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Conventional elastomeric polymers used as substrates for wearable platforms have large 

positive Poisson’s ratios (~0.5) that cause a deformation mismatch with human skin that is 

multidirectionally elongated under bending of joints. This causes practical problems in 

elastomer-based wearable devices, such as delamination and detachment, leading to a poorly 

reliable functionality. To overcome this issue, auxetic-structured mechanical reinforcement 

with glass fibers was applied to the elastomeric film, resulting in a negative Poisson’s ratio 
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(NPR), which is a skin-like stretchable substrate (SLSS). Several parameters for determining 

the materials and geometrical dimensions of the auxetic-structured reinforcing fillers were 

considered to maximize the NPR. Based on numerical simulation and digital image correlation 

(DIC) analysis, the deformation tendencies and strain distribution of the SLSS were 

investigated and compared with those of the pristine elastomeric substrate. Owing to the strain-

localization characteristics, an independent strain-pressure sensing system was fabricated using 

SLSS with an Ag-based elastomeric ink and a carbon nanotube (CNT)-based force-sensitive 

resistor (FSR). Finally, it was demonstrated that the SLSS-based sensor platform can be applied 

as a wearable device to monitor the physical burden on the wrist in real time. 

 

1. Introduction 

Over a few decades, conventional electronics based on rigid materials, such as 

semiconductors, glasses, and composite materials, have been developed and widely utilized in 

daily life. Nowadays, with broadening of application of electronic devices to portable, 

deformable, and wearable forms, non-rigid material-based electronics with free-form factors 

such as flexibility, bendability, rollability, and stretchability are required. Currently, wearable 

electronics are receiving great attention because they enable real-time communications of 

various information when combined with Internet of Things (IoT). Considering these demands, 

wearable and stretchable electronic devices have been actively developed and implemented in 

specific applications such as personal healthcare systems,[1–4] soft robotics,[5–8] virtual reality,[9–

11] and human-machine interactions. [12–15]  

To realize wearable and stretchable devices, various attempts have been made to integrate 

conventional rigid electronic devices with stretchable interconnections onto a stretchable 

substrate, namely rigid-soft hybrid systems, or develop stretchable active/passive electronic 

components instead of rigid ones. In either approach, a stretchable substrate is an essential 

element that provides a stable foundation for electronic devices while allowing free deformation. 

Silicone-based elastomers, such as polydimethylsiloxane (PDMS), have been widely used as 

stretchable substrates owing to their chemical robustness, biocompatibility, and mechanical 

flexibility.[16] However, they have a critical limitation in their intrinsic mechanical properties, 

that is, a high Poisson’s ratio (PR) of approximately 0.5. In contrast, the human skin can be 

elongated along multiple directions under a 1-degree of freedom (DOF) bending of the joints.[17] 

This mismatch of the deformation between the elastomer and skin leads to practical problems 

of wearable devices, such as user inconvenience, irritation from human-device interfaces, and 

delamination of devices limits the accuracy of the acquired information. 
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A few attempts were made to resolve this problem by structuring substrates with a cellular 

auxetic structure, that is, a mechanical meta-structure showing a negative PR value, that can be 

stretched omnidirectionally under uniaxial stretching, a deformation tendency similar to that of 

human skin. Kim et al. introduced an auxetic structured electrode for improved contact with the 

skin, minimizing delamination and irritation.[18] Lee et al. reported a capacitive stretchable 

strain sensor based on an elastomer with an auxetic structure.[19] They utilized an auxetic 

elastomer as a dielectric layer that caused in-plane expansion under stretching, leading to a 

higher gauge factor of the sensor. They implemented the negative Poisson’s ratio (NPR) feature 

of auxetic structures to not only solve the contact issue but also provide additional functionality. 

However, these auxetic structure-based components have inherent limitations of structural 

discontinuity and limited practical areas that are derived from the existence of cut regions, 

which hinders their universal applicability. Most devices with auxetic structures are 

implemented as passive electronic elements, such as stretchable electrodes.[20] 

To overcome these limitations of the cellular auxetic structures, we modified the elastomeric 

substrate using an auxetic-patterned glass fabric reinforcement without any discontinuity or cut 

region on the substrate. In this partially reinforced elastomeric composite, the mechanical 

deformation was affected by both a stiff glass-fiber-embedded auxetic structure and a soft 

elastomer matrix. When the disparity in the material properties of the two different domains is 

substantially large (i.e., the elastic modulus of the auxetic structure inside the elastomer 

substrate is much higher than that of the elastomer), the substrate expands in the transverse 

direction of the applied strain by overcoming the contraction originating from the high PR of 

the soft elastomer matrix, thereby realizing an NPR of the stretchable substrate.[21] A stretchable 

substrate with extraordinary mechanical characteristics, which has skin-like stretchability, was 

realized by material hybridization and novel structural design. To achieve this significant NPR 

characteristic, glass fabrics were utilized as reinforcing materials that satisfied the mechanical 

robustness and chemical affinity required between the two domains for a minimal interfacial 

problem.[22,23] The skin-like stretchable substrate (SLSS) was omnidirectionally stretchable 

regardless of the strain direction owing to the NPR feature. Furthermore, owing to the highly 

stiffened domains within the auxetic structures, the strain distribution of the SLSS could be 

locally controlled. This programmable strain localization enables SLSS application as a 

wearable electronic circuit board with robust electrical interconnections. Unlike conventional 

stretchable interconnections utilizing stiff islands of serpentine/kirigami, which have direction-

dependent characteristics,[24] strain insensitivity was secured under omnidirectional stretching 

of the substrate. The application of SLSS as a wearable multimodal sensor system that detects 
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strain and pressure independently owing to its novel characteristics in strain distributions was 

demonstrated. 

 

2. Results and Discussion 

The proposed structure and conceptual illustration of the SLSS are presented in Figure 1. 

Conventional elastomeric substrates contract in the transverse direction of stretching by 

approximately half the applied strain, that is, the PR of the elastomer is approximately 0.5 

(Figure 1a). In contrast, human skin is elongated multi-directionally under joint bending. This 

mismatch in deformation causes practical issues such as user inconvenience and irritation. In 

particular, delamination or detachment phenomena can cause severe problems limiting the 

reliability and accuracy of the acquired information from wearable devices, even though all the 

functional elements are trustworthy. To overcome these inevitable problems that may originate 

from the positive PR of the elastomer, a stretchable substrate with NPR is suggested. The 

deformation characteristics of the proposed stretchable substrate match well with those of the 

skin, and this substrate can be called an SLSS. 

The SLSS is composed of two different material domains: an auxetic-structured 

mechanically reinforced domain, and a pristine elastomer domain (Figure 1b). Glass fabric is 

used as a reinforcing filler owing to its high elastic modulus, good flexibility, and chemical 

compatibility with silicone-based elastomers (i.e., Si-O-Si bonding).[25,26] In SLSS, the glass 

fabric is selectively embedded in the elastomer with an auxetic structure, endowing the NPR 

characteristics.[27] The elastomer matrix impregnates the glass fabric in the reinforcing domain 

to form a fiber-reinforced plastic (FRP) composite. The remaining elastomer matrix that is not 

reinforced remains pristine and fills the gaps in the auxetic structure, forming a continuous 

composite film. The selective reinforcement with glass fabric and the smooth and continuous 

surface of the fabricated SLSS film were confirmed by scanning electron microscopy (SEM) 

images of the cross-section of the SLSS (Figure 1c). In the magnified view, the microscale 

hybridization of the glass fabric and elastomer was confirmed. When applied to the wrist, the 

SLSS maintains a conformal contact during wrist extension because of its omnidirectional 

stretchable nature attributable to the NPR characteristics, demonstrating its skin-like stretchable 

behavior (Figure 1d). 
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Figure 1. Conceptual schematics and structures of skin-like stretchable substrate (SLSS). (a) 

Deformation tendencies of the bare elastomer, human skin, and the SLSS. (b) Structures of the 

SLSS composed of the auxetic-structured reinforced domain and pristine elastomer domain. (c) 

Microscopic cross-section images of the fabricated SLSS. Scale bars are 20 and 500 μm in 

upper and lower images, respectively. (d) Photographic images showing the conformal contact 

property of the SLSS to the skin under wrist extension. 

 

As the two domains have different deformation tendencies under stretching (i.e., auxetic and 

pristine domains are forced to deform with negative and positive PR, respectively), the SLSS 

behavior can be affected by several factors, including mechanical properties, geometrical 

dimensions, and interfacial interactions of the constituent materials. First, we considered the 

material properties of the two domains, elastomers with and without reinforcement, to 

determine the deformation of the SLSS. A finite element method (FEM)-based numerical 

simulation was conducted assuming that the SLSS was formed by two distinct domains with 

different material models, as shown in Figure S1 (Supporting Information). The pristine cover 

elastomer was fixed as Ecoflex 00-30 (Smooth On Inc. USA) with the hyperelastic material 

model, whereas the auxetic reinforced domain was assumed to be a linear elastic material. 

Figure 2a shows the simulation results and the stress distributions of the SLSS with different 

combinations of mechanical properties. The NPR was revealed when the elastic modulus ratio 

between the two domains was over ~5000. The vertical expansion (i.e., the negative Poisson’s 

effect) upon elongation of the SLSS along the horizontal direction is a competition between the 

expansion force owing to the auxeticity of the reinforced auxetic domain and the contraction 

force of the pristine elastomer domain. Therefore, the higher the modulus of the auxetic domain 
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and the lower the modulus of the pristine elastomer domain, the greater the decrease in the PR 

(i.e., the larger the NPR) of the SLSS. 

The change in PR with respect to the ratio of the modulus between the two domains is shown 

in Figure 2b. The method for calculating the PR is explained in Figure S2. As the ratio of the 

modulus is higher, the PR decreases and shows a negative value at the critical point (Eratio ~ 

500). The results show that the materials comprising the SLSS should have extremely different 

Young’s moduli to ensure an ideal NPR (i.e., theoretical maximum value of the unfilled auxetic 

structure). In addition, the stretchability of SLSS can be constrained by the reinforced auxetic 

structure. Therefore, the material combination of the composites and geometrical design of the 

auxetic domain should be optimized to achieve not only NPR behavior but also high 

stretchability in future studies. 

To verify the effect of the modulus difference, we fabricated glass fiber-based elastomer 

films with different types of glass fibers (i.e., discontinuous and continuous fillers) following 

our previous work.[13,23] Each glass fiber-reinforced elastomer was characterized by tensile 

testing (Figure 2c). When using discontinuous fibers for reinforcement of the elastomer, the 

elastic modulus increased was not sufficient to obtain the NPR characteristics. The Eratio 

(=Ereinforced/Epristine) values were ~332 and 535 for 100 and 200 parts per hundred rubber (phr) 

of the fibers, respectively.[23] In addition, the high glass fiber content (> 100 phr) significantly 

increased the viscosity of the prepolymer mixture, which interfered with the uniform 

distribution of fibers and processability of SLSS. In case of the glass fabric-reinforced elastomer, 

a much higher elastic modulus than that of the bare elastomer was observed (ERatio > 160 000). 

Therefore, it was confirmed that the glass fabric reinforcement satisfied the requirement of 

mechanical properties for the auxetic domain of the SLSS with NPR. 
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Figure 2. Simulation results showing deformation characteristics of the SLSS and material 

considerations for the realization of the negative Poisson’s ratio (NPR). (a) Stress contours and 

deformation of SLSS, (b) calculated PRs under 10% uniaxial strain derived by finite element 

method (FEM)-based simulation with various ratios in elastic moduli between reinforced and 

pristine domains of the SLSS, and (c) stress-strain curves from tensile test of the polymeric 

composites with different configuration of reinforcing materials. (phr: parts per hundred rubber)  

 

The geometrical dimensions of the SLSS structure, which is another parameter for determining 

the deformation characteristics, were investigated. Figure 3a shows the geometric variables of 

the auxetic structure of the SLSS. The gray-colored area indicates the rigid part where the glass 

fabric is embedded, and the gap is filled with the pristine elastomer. The variables a and b 

represent the length and width of the rectangular gap, respectively. The adjacent gap was placed 

at a rotation angle of 90 °and spacing h. This alternating pattern was aligned along the x- and 

y-axes. The hinge structure, reinforced area between adjacent gaps, bridges two square units, 

and has a length of b and width of h. For simplification, we set the parameter AR (aspect ratio) 

as a/b and SR (slit ratio) as a/h.[28] Figure 3b schematically shows the deformed unit cell shape, 

which explains the principle of the negative Poisson’s effect of the auxetic structure. When 

tension is applied along the x-direction, the rigid square is forced to rotate in-plane because the 

hinges connected to the rigid square are misaligned in the axial direction, leading to overall 

expansion along both the x- and y-axes. However, in the case of SLSS, where the gap is filled 

with an elastomeric material, the omnidirectional expansion of the film is limited by the 
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restoring force of the extended elastomer. Therefore, the negative value of PR is lower than that 

of a general auxetic structure.[29] To realize the NPR mechanism and investigate the 

corresponding deformation, SLSS was fabricated using the processes shown in Figure S3. 

Figure 3c shows the DIC results and the calculated PR of the SLSS with various geometrical 

parameters of the unit cell, which are described in Figure S4. The PR of the unit cell was 

calculated using the following equation: 

𝑃𝑃𝑃𝑃 =  −
∆𝑌𝑌
∆𝑋𝑋

 

where ∆X and ∆Y are the displacements on the horizontal and vertical sides of the unit cell, 

respectively. The structure with a higher SR has a thinner hinge width, which makes the rotation 

of the rigid square units more facile and induces auxeticity. AR is related to the rigid auxetic 

domain. A higher AR increases the auxeticity by enlarging the auxetic domain and reducing the 

PR effect of the pristine elastomers. In addition, the high AR forms a slender gap shape, which 

accompanies a larger expansion of the gap to the vertical axis. As SR and AR increase, a larger 

NPR value close to the ideal value of -1 is obtained.[29] However, SLSS with low SR and AR 

values (AR=2 and SR<6) shows positive PR because of the influence of the elastomer’s 

intrinsic mechanical properties even though the auxetic structure is embedded. 

 
Figure 3. Investigation in a structural design of the SLSS for an analysis of the deformation 

characteristics. (a) Initial and (b) deformed shape of the rotating square unit-based auxetic 

structure with geometrical variables, a, b, and h. (c) Local strain distribution measured by digital 

image correlation (DIC) method and calculated Poisson’s ratio (PR) of the SLSS with different 

geometrical parameters of the embedded auxetic structures. As the aspect ratio (AR) and slit 

ratio (SR) increase, the PR value becomes more negative. 
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A comparison of the deformation of the two stretchable substrates is presented in Figure 4. 

The initial state of each substrate is marked with a black dotted box in the graphical result of 

the DIC analysis. In Figure 4a, the bare elastomer film shows the well-known deformation 

characteristics of the elastomer under uniaxial strain, which is a substantial contraction along 

the transverse direction to the strain. In contrast, the SLSS exhibited a very different tendency. 

Local strains of the substrate were re-distributed because of the difference in mechanical 

stiffness of the two domains, leading to an expansion in the stretched as well as the transverse 

direction. (i.e. The NPR is shown in Figure 4b.) Owing to this omnidirectional stretchable 

characteristic, the SLSS exhibits synclastic bending behavior, which promotes facile adhesion 

on human joint skin (Figure S5).[30,31] Also, SLSS showed good reliability under repeated 

stretching of 1000 cycles with 15% stretch. (Figure S6) When calculating the PR value of the 

two different substrates with respect to the applied uniaxial strain, the bare elastomer film 

showed approximately 0.5, as expected, whereas the SLSS exhibited a negative value (Figure 

4c). The slight shifting behavior of the PR with respect to the applied strain is a general 

characteristic of rotating square-shaped auxetic metamaterials.[32,33] This phenomenon occurred 

because of a nonlinear (i.e., sinusoidal) relationship between the degree of expansion in the 

axial direction and the rotating angle of the rotating square units.  

Moreover, they exhibit different tendencies under multiaxial strain situations. The two 

substrates were stretched in the biaxial and quadraxial directions using a multiaxial stretching 

setup (Figure 4d). In case of the bare elastomer, the strain distribution varied with the number 

of elongated axes, and the local strains were concentrated near the point of action, as analyzed 

by the DIC results (Figure 4e and 4f). Therefore, the performances of the devices integrated on 

the general elastomer-based wearable platform can be changed or distorted by their positions 

and direction of deformation. However, the SLSS exhibited a consistent strain distribution 

regardless of the number and position of strain applications. The spatially uniform strain 

distribution is caused from the SLSS auxeticity effect, where the rigid auxetic domain expands 

omnidirectionally owing to external strains. The SLSS expansion was performed predominantly 

by the auxetic domain, and the soft pristine domain occupying smaller regions in the SLSS 

underwent strain concentration owing to the high ratio of elastic moduli. Therefore, the auxetic 

domain regions of the SLSS underwent uniformly low values of strain and were negligibly 

affected by external strain. The bar graphs obtained by measuring the principal strain applied 

at the selective points (corresponding to the center of the rotating square unit of SLSS) show 

varying strain-localization phenomena present within these two substrates. In addition, the 

lower strain SLSS value indicates its application in strain-sensitive devices. When functional 
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devices are mounted on an SLSS-based wearable platform, their performance and 

characteristics are reliably secured.  

 

 
Figure 4. Comparison of deformation characteristics of stretchable substrates with and without 

auxetic-structured glass fabric. The digital image correlation (DIC) results of (a) bare elastomer 

and (b) SLSS showing different strain distribution under uniaxial strain. (c) Calculated PR of 

two different substrates with respect to the applied uniaxial strains along the x axis. (d) Setup 

for multi-axial stretching of the substrate. DIC results of two different stretchable substrates 

under (e) biaxial and (f) quadraxial strains. The bar graphs are obtained by calculating the 

principal strain at identically selective points on the two substrates. 

 

A multimodal wearable sensor system was developed utilizing the deformation 

characteristics of the SLSS, that is, strain localization. As the strain on the SLSS was locally 

concentrated or repressed, the amount of strain and stress applied to the integrated functional 

elements could be controlled by the arrangement of their positions. Based on these 

characteristics, a sensor system capable of independently sensing pressure and strain can be 
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easily realized. An Ag flake-based elastomeric paste (AgEP) was prepared and used as an 

element of strain sensor and electrical interconnection. (Details in Experimental Section) For 

an ultra-sensitive pressure sensor, a carbon nanotube (CNT)-based soft force-sensitive resistor 

(FSR) was implemented as an ultra-sensitive pressure sensor.[34] This pressure sensor showed 

highly sensitive electrical responses owing to the gap closing-opening mechanism of the 

microporous structure of the soft elastomer coated with CNTs. 

A photograph of the fabricated sensor system is shown in Fig. 5a. AgEP was deposited on 

the hinge of the auxetic region for the electrodes and electrical interconnections. The AgEP was 

patterned with accurate alignment using a pneumatic-based dispensing system, as shown in 

Figure S7.[35] AgEP has deformation-insensitive intrinsic properties, as shown in Figure S8. 

Moreover, because the stiff auxetic domain of the SLSS underwent negligible strain, the AgEP 

formed in this area exhibited stable conductance under different stretching directions (0°, 45°, 

and 90°), as shown in Figure 5b. In contrast, the same material (i.e., AgEP) was used as a strain 

sensor by adjusting the arrangement of the deposited position and controlling the applied strain. 

In Figure 5c, the AgEP shows strain-sensitive characteristics when patterned on the gap-filled 

area of the SLSS, where strains and stresses are highly concentrated. Moreover, the AgEP strain 

sensor sensitivity could be tuned in the range from 16.7 to 33.3 within small strain range (<7%) 

and from 150 to 300 within large strain range (>7%) by a delicate alignment as a subtle change 

in position can make a significant difference in the strain concentration, which is proven by a 

numerical simulation as presented in Figure S9. As explained in Figure S8, the deformation-

insensitive property of the AgEP causes the strain sensor to have pressure-insensitive 

characteristics, as shown in Figure 5d. Even though a pressure of 1 MPa was applied to the 

element, relative change in resistance was less than 0.45%. 

For the pressure sensor, the CNT-based FSR was mounted on a stiff rotating unit of an auxetic 

structure using Ag epoxy. Figure 5e shows that the FSR is highly sensitive (up to 5.45×10-3 Pa-

1) and exhibits linear responses under pressures ranging from 0 to 50 Pa. Also, ΔI/I0 of the FSR 

under pressure was maintained even though the SLSS platform was stretched up to 10% strain. 

This strain-insensitive characteristic of the integrated FSR is shown in Figure 5f. The FSR 

initial resistance was negligibly changed (< 0.01%) under dynamic uniaxial strains ranging 

from 0% to 10%. Additionally, the response times of the pressure and strain sensors were 

measured, as shown in Figure S10. In summary, a multimodal sensing system that enables 

independent detection of strains and pressures was easily realized by utilizing the strain-

localization characteristics of the SLSS. 
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Figure 5. SLSS-based sensor system capable of independent pressure-strain detection. (a) A 

photographic image of the fabricated sensor system composed of the Ag-based elastomeric 

paste (AgEP) and carbon nanotube (CNT)-based force-sensitive resistor (FSR). (b) 

Electromechanical stability of the AgEP electrodes deposited on the stiff auxetic structure under 

different angles of stretching. (c) Strain-sensitive and (d) pressure-insensitive characteristics of 

the AgEP formed on the filled-gap area. (e) Pressure-sensitive and (f) strain-insensitive 

characteristics of the CNT-based FSR mounted on the stiff rotating area of the SLSS. 

 

Recently, daily life patterns including frequent use of computers and smartphones have 

placed a lot of burden on the wrist, which can cause carpal tunnel syndrome (CTS). In particular, 

prolonged operation of the mouse puts integrated external pressure on the carpal tunnel (CT), 

worsening the condition.[36] Therefore, to prevent CTS, it is necessary to release the physical 

burden on the wrist and continuously monitor the mechanical stimuli acting on the CT area. 

Although there are several ergonomic devices to reduce carpal tunnel pressure (CTP) during 
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mouse operations, such as gel mouse pads and gliding palm supports, a system for real-time 

monitoring of pressure and strain is required not only for the prevention and recovery, but also 

for the verification of the efficiency of these devices.[37]  

Therefore, we have developed a smart wrist band that enables monitoring of the strain and 

pressure applied to the wrist by implementing an SLSS-based sensor platform, as shown in 

Figure 6a. Four CNT-based FSR were mounted on the rotating square unit of the SLSS and 

AgEP-based strain sensors, and electrodes were formed on the designated regions. Figure S11 

shows that all sensors (four pressure sensors and one strain sensor) independently functioned 

under pressure and strain changes. Furthermore, to provide a user-friendly real-time monitoring 

system, the sensing information from the smart band was transmitted to a smartphone app by 

Bluetooth communication, which can provide a warning signal when the pressure and strain 

reaches a certain value. The threshold value of the pressure was set to 5 kPa based on the critical 

pressure value, which potentially impaired the intraneural venular flow.[38] Moreover, the wrist 

extension induced a tensile strain, and a strain of 10% would result in a similar value of the 

threshold pressure at the median nerve, therefore, the threshold strain was set as 10%.[39,40] 

As a strategy for preventing CTS on mouse operation, a vertical mouse is considered as an 

alternative to the conventional mouse, which can relieve pressure by avoiding direct contact 

between the CT and a desk.[37] We operated the conventional and vertical mice while wearing 

the smart band and measured the pressure and strain simultaneously. During a sequential mouse 

operation from step i to ix, as shown in Figure 6b, the wrist underwent pressure originating 

from physical contact with the desk. These external pressures are directly related to stress at the 

median nerve in the CT, which is the dominant reason for CTS.[36] In contrast, when using the 

vertical mouse, much smaller pressure and strain were applied under the same operation; thus, 

the warning signal in the smartphone app rarely appeared, as shown in Figure 6c and Supporting 

Videos (Videos 1 and 2 show the operation of the normal and vertical mouse, respectively, with 

wireless communication to the smartphone app). Although the use of a vertical mouse can 

reduce the amount of contact pressure, the claw grip increased the physical burden on the CT 

area in terms of strain because the extension angle of the wrist became larger than that of the 

palm grip.[37] This result shows that the SLSS-based wearable device can be utilized in 

acquisition of real-time and reliable physical sensing data from the human body. 



  

14 

 
Figure 6. Application to smart wrist band to prevent carpal tunnel syndrome (CTS) on 

operating the mouse. (a) Schematic structure of the smart band implemented by the SLSS-based 

sensor platform to the commercial wirstband. (b) Responses from the pressure and strain 

sensors during a sequential operation of the conventional and vertical mice. Blue-dotted lines 

in the graphs represent the threshold values for the warning signal. (c) Photographic images of 

the mouse operation and corresponding feedback from the smartphone app to display a warning 

alarm via Bluetooth communication. 

 

3. Conclusion 

In summary, we developed a skin-like stretchable substrate (SLSS) based on an auxetic 

metamaterial structure and material property engineering. An FEM-based numerical simulation 

was conducted to verify the proposed deformation mechanism, which has omnidirectional 

stretchability under unidirectional strain due to the modulus difference between the two 

domains of the SLSS (i.e., auxetic and pristine domains). SLSS with systematically designed 

structures and materials were successfully fabricated using solution-based polymer processes 

and a laser patterning system. The deformation of the SLSS was characterized using the digital 

image correlation (DIC) method and analyzed by comparing it to the simulation results. Based 

on the SLSS properties, a wearable sensor platform that can independently measure strain and 

pressure is realized. Finally, we demonstrated that the SLSS-based sensor system can be utilized 

as a smart band for the prevention and recovery of CTS through real-time monitoring of the 

physical burden on the wrist. This research can have a potential impact on wearable electronics 

by introducing a universal stretchable substrate that can provide reliable and accurate 

information from human motion leading to the realization of real-time healthcare, virtual reality 
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(VR), and human-machine interaction for the next-generation industry. For example, 

monitoring of the applied pressure (up to 3 MPa) and body strain (up to 40%) is helpful in 

preventing injuries and correcting posture during weight training.[41,42] As conventional devices 

focus on the monitoring of individual pressure or strain with different systems, it would be 

advantageous to apply a monolithic wearable platform integrated with pressure and strain 

sensors using our technology. We expect that our platform can be further applied to next-

generation wearable devices by integrating it with recently reported high-performance sensors. 

 

4. Experimental Section 

Fabrication of glass fiber/fabric-reinforced elastomer. A silicone-based elastomer 

(Ecoflex 00-30, Smooth-on, USA) was used as the elastomeric matrix for the SLSS. To 

characterize the material properties of the reinforced domain of the SLSS for the numerical 

simulation, a glass fiber/fabric-reinforced elastomer was fabricated. For the discontinuous fiber 

reinforcement of the elastomer, milled glass fibers (FIBERMAN Co., Korea) with average 

lengths and diameters of 300 and 13.5 µm, respectively, were used.[13] For the glass-fabric-

reinforced elastomer, a 25 µm thick woven glass fabric (Nitto Boseki, Japan) was used. Prior 

to the fabrication of the composite film, we performed O2 plasma treatment on the glass fabric 

to generate a hydroxyl group that can form chemical cross-linking with the silicone-based 

elastomer. Several layers of glass fabric were impregnated into the elastomer and then formed 

as a film using a vacuum-bag pressing process.[43] After curing the film, an auxetic pattern was 

formed using a CO2 laser cutter (LP-400 Series, Panasonic, Japan). The auxetic-shaped glass 

fabric-reinforced elastomer was impregnated into the elastomer prepolymer and cured again to 

fill the gap. 

Mechanical characterization of the reinforced elastomer. The fiber-reinforced elastomer 

was prepared by molding a mixture of glass fibers and elastomer prepolymer. A mold with the 

standard shape for tensile testing of rubber (ASTM D-412) was fabricated using a 

stereolithography (SL)-type 3D printer (Object 30 Pro, Stratasys Ltd., USA). For easy 

detachment of the composite, the 3D printed mold was hydrophobically treated using a 

perfluoropolyether (PFPE) solution. In contrast, the fabric-reinforced Ecoflex was structured as 

the standard auxetic shape by the laser cutting system (LP-400 Series, Panasonic, Japan). The 

prepared specimen was loaded onto a universal testing machine (AGS-X Series, Shimadzu Co., 

Japan) with pneumatic-based grips for tensile testing. A displacement-controlled mode was 

used during the test, and the stretching speed was set to 50 mm/min. 
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Strain mapping through digital image correlation. Digital image correlation (DIC) 

analysis was used to investigate the strain distribution on the stretchable substrates. For the DIC 

analysis, speckle patterning on the specimens was conducted using spray paint (Rust-Oleum, 

USA). Digital images were taken using a digital camera (800D, Canon, Japan). For strain 

mapping, the images were processed using DIC software (ARAMIS Professional, GOM 

GmbH, Germany). 

Fabrication of the SLSS-based multimodal sensor system. Ag-based elastomeric paste 

(AgEP) was prepared by incorporating 700 phr of Ag flakes (DSF-500MWZ-S, Daejoo 

Electronic Materials Co., Korea) in a commercial elastomeric polymer (Ecoflex 00-30, Smooth 

On Inc., USA). For uniform dispersion and electrical performance optimization, a chemical 

additive (4-methyl-2-pentanone, Daejung Chemicals & Metals Co., Korea) was added at a 

concentration of 50 phr. The mixture was gently blended with a spatula and then uniformly 

mixed using an overhead stirrer (HS-T, Daihan Scientific Co., Korea) at 300 rpm for 1 h. The 

AgEP was contained in a pneumatic-based dispensing system (information) and patterned along 

a programmed trajectory. The moving speed of the nozzle was 250 mm/min, and the air pressure 

for dispensing was 50 kPa, which are the optimized conditions for precise patterning at the 

designated position. The AgEP was utilized as both an electrode and a strain sensor by adjusting 

its patterned positions. A CNT-based force-sensitive resistor (FSR) was mounted on the AgEP 

electrodes to form a pressure sensor using a commercial Ag epoxy as a conductive adhesive.  

Electromechanical testing of sensing elements and electrodes. A linear-guided moving 

stage, a universal testing machine, and electronic measuring equipment were used to test the 

electromechanical responses of the strain sensors, electrodes, and FSRs formed on the SLSS. 

To characterize the strain-related responses, the SLSS-based integrated system was loaded on 

the linear stage, and the corresponding resistance of the elements was measured using a source 

meter (2400 Series, Keithley Instrument, USA) while the stage was actuated. Similarly, when 

investigating the pressure-related responses, the SLSS was placed on a universal testing 

machine (AGS-X Series, Shimadzu Co., Japan) and the element was pressed using a customized 

ceramic tip mounted on the machine. As the tip size was specified, the pressure value was 

calculated using the measured forces.  

Smart wristband application. This experiment was approved by the institutional review 

board (IRB) of Korea Advanced Institute of Science and Technology (KAIST) (IRB No. 

KH2021-151). All participants provided written, informed consent to participation in this study. 

To fabricate a smart wristband, four FSRs and one strain sensor were integrated on the 

stretchable platform, and a system for measuring the sensor array signal was developed. The 
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measurement system was constructed using an Arduino nano33 IoT device and a mobile phone 

app designed using MIT App Inventor 2 (Google, USA). Then, the stretchable platform with 

the sensor array and measuring system was integrated into a commercial wristband. During the 

experiments, a mobile phone received strain/pressure signals from an Arduino device using the 

Bluetooth Low Energy (BLE 4.0) communication protocol. In these experiments, all FSRs were 

calibrated using a tensile tester (AGS-X, Shimadzu, Japan) and the strain sensor was calibrated 

using a customized linear stage. 
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In this study, we develop a skin-like stretchable substrate (SLSS) based on an auxetic 

structure and a glass-fiber-reinforced polymer with a negative Poisson’s ratio. We propose 

requirements for the mechanical properties of materials through numerical simulation and 

verify the deformation mechanism using digital image correlation analysis. Finally, the SLSS 

is used as a wearable device by integrating multiple sensors. 
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