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ABSTRACT 

Strain sensors with high stretchability, broad strain range, high sensitivity, and

good reliability are desirable, owing to their promising applications in electronic

skins and human motion monitoring systems. In this paper, we report a high-

performance strain sensor based on printable and stretchable electrically con-

ductive elastic composites. This strain sensor is fabricated by mixing silver-coated 

polystyrene spheres (PS@Ag) and liquid polydimethylsiloxane (PDMS) and 

screen-printed to a desirable geometry. The strain sensor exhibits fascinating

comprehensive performances, including high electrical conductivity (1.65 ×

104 S/m), large workable strain range (> 80%), high sensitivity (gauge factor of 17.5 

in strain of 0%–10%, 6.0 in strain of 10%–60% and 78.6 in strain of 60%–80%), 

inconspicuous resistance overshoot (< 15%), good reproducibility and excellent 

long-term stability (1,750 h at 85 °C/85% relative humidity) for PS@Ag/PDMS-60, 

which only contains ~ 36.7 wt.% of silver. Simultaneously, this strain sensor

provides the advantages of low-cost, simple, and large-area scalable fabrication, 

as well as robust mechanical properties and versatility in applications. Based on

these performance characteristics, its applications in flexible printed electrodes 

and monitoring vigorous human motions are demonstrated, revealing its

tremendous potential for applications in flexible and wearable electronics. 

 
 

1 Introduction 

Flexible and stretchable conductive materials have 

received significant attention in several applications 

such as flexible circuits [1–3], strain sensors [4–8], 

electronic skins [9–11], actuators [12], and wearable 

smart textile systems [13–15], because of their high 

mechanical deformation capability. Monitoring human 
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physiological signals is considered to be an effective 

approach for health assessment and disease diagnosis 

[16–18]. Strain sensors are often mounted on the human 

body or wearable equipment by integrating them with 

power sources [19]. Highly stretchable and sensitive 

strain sensors are required for the precise detection of 

human body activities, such as joint movements of the 

fingers, hands, arms, and legs, which usually result 

in ~ 50% strain. For example, Ryu et al. [20] reported 

an ultrahigh stretchability (> 900%) and a wearable 

strain sensor with high sensitivity, fabricated from 

dry-spun carbon nanotube (CNT) fibers, which can 

detect various human motions such as grasping  

and knee joint bending. Yoon et al. [21] presented   

a microfluidic strain sensor with high stretchability, 

sensitivity, and long-term stability and no considerable 

hysteresis by introducing a refractive-index matched 

ionic liquid into microfluidic networks embedded  

in an elastomeric matrix. These strain sensors were 

successfully used for monitoring a wide range of 

human body motions in real time. However, apart 

from the complicated fabrication process of these strain 

sensors, they exhibit very low electrical conductivity 

(or high initial resistance). This is detrimental to their 

practical applications, owing to the poor conductive 

performance of the strain sensors, which implies that 

a high supply power is needed. To simultaneously 

achieve high electrical conductivity and good 

stretchability, much effort has been devoted to creating 

compliant structural layouts, such as snake-like metal 

patterns on elastomeric substrates or buckled metal 

films on pre-strained elastomers, which are able to 

endure significant in-plane and out-of-plane defor-

mation [22]. However, an obvious drawback of this 

approach is that it usually requires complicated design 

and manufacturing procedures. An alternative approach 

to achieve this target is to fabricate a blend by mixing 

conductive materials, such as metallic fillers, CNTs, 

or graphene, with a suitable elastic matrix. In this 

type of strain sensor, conductive fillers provide con-

ductivity, while the elastomer endows the material 

with stretchability. A rather high filler loading (namely, 

high percolation threshold) is usually necessary to 

obtain satisfactory electrical properties. As a result, the 

dense conductive pathways throughout the polymer 

matrix might result in poor sensitivity, weak mechanical 

flexibility, and high cost. 

To address these issues, constructing a conductive 

network with a low percolation threshold is a promising 

and effective approach to fabricate a highly flexible, 

stretchable, and sensitive strain sensor. Amjadi and 

co-workers [23] reported highly flexible, stretchable, 

and sensitive strain sensors based on nanocomposites 

with a silver nanowire (AgNW) network and poly-

dimethylsiloxane (PDMS) elastomer in the form of  

a sandwich structure. The strain sensors exhibited    

a relatively low initial resistance of 7.5–246 Ω with 

different AgNW loadings, and simultaneously 

maintained high strain (70%) and high sensitivity 

(gauge factor of 2–14). Although these sandwiched 

AgNW sensors show good stretchability and sensitivity, 

the fabrication process is time-consuming and not 

scalable. Developing printable conductive elastic com-

posites is one particularly promising solution for strain 

sensors, because printing technology is an effective 

way to fabricate low-cost and large-area electronics. 

Song et al. [24] demonstrated a printable microscale 

cracked strain sensor (PMSCSS) by screen-printing 

with a formulated ink based on carbon black. The 

PMSCSS shows high sensitivity with a gauge factor 

of 647; however, it has a large (megaohm-scale) initial 

resistance, and can be only used to detect an extremely 

small tensile strain within 0.51%. Therefore, up to now, 

the development of stretchable strain sensors that 

exhibit high electrical conductivity, stretchability, and 

sensitivity, and which have a simple and low-cost 

fabrication process is still a great challenge. 

Herein, we present a facile and low-cost strategy  

to fabricate large-area, stretchable, and printable con-

ductive elastic composite of PS@Ag/PDMS by simply 

mixing core–shell structured PS@Ag hybrids with a 

PDMS matrix, without any solvent addition. The highly 

stretchable and conductive PS@Ag/PDMS composite 

is then fabricated into flexible electrodes and strain 

sensors using printing technology. Owing to the unique 

core–shell conductive network structure of the com-

posite, the percolation threshold is much smaller than 

that for conventional conductive polymer composites 

based on silver nanoparticles or silver flakes. The 

composite simultaneously exhibits high electrical 

conductivity (1.65 × 104 S/m), large workable strain 

range (> 80%), high sensitivity (gauge factor of 17.5 at 
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strains of 0%–10%, 6.0 at strains of 10%–60%, and 

78.6 at strains of 60%–80%) and excellent long-term 

stability (1,750 h at 85 °C/85% relative humidity (RH)) 

for PS@Ag/PDMS-60, which contains only ~ 36.7 wt.% 

of silver. Moreover, the electrical conductivity, breaking 

elongation, and sensitivity could be easily tunable  

by tailoring the PS@Ag filler loading. Based on the 

superior performance, the potential applications of 

this strain sensor in fabricating flexible electrodes or 

monitoring human motion, such as bending of the 

finger, wrist, and knee are further demonstrated. 

2 Results and discussion 

2.1 The electrical conductivity performance of the 

PS@Ag/PDMS composites 

Figure 1(a) shows the electrical conductivity (σ) of 

the PS@Ag/PDMS composites with different PS@Ag 

filler loadings. The corresponding volume fractions 

of PS@Ag and actual Ag content were calculated 

from the mass fractions of the PS@Ag filler and are 

listed in Table S1 in the Electronic Supplementary 

Material (ESM). An enhanced σ with increasing filler 

content is clearly observed and reaches a maximum 

value of 4.12 × 104 S/m at a PS@Ag loading of    

50.77 vol.%, corresponding to an actual Ag mass 

fraction of 42.84 wt.%. The exponential increase in 

the electrical conductivity of the composites above the 

percolation threshold (green line) can be observed, 

and these empirical data are consistent with the 

classical percolation theory expressed by the power 

law relationship as follows [25] 

0 c
( )t                     (1) 

where σ0 is the proportionality constant related to the 

intrinsic conductivity of the conductive filler, φ is the 

volume fraction of the filler, φc is the critical volume 

fraction of the filler at percolation, and t is the critical 

exponent relating to the system dimensionality of 

composites. Percolation in the composites does occur 

when the PS@Ag content is 25.77 vol.% (i.e., 3.5 vol.% 

or 26.9 wt.% of Ag) according to the fitted data, which 

is close to the empirically derived value of 27 vol.% 

found for random close-packed structures made using 

balls of the continuum percolation model [26]. The 

percolation value of 26.9 wt.% for the actual Ag in 

our PS@Ag/PDMS composites is 50% lower than that 

of the ~ 60 wt.% in Ag-PDMS composites reported by 

Larmagnac et al. [27], which use pure silver powder 

with a size of 2–3.5 μm as the conductive filler. 

Furthermore, for the samples to have the same 

conductivity, such as 300 S/m, a heavy Ag loading  

of ~ 77 wt.% in Ag-PDMS is required; nevertheless, 

only ~ 40 wt.% of Ag is required in our PS@Ag/PDMS 

samples. This clearly indicates that this type of metal- 

coated polymer conductive hybrid can significantly 

reduce the consumption of silver, along with the cost 

of the ultimate products. To make a more detailed 

comparison, the maximum electrical conductivity and 

percolation threshold data of the recently reported 

conductive composites are summarized in Table S2  

in the ESM. This comparison shows that the PS@Ag/ 

PDMS composites possess a much better percolation 

probability than their pure metal-based counterparts, 

and also exhibit high conductivity. Obviously, the 

outstanding conductivity and low percolation threshold 

value benefit considerably from the three-dimensional 

(3D) core–shell structure of the PS@Ag conductive filler 

in the PDMS matrix, because it exhibits conductivity 

as an electrical percolation system in an effective way. 

In other words, the conductive filler forms connected 

pathways through the silver coating on the PS 

microspheres with its content as low as possible. The 

inset in Fig. 1(a) shows the best regression fits using 

the power law relationship. The critical exponent t in 

the power law relationship is a parameter related to 

the microstructural properties of the composites [28]. 

It is found that t = 1.57, which is in agreement with 

the critical conduction behavior for 3D network systems 

of conductive spherical particles in an insulating matrix, 

where the values of t are in the range 1.5–2.0 [26]. 

Figures 1(b)–1(e) show the representative cross-section 

morphology of PS@Ag/PDMS films with different 

filler contents. On gradually increasing the PS@Ag 

loading from 15.92 vol.% (Fig. 1(b)) to 30.65 vol.% 

(Fig. 1(c)) and 50.77 vol.% (Fig. 1(d)), the conductive 

pathways correspondingly increase, resulting in the 

transformation from an insulating to a conductive 

state of the PS@Ag/PDMS composites. The magnified 

scanning electron microscopy (SEM) image in Fig. 1(e) 

reveals good contacts among neighboring fillers and 
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excellent interfacial adhesion between PS@Ag particles 

and the PDMS matrix. This high-filler loading provides 

sufficient conductive paths for the PS@Ag/PDMS 

composites and leads to high electrical conductivity. 

2.2 The mechanical properties of the PS@Ag/PDMS 

composites 

To demonstrate the mechanical flexibility of PS@Ag/ 

PDMS film, it was stretched, twisted, and curled. As 

shown in Figs. 2(a)–2(d), the film exhibits outstanding 

elasticity and strength, thus holding great potential 

as a stretchable conductor and strain sensor upon the 

mechanical deformations. To determine the applications 

of the PS@Ag/PDMS in stretchable electronics, the 

PS@Ag/PDMS films with various filler contents were 

mounted in the electronic universal tester and stretched 

to their maximum length to test their elongation 

capability. Figure 2(e) shows the stress–strain curves, 

and the strain is defined as ε = (l − l0)/l0, where l0 is  

the initial length, and l is the length at different 

elongations. The stress represents as the ratio of 

tensile load and original cross-section area of films at 

ε = 0. It can be seen that the stress gradually increases 

with the increase in strain until the samples rupture. 

The maximum strains of the samples at breaking 

point are shown in Fig. 2(f) (blue column). It shows  

that the strain at rupture decreases with the increase 

in filler content, implying more PS@Ag filler will 

probably lead to more fragile films. In detail, the 

pure PDMS films without addition of PS@Ag filler 

could be stretched to 155% of maximum strain at 

rupture, indicating high stretch ability of the PDMS 

film. When a relatively small amount of 30 wt.% PS@Ag 

filler was added, the elongation at break was slightly 

reduced to 140%. As the PS@Ag filler loading was 

increased to a medium value, such as 55 wt.%, the 

elongation at rupture of sample decreased to ~ 91.5%. 

Moreover, when the PS@Ag filler content was further 

increased to 70 wt.%, the strain at break of PS@Ag/ 

PDMS film was approximately 72%. Although this 

elongation at break is obviously lower compared 

with the pristine PDMS sample, the conductive com-

posites still possess excellent stretchability under such 

particularly high filler content. The elastic modulus 

defined as the slope for the first 2% strain is calculated 

by a linear fitting of the initial linear elastic region 

(inset in Fig. 2(e)) and plotted against the PS@Ag filler 

content, as shown in Fig. 2(f) (red column). The 

elastic modulus increased nearly four-fold, from 0.468 

to 2.19 MPa, as the filler content increased from 0 to 

70 wt.%, indicating an expected increase in the stiffness 

of PS@Ag/PDMS films after introducing the PS@Ag 

 

Figure 1 (a) Electrical conductivity of the PS@Ag/PDMS composites as a function of filler loading. Inset is the linear fitting of the
data to the power law equation for electrical conductivity. The cross-sectional SEM images of representative PS@Ag/PDMS films with 
different PS@Ag filler loadings of (b) 15.92 vol.% (30 wt.%), (c) 30.65 vol.% (50 wt.%), and ((d) and (e)) 50.77 vol.% (70 wt.%), 
respectively. 
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filler. To investigate the changes in Poisson’s ratio (ν) 

with filer content, PS@Ag/PDMS films were fixed on 

a custom-made manual stretcher and measured with 

an optical microscope by observing the same locations 

as depicted in Fig. S1 in the ESM. Figure 2(g) demons-

trates Poisson’s ratio is lower with higher PS@Ag filler 

content. Pure PDMS elastomer is generally considered 

to be incompressible with a value of ν = 0.5. Increasing 

the amount of filler decreased the Poisson’s ratio, 

probably attributable to dewetting and vacuole for-

mation due to relatively weak bonding between the 

PS@Ag particles and PDMS matrix. 

To assess the recyclable stretchability of PS@Ag/ 

PDMS films, sets of stretch and recovery tests were 

conducted for 30 cycles with maximum strains of 

10%, 30%, and 50%, and the cyclic stress–strain curves 

were collected, as shown in Figs. S2(a)–S2(f) in the ESM. 

As can be seen, the stress–strain curves are strongly 

dependent on the strain level. Pure PDMS film presents 

approximately linear stretch–recovery paths for 10%, 

30%, and 50% strain after 30 cycles. The strain of 

recovery curves could almost return to the original 

points after relaxing for each strain, indicating that 

PDMS film could completely recover to their original 

size with good elastic deformation. However, for 

PS@Ag/PDMS films, hysteresis phenomena are observed 

in the cyclic stretch and recovery paths of the stress– 

strain curves, especially for the first loading and 

unloading paths of the curves of the films with high 

strain and high filler loading. After the first cyclic  

test, the hysteresis phenomenon reduces greatly and 

the stress–strain curves gradually converge to a relatively 

stable hysteresis loop during the cyclic stretch tests. 

The results reveal that after only a small number of 

cycles, the majority of the elongation has taken place, 

with the films exhibiting a nearly steady-state response 

for further cycles. This stress-softening phenomenon 

is typical for filled silicon rubber materials, and is 

 

Figure 2 Photographs of a PS@Ag/PDMS film under different deformations: (a) initial state, (b) stretching, (c) twisting, and (d)
curling, respectively. The scale bars indicate 1 cm. (e) Stress–strain curves, (f) elastic modulus and maximum strain at break, and (g) 
Poisson’s ratio of the PS@Ag/PDMS films with different filler loadings, respectively. 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

1943 Nano Res. 2018, 11(4): 1938–1955 

known as the Mullins effect [29]. 

2.3 The electromechanical behavior of the PS@Ag/ 

PDMS composites 

The electrical property of the PS@Ag/PDMS films is 

anticipated to be influenced by the mechanical behavior 

owing to the changes in the conductive paths in   

the flexible PDMS matrix. Good electromechanical 

behavior is greatly desirable for use as stretchable 

conductors or elastic strain sensors. The resistance 

change ratio ΔR/R0 (R0 is the initial electrical resistance 

and ΔR is the electrical resistance change at a specified 

strain level) as a function of quasi-static uniaxial strain 

is measured to maximum elongation to study the 

strain-sensing behavior of PS@Ag/PDMS conductive 

composites. As shown in Figs. 3(a)–3(d), the ΔR/R0 

values of the PS@Ag/PDMS films increase with 

increasing strain until the cracking occurred. The most 

interesting feature here is that ΔR/R0 is intimately 

related to the filler content under strain tension.  

The PS@Ag/PDMS-70 and PS@Ag/PDMS-65 films show 

robust and excellent electrical properties, whereby 

under large maximum strains of ~ 72% and ~ 77%, 

the resistances increase almost linearly by only 4.41 

and 6.88 times as compared with the original values, 

respectively (Fig. 3(a)). In other words, the stretchable 

PS@Ag/PDMS conductive films with above 65 wt.% 

filler loading maintained excellent electrical conductivity 

until the films ruptured. To express this in a more 

authentic way, a simple circuit consisting of a red- 

colored light-emitting diode (LED) is connected with 

the PS@Ag/PDMS-65 film to visually confirm the 

preservation of the electrical property of the film under 

high strain (Video S1 in the ESM). The LED shows 

stable luminescence even though the PS@Ag/PDMS 

film was stretched to near its maximum strain of 

rupture and turn off suddenly when the film rupture 

occurred (Fig. 3(e)), which demonstrates that the 

resistance increase of the flexible conductive film 

under the applied tensile strain is weak and insufficient 

to influence the illumination of the LED. Therefore, 

these films have potential applications in stretchable 

and flexible conductors, owing to their excellent per-

formance in terms of maximum strain and electrical 

conductivity. For the PS@Ag/PDMS-60, PS@Ag/ 

PDMS-55, and PS@Ag/PDMS-50 films, the resistances  

rapidly increase, particularly in the high-strain region 

near the maximum strain of rupture, as shown in 

Figs. 3(b)–3(d). The resistance of the PS@Ag/PDMS-60 

film increased 1.75 times with a relatively steep 

gradient in the first 10% strain. The value of ΔR/R0 

gradually increased to 9.86 with a relatively flat slope 

until the strain reached 70%, and then rapidly increased 

to 23.8 as the strain increased further to the breaking 

point of ~ 81%. Similar to PS@Ag/PDMS-60, PS@Ag/ 

PDMS-55 exhibited a mild resistance increase before 

60% strain and then a dramatic increase to 300 at  

the fracture point of ~ 90% strain. When the PS@Ag 

conductive filler further decreased to 50 wt.%, a 

distinctive variation could be observed. The value  

of ΔR/R0 increased logarithmically to approximately 

2,000 under a low strain of approximately 37%, and 

then sharply increased by hundreds of times to the 

maximum measured value of the test equipment 

within a little more strain. The current–voltage (I–V) 

behaviors of two typical films, PS@Ag/PDMS-65 and 

PS@Ag/PDMS-55, are shown in Figs. 3(f) and 3(g). The 

currents increase linearly with voltage for the samples 

not only under no strain but also under various 

stretching states. The linear I–V characteristics reveal 

the excellent Ohmic behavior of the PS@Ag/PDMS 

films, which is very desirable for their applications as 

strain sensors. The slopes of the I–V curves decrease 

with increasing tensile strain, indicating that the 

resistances of the PS@Ag/PDMS conductive elastic 

films increase with the strains, i.e., the resistance is 

inversely proportional to the slope according to the 

Ohm’s law. It also can be seen that the slopes of the 

PS@Ag/PDMS-65 film are obviously larger than that 

of the PS@Ag/PDMS-55 film under initial state even 

though it was stretched to 60% of strain, suggesting 

the resistance of PS@Ag/PDMS-65 film is much smaller 

than that of PS@Ag/PDMS-55. Moreover, the decreasing 

rate of the slope of the PS@Ag/PDMS-65 film is slower 

than that of PS@Ag/PDMS-55 film when they are 

gradually stretched from the initial state to 60% of 

strain, showing that the resistance increasing rate   

of the PS@Ag/PDMS-55 film is faster than that of the 

PS@Ag/PDMS-65 film during the stretching process. 

In other words, the PS@Ag/PDMS films containing 

fewer PS@Ag hybrid conductive particles exhibit larger 

resistances than those of films containing more 
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conductive fillers, and the former is more sensitive  

to the stretching strains. These I–V results are in 

accordance with the previous results shown in Figs. 1, 

3(a), and 3(c). 

The sensitivity of these strain sensors is thought to 

be one of the most important issues, because different 

applications often required different strain sensitivities. 

For a quantitative analysis of the strain sensitivity of 

the PS@Ag/PDMS conductive films, the strain gauge 

factor (GF), defined as GF = (ΔR/R0)/ε, is calculated. 

When the filler volume fraction is well above the 

percolation threshold, the GF values are strongly 

dependent on the stretch strain: 6.38 and 10.3 (ε = 

0%–5%), 3.8 and 4.7 (ε = 5%–50%), and 10.6 and   

15.2 (ε = 50%–maximum fracture strain) for the PS@Ag/ 

PDMS-70 and PS@Ag/PDMS-65 films, respectively, 

and 17.5 (ε = 0%–10%), 6.0 (ε = 10%–60%), and 78.6  

(ε = 50%–maximum fracture strain) for the PS@Ag/ 

PDMS-60 film, as shown in Figs. 3(a) and 3(b) and 

their magnified insets. In the first region, the GF values 

 

Figure 3 Electromechanical responses of the PS@Ag/PDMS strain sensors. (a)–(d) Relative change of resistance versus strain for the 
sensors with different filler loadings. (e) Digital photographs of LED lighting demonstration under various elongations for PS@Ag/PDMS-65
sensor. The brown arrows in the photographs represent the stretching direction. (f) and (g) Current–voltage curves of the PS@Ag/PDMS-65
and PS@Ag/PDMS-55 strain sensors for different levels of strains, respectively. 
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of the films increase sharply, owing to the sudden 

loss of most of the current paths of the PS@Ag 

conductive networks in the PDMS matrix along the 

strain direction. However, beyond the critical strain, 

the slope decreases as compared with the first region. 

This decreasing tendency originates from the fact 

that the rate of decrease in the number of current 

paths in the PDMS matrix is partly alleviated by the 

creation of new current paths perpendicular to the 

strain direction, probably due to the Poisson effect 

(compression in the perpendicular direction). The GF 

values then increase with further increases in the 

strain because the conductive paths are destroyed 

and reduced by physical cracking of the samples, 

especially near the maximum strain of fracture. 

When the filler volume fraction is slightly above the 

percolation threshold, such as the PS@Ag/PDMS-55 

and PS@Ag/PDMS-50 films shown in Figs. 3(c) and 

3(d), they exhibit remarkably large variation in the 

GF values. During the entire stretching process, the 

GF values are 27.6 (ε = 0%–60%), 255 (ε = 60%–75%), 

and 1,568 (ε = 75% to fracture strain of ~ 90%) for the 

PS@Ag/PDMS-55 film. Surprisingly, when the filler 

content was reduced to 50 wt.%, the GF value was 

high at 1,139 in a relatively low strain (ε = 0%–37%) 

and then radically increased to 1,264,290 in a very 

narrow range of strain (ε = 37%–45%). All the GF values 

and the corresponding correlation coefficients of the 

linear fitting are summarized in Table S3 in the ESM. 

A classical conductor–insulator transition is observed 

when an increasing stretching strain is loaded to a 

PS@Ag/PDMS-50 film. The large variance in the 

resistance and GF values of the PS@Ag/PDMS-50  

film may be attributable to significant variation in the 

number and lengths of conduction paths formed by 

fillers (e.g., loss of contact among fillers) and tunneling 

resistance changes in neighboring fillers due to distance 

changes. According to the threshold theory, the resistance 

at low volume fractions, especially at volume fractions 

near to the percolation threshold, is dominated by 

tunneling resistance, and it is extremely sensitive to 

the gap width and the height of the potential barrier 

to be penetrated. Owing to this tunneling effect, the 

resistance logarithmically increases when the average 

distance between PS@Ag particles increases during 

the stretching procedure, as shown in Fig. 3(d). These 

results clearly indicate that the initial electrical 

conductivity (σ0) and sensitivity (GF) of stretchable 

PS@Ag/PDMS composites can be easily tuned by 

controlling the PS@Ag filler content. The σ0 enhances 

with increased filler loading, whereas GF is opposite, 

particularly for the samples with filler loading near 

the percolation threshold. The GF values of the 

stretchable PS@Ag/PDMS films are obviously higher 

than the classical metallic conductors (copper, nickel) 

of ~ 2 at the maximum (see “strain dependence of 

resistance for conductivity-invariant materials” in the 

ESM), and overcome the strain limits of traditional metal 

strain gauges (typically ~ 5%) with the piezoresistive 

principle, which have promising applications in strain 

sensors. 

A description of the transport mechanism in terms 

of tunneling conduction between particles is proposed 

to explain the observed experimental results. The 

total electrical resistance of conductor-filled polymer 

composite is a function of both the resistance of each 

conducting particle and of the polymer matrix.    

As the conductivity of the particle is much larger as 

compared with that of the polymer matrix, the resistance 

across the particle may be neglected. When particles 

are separated far enough from each other, no current 

flows through the composite. If the distances between 

the particles are small, tunneling currents may arise. 

According to the model derived from tunneling 

theory by Simmons et al. [30, 31], the total electrical 

resistance R of the composite can be calculated as 

 2 2

8
exp

3

L hs
R s

N


 
  

   
  

         (2) 

4
2m

h
 

π
               (3) 

where L is the number of particles forming a single 

conducting path, N is the number of conducting 

paths, h is Plank’s constant, s is the smallest distance 

between conductive particles, α2 is the effective cross- 

section where tunneling occurs, e is the electron charge, 

m is the electron mass, and φ is the height of the 

potential barrier between adjacent particles. If strain 

is applied to the composite, the resistance will be 

altered owing to the change in particle separation. 

Assuming that under applied strain, the particle 
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separation changes from s0 to s, and the number of 

conducting paths decreases from N0 to N, the relative 

resistance (R/R0) is given by 

0

0 0 0

exp[ ( )]
R Ns

s s
R N s


 

   
 

         (4) 

where R0 is the initial resistance and s0 is the initial 

inter-particle distance at zero strain. In case of elastic 

composites, the inter-particle distances under stretch 

strain is calculated as 

0 0

0

1 (1 )
l

s s s
l


 

     
 

          (5) 

where l0, Δl, and ε are the initial length, deformation, 

and stretch strain of the composite sample, respectively. 

In our case, it should be considered that ε is also 

related to the destruction of the conducting network 

because of the larger deformation of the elastic PDMS 

matrix, compared to rigid and immobilizing matrices, 

under stretching, and leads to a decrease in the 

number of conducting paths N 

0 0

2 2

1 0 1 0 1 1
exp[ ( / ) ( / ) ] exp( )

N N
N

A l l B l l A B 
 

   
    

(6) 

where N0 is the initial number of conducting paths, 

and A1 and B1 are constants. Substitution of Eq. (5) 

and Eq. (6) into Eq. (4) yields 

2

0

(1 )exp( )
R

A B
R

              (7) 

where A = γs −A1, B = −B1. The experimental data shown 

in Fig. 3 are compared to Eq. (7) and the fitted results 

are collected in Fig. S3 in the ESM. Apparently, a good 

agreement between the theoretical and experimental 

data is achieved. The difference between these fitting 

constant values is mainly due to the dissimilar 

deformation degrees of the composites with different 

filler content under stretching. The experimental results 

over all stretching ranges can be fitted well using  

the tunneling conduction model, suggesting that the 

tunneling mechanism is dominant for the transport 

of charge carriers in the composites under applied 

strain. 

To investigate the cyclic stability of the strain 

sensors, the PS@Ag/PDMS-70 and PS@Ag/PDMS-50 

films were representatively selected to test the resistance 

under repeated cycles of stretching/releasing with   

a given maximum strain. As shown in Fig. 4(a), the 

PS@Ag/PDMS-70 strain sensor exhibits a slight hysteretic 

behavior at the stretching/releasing cycle with a 

maximum strain of 10%, 30%, and 50%, possibly due 

to its viscoelastic property (Fig. S2(f) in the ESM). 

However, the strain-dependent responses are fully 

stabilized early on after five cycles for various loading 

strain values, which clearly indicate that the resistances 

at stretching returned perfectly to their starting values, 

increased by approximately 8.5%, 25%, and 38% with 

respect to the initial resistance under 10%, 30%, and 

50% strain, respectively. Therefore, prior to sensor 

assembly, a preconditioning step can be implemented, 

during which several cycles of stretching-releasing 

are applied, such that subsequent measurements will 

be reproducible. The GF values of the PS@Ag/PDMS-70 

film at different strains after cycles are evaluated, as 

plotted in Fig. 4(b). It can be seen that few cycles are 

needed for the GF to stabilize under tensile strains. 

The GF values at strain of 10% are higher than that at 

30% strain, but lower than that at 50% strain, which 

is attributed to the sudden resistance increase at low 

tensile strain, followed by alleviation under moderate 

strain and further increase due to the conductive 

paths being destroyed under large strain, which is 

consistent with the results shown in Fig. 3(a). For 

PS@Ag/PDMS-50, the normalized resistance and GF 

value at the maximum strain of 30% for stretching/ 

releasing cycles are shown in Fig. 4(c). It can be  

seen that more cycles (15 cycles) are required for the 

normalized resistance and GF to stabilize than for the 

PS@Ag/PDMS-70 sensor. The GF value dramatically 

decreased from approximately 450 to 100; however,  

it is still a high sensitivity for a stretchable sensor. 

When the PS@Ag/PDMS-50 film was subjected to a 

maximum strain of 70% for stretching/releasing cycles, 

the normalized resistances showed a huge instability 

during the stretching/releasing cycles, especially in 

the first releasing stage, and showed an obvious 

hysteresis with each consecutive cycle, leading to a 

hysteresis that nearly spans over orders of magnitude 

for the cycles, as shown in Fig. 4(d). The results indicate 
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that a PS@Ag/PDMS sensor with low filler content near 

the percolation threshold, such as PS@Ag/PDMS-50, 

lacks reliability, making it unsuitable for use as precise 

sensor or actuator under high strain. Nevertheless, 

this remarkable change in resistance can be utilized 

for conductor–insulator cyclic transitions, which can 

be visually demonstrated by illuminating an LED, as 

shown in Fig. 4(e) and Video S2 in the ESM. The bulb 

gradually turned dim and turned off as the tensile 

strain increased to the maximum strain of rupture, 

and then gradually recovered brightness with the 

releasing of the strain to the initial level; this bright– 

dim transition can be well repeated under tensile cycles. 

To understand the electrical property–strain depen-

dency behavior observed above, SEM is carried out 

to investigate the inner morphology as well as the 

conductive networks structure in PS@Ag/PDMS com-

posites during stretching, as shown in Figs. 5(a)  

and 5(b). It is observed that micron-sized PS@Ag 

conductive particles are homogeneously embedded in 

the insulating continuous PDMS phase at the untensile 

initial condition, i.e., ε = 0. When the sample is 

stretched, the relatively flat polymer phase becomes 

crumpled, and the distance between neighboring 

conductive spheres generally increases with increasing 

of strain parallel to the stretching direction. The 

conductivity of the composite is essentially decided 

by conductive network. For an intensive conductive 

network with high PS@Ag loading well above the 

percolation threshold, such as PS@Ag/PDMS-70, there 

exist enough conductive filler particles to connect 

with each other to form a multitude of different but 

 

Figure 4 Multiple stretching/releasing cycle tests of change in resistance with different applied strains for (a) resistance variation after
strain of 10%, 30%, 50% and then releasing for PS@Ag/PDMS-70, (b) GF value at strain of 10%, 30%, and 50% for each cycle for 
PS@Ag/PDMS-70. (c) Resistance variation after strain of 30% and then releasing for PS@Ag/PDMS-50. (d) Strain-dependent normalized
resistance of PS@Ag/PDMS-50 under repeated stretching test. (e) Images of LED demonstration under repeated stretching/releasing 
cycles for PS@Ag/PDMS-50. 
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similar complete conductive paths. When subjected to 

applied strains, a few conductive paths are broken 

down along the tensile direction. In the meantime, there 

may be created new conductive paths perpendicular 

to the strain direction due to the Poisson effect, leading 

to the total resistance showing a minor variation and 

repeatable resistance values within a large strain range. 

This also can be observed from Fig. 5(a), in which  

the conductive PS@Ag particles can be almost fully 

recovered to their respective initial state, which explains 

why the resistance is relatively stable after a few 

stretching/releasing cycles. The resistance of the 

PS@Ag/PDMS film after cycling is slightly increased 

as compared with its initial value, which can probably 

be ascribed to the rearrangement of the PS@Ag con-

ductive networks and the decrease in the interface 

bonding between the filler particles and PDMS matrix. 

The changes in the conductive networks of PS@Ag/ 

PDMS-70 under various stretching states are sketched 

in Fig. 5(c). However, for a sparse conductive filler 

distribution with low filler loading level only slightly 

more than the percolation threshold, such as PS@Ag/ 

PDMS-50 (Fig. 5(b)), the composite only contains a 

small number of complete conductive paths. The 

conductivity of the composites is dominated by the  

tunneling resistance between local conductive networks. 

When subjected to tensile strain, even if at a relatively 

low level, the contact of conductive particles will be 

lost and the distance between conductive particles is 

likely to increase; the total resistance is expected to 

show a logarithmic relationship with strain owing to 

a lack of complete conductive paths, providing high 

sensitivity to small strains. Moreover, owing to low 

content of the PS@Ag conductive particles in the 

elastic PDMS matrix, it is hard to form new sufficient 

conductive networks when PS@Ag/PDMS sample is 

stretched, as shown in Fig. 5(d), ultimately resulting 

in a sharply increased resistance. 

2.4 Application in printed interdigital electrode 

and stretchable conductive circuit 

In view of their good conductivity, flexibility, and 

mechanical properties, the PS@Ag/PDMS elastic com-

posites can be used for many flexible electronic devices. 

To evaluate the printability of the paste (uncured 

mixtures of PS@Ag particles and PDMS precursor), 

two typical “Chinese style” patterns of Chinese Knot 

and Panda were fabricated by screen-printing. As can  

 

Figure 5 (a) and (b) SEM microscopic cross-sectional morphologies under various strains for PS@Ag/PDMS-70 and PS@Ag/
PDMS-50, respectively. The brown arrows in the SEM images represent the stretching direction. (c) and (d) Schematic behavior of the 
PS@Ag/PDMS-70 and PS@Ag/PDMS-50 films during stretching, respectively. 
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be seen from Figs. 6(a) and 6(b), the pretty and com-

plicated patterns with trace width ranging from 0.3 

to 0.5 mm are legible and distinguishable on paper 

substrate, demonstrating the printability and versatility 

of the paste. An array of nine interdigital electrode 

(IDE) units with total dimension of ~ 60 mm × 40 mm 

was successfully obtained on common paper substrate 

by screen-printing (Figs. 6(c)–6(f)). The printed IDE 

array can be used as a portable “on–off” switch that 

can be activated by an external conductor such as   

a metal weight. A blue LED was connected to the 

printed IDE array and power supplier. As can be seen 

in Fig. 6(c), before a weight touched the printed array, 

the LED is not functioning, indicating that no bridging 

between the adjacent printed PS@Ag/PDMS conductive 

traces occurred. When a stainless-steel weight of 1 g 

with diameter of 5 mm was randomly placed on the 

surface of one of the nine IDE units, the LED was on 

owing to the weight joining at least five neighboring 

printed conductive lines (Fig. 6(d)). When more weights 

were placed onto the printed IDE array, the luminance 

of the LED became brighter and brighter, as shown in 

Figs. 6(e) and 6(f) for two weights and three weights,  

respectively. This phenomenon can be explained  

by the fact that the contact areas between the printed 

IDEs and the conductive weights increase with 

increasing weight numbers, which results in decreasing 

of the contact resistance and ultimately increasing the 

LED brightness. The “on–off” working state of the 

printed IDEs array controlled by weight is also vividly 

demonstrated in Video S3 in the ESM. Moreover, a 

printed stretchable PS@Ag/PDMS conductive circuit 

with pentagram shape sandwiched by two PDMS 

layers was also fabricated by stencil printing. Ten LEDs 

connected into the printed circuit work well both 

under flat state (Fig. 6(g)) and intense curling state 

(Fig. 6(h)), large uniaxial stretching (Fig. 6(i)) and even 

biaxial stretching states (Fig. 6(j)). The results indicate 

that the PS@Ag/PDMS composite can perform as 

excellent and robust stretchable electrodes produced 

by a facile and efficient printing method. 

2.5 Application in monitoring human motions 

As mentioned previously, the PS@Ag/PDMS composites 

exhibit good stretchability and sensitivity, which can 

be used as strain sensors. For practical applications, 

 

Figure 6 Demonstrations of the printability, stretchability, and conductivity of the PS@Ag/PDMS composites: (a) and (b) screen-
printed images of Chinese Knot and Panda, respectively; (c)–(f) photographs of the flexible “on–off” switch fabricated by the printed 
IDE arrays under different working states; (g)–(j) photographs of the stretchable printed circuit under different deformations. 
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stability and durability are of great importance for 

the strain sensor. In order to alleviate the hysteresis 

and overshoot phenomenon, which is mainly caused 

by the viscoelastic nature of polymers as well as the 

interaction between the fillers and polymer matrix 

[32, 33], a sandwich structured PS@Ag/PDMS strain 

sensor was designed by embedding PS@Ag/PDMS 

between two layers of PDMS. The sandwich structure 

is an effective way to enhance the sensing quality, 

owing to the smaller hysteresis of the outer PDMS 

layers than that of the sealed PS@Ag/PDMS composites 

as shown in Fig. S2 in the ESM, which also has  

been proved by previous reports [23, 34]. To avoid a 

drastically decrease in sensitivity of the PS@Ag/PDMS 

composite as a sensor, asymmetric thicknesses of the 

PDMS layers, ~ 350 μm for the bottom substrate film 

and ~ 150 μm for the top seal layer, were used as shown 

in Fig. 7(a), because the bending leads to tension in 

one film and compression in the other film at the same 

time. If the thicknesses of the top and bottom layers 

were equal, the neutral point is placed at the center 

where the PS@Ag/PDMS composite is loaded [35]. 

Figure 7(b) demonstrates strong interface bonding 

between the PS@Ag/PDMS composite and the PDMS 

layers due to their similar components, which effectively 

avoids the delamination in the interface area during 

mechanical deformations of the strain sensor. The 

PS@Ag/PDMS and sandwich structured PS@Ag/PDMS 

strain sensors were stretched to strain of 30% and 

maintained for 90 s, the resistance of stretched sensors 

keep stable with overshoots of 23.02% and 14.67%, as 

shown in Fig. 7(c), respectively, manifesting a lower 

stress relaxation of the sandwich structured strain 

sensor than that of the simple PS@Ag/PDMS sensor. 

This result proves that the sandwich structure can 

improve the stable performance of the strain sensor. 

Most electronic materials and devices are expected 

to heat up during operation from Joule heating   

and electromagnetic field radiation, among others. 

Therefore, we tested long term hydrothermal oxidation 

 

Figure 7 (a) and (b) Cross-sectional SEM images of the sandwich-structured PS@Ag/PDMS-60 strain sensor with low and high 
magnification, respectively. (c) Relative change in resistance versus time for increases in the strain from 0% to 30%. (d) Absolute 
resistance value as a function of aging time for PS@Ag/PDMS sensors after exposure to humid and hot air of 85 °C/85% RH. 
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stability of the PS@Ag/PDMS sensors by exposing 

them to the condition at 85 °C and 85% RH. Figure 7(d) 

shows the electrical property reliability against thermal 

oxidation time. It can be seen that there are no 

noticeable changes in resistance values after long-term 

aging tests (~ 1,750 h) for the two representative PS@Ag/ 

PDMS-70 and PS@Ag/PDMS-60 sensors, regardless 

of whether they have a sandwich structure. The 

thermal–humidity aging test time for our sensors is 

significantly longer than that of 100 h for flexible 

silver nanowire electrodes [36], 504 h for conductive 

adhesives based on silver-coated polymer particles 

[37], and 1,000 h for electrically conductive composites 

based on silver micro/nanodendrites [38] in previous 

reports. The excellent long-term electrical stability of 

the PS@Ag/PDMS sensors after undergoing drastically 

accelerated environmental aging may be mainly 

attributed to the robust water vapor and oxygen gas 

barrier capability of the PDMS matrix and PDMS 

sealed layers, and also partly to the low level of silver 

loading in the conductive composites, which alleviates 

the oxidization of silver. It is believed that the PS@Ag/ 

PDMS sensors both with and without sandwich 

structure represent an exciting prospect in flexible 

and wearable electronics, and can work effectively 

with high reliability for a much longer duration for 

practical applications. 

To evaluate the applicability of the PS@Ag/PDMS 

composite used as strain sensor for monitoring human 

motion, a sandwich-structured PS@Ag/PDMS-60 strip 

is tested as a strain sensor for different body joints, 

such as the finger, wrist, and knee joints. In order to 

avoid slipping of the mounted sensor from the body 

joints, the sandwich structured sensor was attached 

to human index finger, wrist, and knee joints by 

tightly wrapping adhesive tape around the sensor 

electrodes. The resistance variation of the sensor was 

detected while the joints were repeatedly bent. As 

shown in Fig. 8(a), index finger bending motion can 

be easily reflected by the changes in the relative 

resistance ΔR/R0 of the strain sensor. During the full 

bending/relaxation motion, ΔR/R0 increases to the 

peak of approximately 1.0 ± 0.2 and nearly recovers 

to its original value, revealing the high sensitivity  

of the PS@Ag/PDMS sensor. This value is larger  

than those of many reported sensors applied to the 

 

Figure 8 Monitoring of various human joint motions in real time. The changes in relative resistance of the sandwich-structured 
PS@Ag/PDMS sensor at ((a) and (b)) index finger and wrist for bending/relaxation motions, respectively. (c) and (d) Knee joint for 
various movements of walking and squatting, respectively. 
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same purpose of detecting finger bending, such as    

a graphene-based wool yarn sensor (10%–20%) [39], 

sandwich-structured AgNWs-PDMS nanocomposite 

strain sensor (10%–40%) [23], and fragmentized graphene 

foam (FGF)/PDMS sensor (50%–75%) [40]. The deviation 

of ΔR/R0 at maximum strain of the sensor is supposedly 

principally caused by the nonuniformity of finger 

bending motion (Video S4 in the ESM). The wrist 

bending motion was also detected by the sealed 

PS@Ag/PDMS-60 strain sensor, and the result is shown 

in Fig. 8(b). It can be seen that during bending/ 

relaxation cycles of the wearer’s wrist, ΔR/R0 is 

regularly increased to approximately 0.4 and rapidly 

recovers to the initial level with a slight increase. The 

smaller changes in the relative resistance during wrist 

bending motion compared with the finger bending 

motion can be attributed to smaller strain of the sensor 

during wrist bending than index finger bending, 

indicating that the PS@Ag/PDMS strain sensor can 

effectively distinguish different human body parts. 

The knee is an important element of locomotion for 

a normal human, as well as the largest joint in the 

human body, which permits flexion and extension. 

Figures 8(c) and 8(d) present the sensing performance 

of the sandwich-structured PS@Ag/PDMS sensors 

mounted on a knee joint for walking and squatting 

(Video S5 in the ESM), respectively. As shown in  

Figs. 8(c) and 8(d), the sensor distinguishably responded 

to different motions owing to their different degrees 

of bending of the knee joint. When the wearer lifted 

his foot off the ground during walking or squatted 

down, the knee was flexed, causing the sensor to stretch 

and its resistance to increase. When the wearer returned 

to the standing posture, the knee extended, leading 

to the sensor recover and its relative resistance to 

decrease to its initial value. The ΔR/R0 peak values 

are approximately 0.6 and 0.8 for the walking and 

squatting states, respectively; both of these are larger 

than that of the wrist bending but smaller than that 

of the finger bending, indicating that the tensile strain 

of knee joint bending during walking and squatting 

is larger than that of wrist bending but smaller than 

that of index finger bending. 

Furthermore, there is a short time period of about  

1, 1, 0.5, and 1 for the sensor to reach peak resistance 

for the bending motions of the index finger, and wrist,  

and the flexing motions during walking and squatting 

down of the knee joint, respectively, indicating a fast 

response of the sensor (Fig. S4 in the ESM). The 

different times for each bending/relaxation motion  

of the finger, wrist, and knee can be ascribed to the 

different bending frequencies of the human body 

joints. The uniform signals during different human 

motions suggests good stability of the sensor. These 

results demonstrate that the PS@Ag/PDMS-based strain 

sensors possess an excellent combination of perfor-

mance, including printability, high sensitivity, fast 

response, wide strain range, and good stability. 

Furthermore, they are able to monitor different human 

motions, and have promising potential in applications 

and devices such as e-skin and wearable electronic 

devices. 

3 Conclusions 

In conclusion, we reported a stretchable conductor 

and strain sensor based on PS@Ag/PDMS conductive 

elastic composites, which could be fabricated through 

a simple, low-cost, and scalable screen-printing process, 

and demonstrated its superior performance in flexible 

printed electrodes and monitoring vigorous human 

motions. To achieve feasible stretchability, resistance, 

and sensitivity, the PS@Ag conductive particle content 

in the elastic composites should be adjusted correctly. 

The PS@Ag/PDMS-60 strain sensor shows a wide 

workable strain range (> 80%), high sensitivity (GF of 

17.5 at strains of 0%–10%, 6.0 at strains of 10%–60%, 

and 78.6 at strains of 60%–80%), as well as excellent 

long-term stability (1,750 h at 85 °C/85% RH). The 

excellent overall performance can be mainly ascribed 

to the percolation conductive network of the core–shell 

structured silver-coated polymer spheres. The sensing 

mechanism of the PS@Ag/PDMS strain sensor was 

verified by the tunneling theory. Its ability to monitor 

the movement of large joints in the human body such 

as finger, wrist, and knee joints was demonstrated. It 

is believed that the high-performance PS@Ag/PDMS 

conductive elastic composite has considerable potential 

for a wide variety of applications in next-generation 

all-soft electronics, such as flexible printed circuit 

boards and wearable electronic devices. 
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4 Experimental 

4.1 Fabrication of PS@Ag/PDMS conductive film 

Metallic silver-coated polystyrene sphere (PS@Ag) 

conductive particles with a size of 2–11 μm (average 

diameter of 5.68 μm) were synthesized by an improved 

electroless plating method, as described in our previous 

work [41]. The density of PS@Ag hybrid particles   

is 2.26 g/cm3, and the Ag mass fraction in PS@Ag is  

~ 61.2%. A homogenous conductive paste was prepared 

by vigorously mixing PS@Ag particles with a liquid 

silicone elastomer base and curing agent (Sylgard 184, 

Dow Corning) at a ratio of 10:1 by weight, and 

degassed under vacuum to remove the trapped air 

bubbles. The viscous conductive paste was cast into a 

polytetrafluoroethylene (PTFE) mold and scraped 

smooth to prepare the PS@Ag/PDMS conductive film 

and heat cured in a convection oven at 80 °C for 4 h 

followed by cutting into strips of desired sizes for 

further testing. 

4.2 Fabrication of PS@Ag/PDMS interdigital 

electrode array and stretchable circuit 

The PS@Ag/PDMS IDE array (consisting of nine 

interdigital electrodes, each electrode composed of  

11 parallel lines with 10 mm line length, 0.5 mm line 

width, and 0.5 mm spacing) was printed by a screen- 

printing method using the PS@Ag/PDMS paste on   

a plain A4 paper substrate as a flexible “on–off” 

switch and cured at 80 °C for 4 h. The PS@Ag/PDMS 

stretchable circuit with pentacle shape was fabricated 

as follows. First, a half-cured PDMS substrate with a 

thickness ~ 200 μm was prepared by mixing the base 

and curing agent with a mass ratio of 10:1 and spin- 

coated at 300 rpm for 15 s on a Si wafer followed by 

curing at 60 °C for 30 min. Next, the conductive paste 

was printed onto this PDMS substrate by a stencil- 

printing process through a “five-point star” (17.8 mm 

length and 1 mm width for each line) metal shadow 

mask with a thickness of 100 μm. Ten LEDs and copper 

wires were then positioned into the printed PS@Ag/ 

PDMS circuits, and they were baked in an oven at 

70 °C for 30 min. Subsequently, another thin PDMS 

protecting layer was spin-coated on top of the printed 

circuit. Finally, the whole piece was thermally solidified 

at 80 °C for 2 h and peeled off from the Si wafer to 

obtain the printed PS@Ag/PDMS circuit sealed in two 

PDMS layers. 

4.3 Fabrication of sandwich-structured strain sensor 

Similar to the fabrication of the aforementioned 

stretchable circuit, the sandwich-structured PS@Ag/ 

PDMS strain sensor was fabricated by screen-printing 

the conductive paste onto a half-cured PDMS substrate. 

After the copper electrodes were attached to the 

printed PS@Ag/PDMS traces, followed by curing in 

an oven at 70 °C for 1 h, another PDMS covering layer 

was spin-coated on the top of the printed traces and 

solidified at 80 °C for 2 h. The sample was cut into 

strips and carefully peeled off from the Si wafer to 

obtain the sandwich-structured PS@Ag/PDMS strain 

sensors (Fig. S5 in the ESM). 

4.4 Characterization 

The microscopic characteristics of samples were 

analyzed using field-emission scanning electron 

microscopy (FEI Nova Nano SEM 450). To observe the 

internal structure of the PS@Ag/PDMS films under 

strain, the specimens were clamped onto a customized 

sample stage under different elongations before 

observation. The mechanical property measurements 

of the PS@Ag/PDMS films were performed using an 

automatic electronic universal tester (RGM-4000) under 

a constant rate of 5 mm/min. The electrical resistance 

of the PS@Ag/PDMS films was examined by a two- 

probe method using a digital multimeter (Agilent 

34401A). The resistivity can be calculated using the 

resistance by the following formula: ρ = Rtw/l, where 

R is the resistance of the sample, and t, w, and l 

represent the thickness, width, and length of the 

rectangular sample, respectively. The I–V characteristics 

of the PS@Ag/PDMS sensors were measured using  

a semiconductor characterization system (Keithley 

4200-SCS) at room temperature. The accelerated aging 

test of the PS@Ag/PDMS sensors was carried out by 

storing them at 85 °C/85% RH in a temperature and 

climatic test chamber (LP-150U) for 73 d. After the 

samples were dried in ambient conditions for 2 h, the 

resistance was measured at set intervals during the 

aging test period. 
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