses at different strain rates. i, Results of a stability test (10,000 cycles) performed in the range of ε = 0–30%. 
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(a). The structure with a positive Poisson’s ratio experiences contraction 
in the direction perpendicular to that of the applied tensile strain. 
However, the structure with a negative Poisson’s ratio shows an 
expansion in the direction perpendicular to that of the applied strain, 
drastically increasing the gap opening in the unit area. In addition, 
among the negative Poisson’s ratio structures, a rotating square pattern 
exhibits a bending-dominated deformation mode via free rotation of 
square units in the hinges, leading to an ultralow stiffness [37]. This 
means that the target object for sensing experiences small load when this 
structure is utilized as the sensor. Consequently, the GDE-R was selected 
for the sensor structure owing to its high uniformity, predictability, 
sensitivity, and mechanical softness. 

Fig. 1(b) presents the working principle of the proposed sensor, 
showing that the light source and the light power detector were posi
tioned on the upper and bottom sides of the GDE-R film, respectively. 
The transmittance change of the developed GDE-R upon the strain 
application (i.e., the sensor response) was measured by the light power 
detector. At zero strain (ε = 0%), the Au thin film (thickness 
t ≈ 100 nm) deposited on the elastomer almost completely blocks the 
incident light to afford a very low transmission. Upon the application of 
external longitudinal strain, the amount of light passing through the 
gaps between the rotating square structures (and thus, the total amount 
of light transmitted through the GDE-R) increases with progressing 
hinge rotation. Fig. 1(c) and Video S1 and S2 present a photograph and 
videos of the GDE-R, revealing that the gaps of the cut pattern increase 
with increasing external tensile strain. The detailed fabrication process, 
fabricated image of each sensor, and experimental setups are described 
in Fig. S1 and S2. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106447. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106447. 

2.2. Simulation results and sensor characterization 

The sensor response predictability and designability were investi
gated by mechanical and optical simulations based on the finite element 
method (FEM), with the 3D modeling and simulation results presented 
in Fig. 2(a) and (b) and Fig. S3. The GDE-R based sensor and a Au- 
deposited elastomer film with the line pattern (GDE-L) based sensor 
were considered, as the fabricated images of each pattern are depicted in 
Fig. S4. The amount of simulated light transmission was calculated, and 
compared with the experimental results (marked in red; Fig. 2b and 
Fig. S5 and S6). Additionally, the solid mechanics results that show Von 
Mises stress of the GDE-R based sensor are included in Fig. S7. As shown 
in Fig. 2(c), the simulated and experimental results were in almost 
perfect agreement with each other, both for GDE-R and GDE-L. As 
mentioned above, the sensing mechanism of the proposed sensor is 
based on the predictable behavior of its auxetic structure. Therefore, the 
sensor response could be easily calculated through numerical simula
tion, and the results showed that the sensitivity of GDE-R is 2.4 times 
higher than that of GDE-L. Notably, the slope of the light transmittance 
change vs. strain plot of GDE-R decreases above applied strain of ~25% 
as shown in Fig. S8. This behavior is ascribed to the fact that the Pois
son’s ratio of the employed auxetic pattern remains constant at − 1.0 up 
to a strain of ~30% [40] and then rapidly increases to zero at higher 
strains. 

Next, we analyzed various characteristics of the proposed sensor. 
Fig. 2(d) and Fig. S9 present the load–displacement curves and photo
graphic image of the bare elastomer, GDE-L and GDE-R with the same 
dimensions. For a given displacement, the GDE-R based sensor shows 
3.53 and 2.39 times lower stiffness than bare elastomer and GDE-L, 
respectively, due to the rotating square pattern. Fig. S10 presents the 
load–displacement curves of GDE-R film before breaking, which can 
endure stretching up to 52 mm (175%) from an initial length of 30 mm. 
For investigating the sensing performance, given that the sensor 

response is related to the light transmittance change, we defined GF 
= (ΔI/I0)/ε, where I0 is the initial light intensity at zero strain, ΔI is the 
difference between the initial light intensity and the light intensity 
under applied strain, and ε is the strain. Fig. 2(e) shows that at 
ε = 0–20%, the sensor features a high GF (10.5), low hysteresis 
(0.508%), and high linearity (R2 > 0.997). These advantageous char
acteristics are ascribed to the facts that (i) the employed auxetic struc
ture exhibit a linear area change with increasing applied strain, as 
discussed in the FEM simulation, and (ii) sensor deformation is mainly 
caused by the rotation of cut patterns and not by the deformation of the 
material itself. Fig. 2(f) and Fig. S11 present the dynamic responses of 
our sensor to various static loading. When a step loading was applied to 
the sensor, quick response (response time of <20 ms) and recovery were 
observed during the entire loading-unloading processes. The detailed 
experiments for calculating the response time of the sensor is described 
in Fig. S12. 

In addition, a strain of 0.1% was applied to the sensor as a step input 
(Fig. 2g), and the limitofdetection(LOD) = 3Sb/b, where Sb is the stan
dard deviation of the y-intercept, and b is the slope of the response in the 
initial strain range [54], was calculated as 0.01% (Fig. S13). Fig. 2(h) 
presents the sensor responses at different strain rates (ε′ = 0.5–5% s− 1), 
showing that for ε = 0–30%, they are perfectly identical, regardless of 
the strain rate. In addition, the effect of light source power on the sensor 
performance was investigated as shown in Fig. S14. The sensor char
acteristics were independent of the light intensity if the intensity is 
higher than 29.5 W m− 2. Finally, for long-term stability evaluation, the 
sensor was repeatedly tested for 10,000 cycles in the range of 
ε = 0–30%. The 10 loading-unloading curves recorded initially and after 
1200, 5000, and 10,000 cycles (Fig. 2i) featured identical responses, 
proving high reliability and repeatability of the sensor. 

2.3. Uniformity comparison with a crack propagation-based optical strain 
sensor 

Fig. 3 compares the uniformity of the proposed sensor with that of a 
previously reported crack propagation-based optical strain sensor 
comprising a carbon nanotube (CNT)-embedded elastomer (Ecoflex; 
CEE) composite (Fig. S15). First, sensor-to-sensor uniformities were 
investigated as shown in Fig. 3(a)–(c). In the CEE-based sensor, the CNT 
film was deposited by spray-coating, which inhibited the formation of a 
uniform light-blocking layer. In addition, the crack propagation mech
anism hinders the uniform deformation of light-blocking material. 
Therefore, as can be seen in Fig. 3(a), a large difference in the sensor 
responses was observed between different CEE-based sensors. On the 
other hand, the GDE-R based sensor was fabricated using e-beam 
evaporation and cut in an auxetic pattern to ensure high sensor-to-sensor 
uniformity (Fig. 3b). Fig. 3(c) shows the RSDs representing the sensor- 
to-sensor uniformity of CEE and GDE-R based sensors for each strain 
region. Compared to the CEE-based sensor with an RSD of ~40% at 
ε = 10–30%, the GDE-R based sensor has much lower RSD (<3.5%) 
within the same strain region. Second, in-sensor uniformity, reflecting 
the dependence of sensor response on the in-sensor position (x), was 
analyzed at x = − 10, − 5, 0, 5, and 10 mm, with x = 0 mm indicating 
the film center. In this experiment, the strain within the film (excluding 
both ends) can be assumed to be almost constant under an applied 
uniaxial strain [27]. In the case of the CEE film, the transmittance varies 
with the locations (Fig. 3d). On the other hand, no significant positional 
dependence was observed for the GDE-R based sensor, as it featured a 
uniform Au film and a repetitive pattern (Fig. 3e). Fig. 3(f) shows that 
the proposed sensor has an RSD (representing in-sensor uniformity) of 
≤ 5%, and this result is supported by the simulation result in Fig. S16, 
where the results point out that the sensor response has a 
position-dependent RSD of ≤ 6.1% due to the effect of pattern size. On 
the other hand, the CEE-based sensor exhibits a position-dependent RSD 
of ≤ 30%. 
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2.4. Structural health monitoring (SHM) by a self-powered GDE-R based 
strain sensor 

To verify the broad application scopes of the proposed sensor, it was 
utilized in self-powered SHM and HMM systems. To be suitable for 
practical applications, the strain sensor should meet the following con
ditions beyond simply showing good sensing performance. To be suit
able for efficient utilization in next-generation wireless Internet of 
Things (IoT) systems or for the continuous monitoring of target object’s 
strain, the strain sensor should have a low or zero power consumption. 
Moreover, to ensure that the attachment of the strain sensor does not 
restrict the target object’s motion, the sensor must have lower modulus 
than the target object. This criterion is particularly important for objects 
made of soft materials, e.g., air balloons and human skin. Herein, a self- 
powered sensing system based on solar cell was developed, and the 
corresponding sensor was shown to have lower modulus than the parent 
elastomer used in this study due to the auxetic structure. Therefore, the 
developed sensor is expected to hold great promise for various 
applications. 

Fig. 4(a) shows the developed self-powered wireless strain moni
toring system. In this system, a reference solar cell and a sensing solar 
cell were used to measure the target strain and to calibrate changes in 
the environmental light. As the current output of the solar cell is pro
portional to the intensity of the applied light, light calibration could be 
simplified by a two-point calibration, and the output signal (in arbitrary 
units) of the Arduino device showed a behavior similar to that con
ducted in the characterization section (Fig. S17 and S18). The developed 
sensor was used to monitor the inflation/deflation of an aerostat 
(Fig. 4b) and the cracks in a rigid specimen (Fig. 4c), which are repre
sentative examples of SHM. The detailed experimental setup and the 
mobile app screen are shown in Fig. S19. 

When the developed sensor was attached to the balloon and various 

strains were applied, the strain measured by the sensor well matched the 
actual strain (Fig. 4d). In addition, a warning was displayed by the app 
when the balloon was inflated above the maximum threshold or deflated 
below the minimum threshold (Fig. 4e and Video S3). Notably, even 
though the balloon was made of soft materials and had a low stiffness, it 
could be well inflated when the sensor was attached (Fig. 4f). Fig. 4(g) 
shows that the developed sensor could well detect the propagation of 
cracks in a rigid object. Even when the intensity of environmental light 
was changed, and the signals of the sensing and reference solar cells 
were varied, the calibrated strain was clearly measured with little 
disturbance from the environmental light, and cracks were detected 
(Fig. 4h and Video S4). Furthermore, the change in light was well 
compensated under the applied strain, as shown in Fig. S20 and Video 
S5. Fig. 4i demonstrates that even fine strains due to crack propagation 
can change the unit cell shape of the auxetic structure and thus be 
detected in solar cells. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106447. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106447. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106447. 

2.5. Human motion monitoring (HMM) by a self-powered GDE-R based 
strain sensor 

As a second demonstration, the developed sensor was used for a self- 
powered HMM during weight training. In general, the repetition of 
specific postures during weight training aims to stimulate certain target 
muscles such as the biceps, latissimus dorsi (lats), quadriceps femoris, 
and pectoralis major. However, despite the availability of correct exer
cise postures for the target muscles, a risk of injury always exists during 

Fig. 3. Uniformity comparison of the piezo-transmittance based strain sensor based on the GDE-R with sensor based on the CEE film. Sensor-to-sensor uniformity in 
the range of ε = 0–30% determined for five piezo-transmittance based strain sensors based on a, the CEE film and b, the GDE-R. c, Sensor-to-sensor uniformities 
(RSDs) obtained for the films in a and b. In-sensor uniformity (x = − 10, − 5, 0, 5, and 10 mm) determined at strains of ε = 0–30% for d, the CEE film and e, the GDE- 
R. f, In-sensor uniformities (RSDs) obtained for the films in d and e. 
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Fig. 4. Application of the developed strain sensor to SHM. a, Schematics of the self-powered wireless monitoring system. Application of the sensor to the monitoring 
of b, aerostat inflation/deflation and c, crack propagation in an artificial satellite. d, Comparison of real strain with strain measured by the sensor. e, Demonstration of 
an alarm during balloon inflation/deflation and f, schematics of the experimental setup. g, Experimental result for crack propagation and alarm verification. h, 
Calibrated strain determined by the reference solar cell and the sensing solar cell at different light intensities. i, Schematics of the experimental setup for 
crack monitoring. 
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weight training. The difficulty of quantitatively and accurately moni
toring human posture while exercising hinders the prevention of injuries 
to joints such as the wrist, lower back, and knee, and thus causes serious 
permanent joint pain [55] Herein, two exercises (arm curl and one-arm 
dumbbell row) were tested to verify that the developed self-powered 
wireless sensor is suitable for HMM aimed at posture correction. To 
simultaneously monitor the correct posture and muscle growth, the 
sensors were attached to joints with a high risk of injury and the target 
muscles. 

In the case of the arm curl, sensors were attached to the biceps 
muscle as the target muscle and to the wrist as the injury-prone joint 
(Fig. 5a). In the case of the one-arm dumbbell row, sensors were 
attached to the lats as the target muscle and the lower back as the injury- 
prone joint [55]. When the sensors attached to the wrist and biceps were 
strained upon motion, the strain measured by individual sensors well 

matched the real strain (Fig. 5b). Then, the posture of arm curl training 
was evaluated by the attached sensors. In this case, the strain of the joint 
part should be lower than the set value, and the strain of the muscle part 
should be varied during repeated exercise cycles. As shown in Fig. 5 
(c)-(i), the strain of each part was clearly measured by the sensors, and 
the app displayed an alarm when the joint strain exceeded a specific 
threshold during weight training; the right and wrong postures are 
shown in Fig. 5(c)-(ii). In addition, the strain changes of individual 
sensors on the lats and lower back were calibrated and evaluated 
(Fig. 5d). Similar to the arm curl, sensing accuracy was maintained even 
in the case of random light changes due to human motion, and the ex
ercise posture of each part could be monitored using the strain change of 
both sensors (Fig. 5e and Fig. S21). The detailed motions of each posture 
and the app screen for both exercises are shown in Video S6–S9. 

Supplementary material related to this article can be found online at 

Fig. 5. Application of the developed strain sensor to HMM. a, Schematics and photographic image of integrated strain sensors on the human body. The target muscles 
and the related joint are indicated with blue and red boxes, respectively. b, Calibrated individual sensor signal for biceps and wrist motion monitoring. c-i, 
Experimental results and c-ii, photograph for arm curl training with right and wrong postures. d, Calibrated individual sensor signal for the monitoring of latissimus 
dorsi (lats) and lower back motion. e-i, Experimental results and e-ii, photograph for one-arm dumbbell row training with right and wrong postures. 
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3. Conclusion 

Herein, we developed a novel strain sensor that overcomes the crit
ical limitations of the soft strain sensors (low uniformity, unpredictable 
response, high power consumption and high mechanical stiffness) by 
controlling the gaps in a Au-coated elastomer film with the rotating 
square pattern (GDE-R). The sensing mechanism of the proposed sensor 
is based on the optical transmittance change of the GDE-R upon the 
application of external tensile strain, and the auxetic patterns with 
uniform light-blocking film realize high sensor-to-sensor uniformity 
(RSD < 3.5%), high in-sensor uniformity (RSD < 5%), and low me
chanical stiffness. 

However, three important factors still remain to be considered. First, 
the auxetic structure used in this study itself does not cause an out-of- 
plane buckling, but when both edges of the GDE-R are fixed for use as 
a strain sensor, an out-of-plane buckling occurs under external tensile 
strain, as shown in Video S1 and S2. It needs to be resolved in subsequent 
studies because the out-of-plane buckling affects the sensor performance 
and reduces practical applicability. This phenomenon can be moderated 
by changing the constraint condition at the edges of the GDE-R such as 
partial anchoring via properly designed “arms” that help the square 
units at the edges deform freely [37]. Second, a structural optimization 
of the GDE-R is required. In this study, only the GDE-R and GDE-L were 
compared, and the GDE-R showed 2.4 times higher sensitivity than the 
GDE-L. If the sensor structure is further optimized by designing a 
rotating square unit of the auxetic structure with the largest gap change 
by external tensile strain, an improved and optimized sensor can be 
developed. Third, a completely integrated sensor consisting of a solar 
cell with piezo-transmittance film needs to be developed. According to 
the literature, the output signal of a common solar cell is affected by the 
applied strain [56,57]. Therefore, in this research, we fixed only a small 
part of the rigid solar cell on the target object using a flexible adhesive to 
remove the strain effect of the solar cell. However, the final goal of this 
research is development of a fully integrated system consisting of a solar 
cell and piezo-transmittance film. Therefore, these issues need to be 
resolved using a serpentine electrode or stretchable solar cell in our 
future studies. Therefore, further work is required to reduce the 
out-of-plane buckling, to optimize the sensor structure, and to imple
ment a fully integrated sensor. Therefore, further work is required to 
reduce the out-of-plane buckling, optimize the sensor structure, and to 
implement a fully integrated sensor. 

Additionally, the sensitivity (gauge factor, GF) of the piezo- 
transmittance based strain sensor can be discussed further because it 
not only depends on the shape of cutting pattern but also on the initial 
optical transmittance. Because the gauge factor is defined as GF = (ΔI/ 
I0)/ε, I0 can affects the GF. It means that the GF can theoretically in
crease up to infinity by completely blocking the initial light at zero 
strain. However, the goal of this research was not only to increase the 
sensitivity but to also achieve the sensor repeatability and predictability 
using the auxetic structures. Therefore, we set a reasonably small I0 that 
can be easily fabricated and controlled by a conventional micro
patterning method (we used plotter in this paper). Even though we did 
not set a very small I0 for the sensor repeatability, we could accomplish 
GF of 10.5 by employing auxetic pattern (i.e., by increasing ΔI). To 
further increase the sensitivity, optimization of the auxetic pattern for 
increasing ΔI or development of finer patterning method and applying 
other materials with low transmittance for decreasing I0 will be studied 
in a subsequent research. 

Despite all these remaining issues, the experimental sensor responses 
well matched the numerical simulation results and thus indicated the 
designability and predictability of the proposed sensor. Additionally, 
our sensor featured high sensitivity (GF ≈ 10.5), low hysteresis 
(~0.508%), high linearity (R2 > 0.997), and long-term stability. Given 
that the practical applications of soft strain sensors require low power 
consumption (to enable integration into IoT systems) and low stiffness 
(to reduce target object hindrance), we proved the practical applica
bility of our sensor by integrating it into a self-powered wireless system 
for SHM and HMM. In the case of SHM, the inflation and deflation of a 
soft aerostat and the propagation of cracks in a rigid structural object 
were detected, whereas in the case of HMM, the changes of target 
muscles and the dorsiflexion of joints at a high risk of injury were 
monitored. The developed sensor would be suitable for low-power 
sensing systems and wireless wearable systems linked with emerging 
application fields in space industry as well as healthcare monitoring 
systems and industrial IoT systems. 

4. Methods 

4.1. Film fabrication 

The Dragon Skin (DS) 0010 prepolymer (Smooth-On, Inc., USA) base 
and curing agent were mixed in a 1:1 ratio, and the mixture was spin- 
coated on a PET film and cured in an oven for 4 h (60 ◦C). The cured 
polymer film was detached from the PET film, attached to a cutting mat, 
and cut with a plotter (CAMEO4; Silhouette America, Inc., USA) to 
produce an auxetic pattern with a unit cell size of 4 mm. After cutting, 
the DS film was coated with Cr (thickness ≈ 10 nm, deposition rate ≈
1 Å s− 1) and Au (thickness ≈ 100 nm, deposition rate ≈ 1 Å s− 1) by e- 
beam deposition. 

4.2. Optical and mechanical simulations 

The change of light transmittance upon tensile deformation was 
simulated using COMSOL Multiphysics software. The GDE-R sensor was 
placed between the light detector and the light source, and the unit cell 
and detector sizes were based on the actual experimental setup. The 
employed model ignored light reflection and diffraction, and assumed a 
linear elastic material (Young’s modulus (E) = 300 kPa, Poisson’s ratio 
(v) = 0.49) and zero gravity. As the solid mechanics condition, to both 
ends of the film, the prescribed displacement was applied in the x-di
rection and the constraint was applied in y and z-direction. As the ray 
optics boundary condition, the film boundary condition was set as the 
wall condition of “disappear” in COMSOL, which assumes that the light 
is totally absorbed by the film; in the detection area, the light was set as 
“freeze” condition in COMSOL, which assumes that the ray stops prop
agating, to calculate the amount of light that reaches the detector. The 
solid mechanics simulation results were exported with the deformed 
shape of the film. The ray optics simulation results were exported into 
MATLAB to calculate the area of illuminated regions. 

4.3. Sensor characterization 

A solar illuminator (LAX-C100 Xenon light source, Asahi Spectra Co., 
Ltd., Inc., Japan) was used as a source of visible light (λ = 400–800 nm), 
while a power sensor (S120C, Thorlabs, Inc., USA) were used as a light 
intensity detector (diameter of detecting area = 9.5 mm). The tensile 
strain was applied by the customized linear stage. The overall scheme of 
the sensor characterization setup is shown in Fig. S2. The mechanical 
properties of films were measured using a universal testing machine 
(AGS-X, Shimadzu, Japan) in the range of displacement = 0–16 mm for 
40 mm length samples. Sensor image was taken by using the charge- 
coupled device (CCD) camera. 
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4.4. Self-powered wireless sensor system for SHM and HMM 

This experiment was approved by institutional review board of 
KAIST (IRB No. KH2021–004). The self-powered wireless sensing system 
was constructed using a commercial solar cell (YKSM, YOLK, Republic of 
Korea) with a size of 20 mm × 16 mm, an Arduino nano33 IoT device, 
and a mobile phone app designed using MIT App Inventor (App Inventor 
2, Google, USA). To eliminate the output signal change of the solar cell 
with respect to the external strain, we fixed only a small part of the rigid 
solar cell on the target object using a flexible adhesive. To show the 
environmental light calibration, we controlled the light intensity by 
using the solar illuminator (LAX-C100 Xenon light source, Asahi Spectra 
Co. Ltd. Inc., Japan) power control. The reference solar cell was exposed 
to the environment light and the sensing solar cell was positioned below 
the GDE-R film whose light transmittance changed by the external 
strain. The reference solar cell and sensing solar cell current were 
increased simultaneously when the environmental light intensity 
increased; however, only the sensing solar cell current was increased 
when the GDE-R film was deformed by the external strain. Therefore, for 
the SHM and HMM demonstrations, output strain was calibrated by the 
difference between the reference solar cell and sensing solar cell. The 
current output of the solar cell was converted into a voltage signal by a 
transimpedance amplifier circuit, and a mobile phone received the 
signal from the Arduino device using the Bluetooth Low Energy (BLE 
4.0) communication protocol. Commercial balloons and customized 
acrylic specimens were prepared to mimic an aerostat and an artificial 
satellite system, respectively. During balloon inflation by an air gun and 
the application of tensile stress to the acrylic specimens using a tensile 
tester (AGS-X, Shimadzu, Japan), the sensor signal was recorded by a 
mobile phone. In addition, during the experiment, we fixed only a small 
part of the rigid solar cell on the target object using a flexible adhesive to 
eliminate the output signal change of the solar cell with respect to the 
external strain. A similar system with commercial wrist and elbow 
protectors was also used for the HMM experiment. The progress of all 
experiments was recorded by a camera. Videos were captured over a 
specific period, and the captured images were imported into the CAD 
program (AutoCAD, Autodesk, USA) to measure real strain. 
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