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ABSTRACT: Microcracking mechanism is an effective technique for creating highly sensitive 

resistive strain sensors, but sensors enabled by this mechanism tend possess limited sensing range. 

Herein, we present a new method of broadening the sensing range by bridging the microcracks by 

conductive nano-sized fibres. The key sensing parameters such as sensitivity and linear range can 

be optimized by controlling the concentration of the conductive nanofibers and the plasma 

treatment duration of the supporting hyperelastic substrate. Experimental results reveal that our 

nanofiber-reinforced strain sensors, which remain highly transparent, are capable of remarkable 

sensitivity with a gauge factor between 22.7 and 278.1 with a linear range of 201% and 47%, 

respectively, significantly better than that of previously reported in the literature for microcrack-

based strain sensors. This exceptional improvement originates from the pulling out of the 

nanofibers without rupture, bridging the mircocracks to prevent further growth and, thus, 

improving the stability of the sensors under repeated stretching. The nanofiber-reinforced strain 

sensors can detect both small (wrist pulse) and large (joint movements) mechanical deformations. 

The combined high sensitivity, linear range, and optical transparency enable this new type of 

sensors to be used as inconspicuous wearable devices for human motion detection and health 

monitoring.  

KEYWORDS: Strain sensor; Nano-toughening; Conductive thin films; Linear sensing range; 

Microcracks.  
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Introduction 

Stretchable and wearable sensor devices are attracting increasing attention due to their mechanical 

compliance and the ability to detect both subtle and large mechanical deformations, which enable 

new applications in human health monitoring, robots, and human-machine interactions.1-18 

Resistive sensors exploit the deformation-induced change in electric conductance between 

neighboring conductive nanofillers within an elastomeric matrix.2, 4, 9, 19, 20 A number of strategies 

have also been developed to improve sensing range and sensitivity, including segregated 

conductive networks, porous microstructure, and hybrid conductive fillers.20-23 For example, a 

strain sensor incorporating graphene in a fish-scale like bio-structural design achieved high 

stretchability (up to 82%) and sensitivity (gauge factor, GF ~ 16.2) by exploiting the sliding motion 

between the conductive graphene sheets under lateral tension.24 Similarly, changes in the contact 

resistance of overlapped 1D conductive silver nanowires (AgNWs) and gold nanowires (AuNWs) 

in a polydimethylsiloxane (PDMS) matrix have also been investigated as a mechanism for strain 

sensing, achieving a stretchability up to 70% and a maximum gauge factor up to 236 at 5% strain.25  

Recently a new microcracking method has emerged as an efficient way of achieving ultra-high 

sensitivity by controlling the formation of micro/nanocracks in a conductive matrix.1, 21-23, 26-29 

When subjected to a mechanical stimulus, the microcracks open and close, causing the electric 

conductance to change significantly with the mechanical deformation. Inspired by the geometry 

of a spider’s crack-shaped slit organ, ultrasensitive strain sensors attaining a GF of over 2000 have 

been demonstrated in the strain range of 0-2%, which was due to the disconnecting-reconnecting 

of the zip-like nanoscale crack junctions within a conductive thin platinum layer.1 Similarly, 

through the formation of channel cracks within a gold thin film bonded on a PDMS substrate, Zhu 

and co-workers developed a strain sensor with a tangential GF of 200 in the strain range of 0-0.5%, 

1000 between 0.5% and 0.7% strain, and approximately 5000 from 0.7% to 1% strain.23 A fibre-

based strain sensor made of multifilament structure and cracked Ag-rich shells were reported to 

exhibit a tangential GF of ∼35 and ∼659 in the strain range of 0-100% and 150−200%, 

respectively.30 However, a common feature of these ultrasensitive, microcrack-based sensors is 

that they exhibit a strong nonlinear behaviour, i.e., the gauge factor depends strongly on the applied 

strain, making it difficult to quantify the level of human activities. For nonlinear strain sensors, 

although it is theoretically possible to estimate the strain from the sensor response using graphical 
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or nonlinear methods, the extra complex computations complicate device miniaturisation and 

increase power consumption.31, 32 Ideally strain sensors need to behave linearly in its response to 

the applied strain up to a high sensing range.  

Recently we developed a new type of highly stretchable and sensitive strain sensors consisting of 

vertical graphene nanosheets (VGNs) with a maze-like microstructure as the resistive network.21 

The sensor showed an excellent linear relationship with the applied strain over the entire detection 

range of ∼120% strain. This much greater sensing range at high strain than the previously reported 

resistive sensors based on microcracks was attributed to the bridging of the cracks in the vertical 

graphene layer by strings of graphene/PDMS.21 However, the preparation of the vertical graphene 

sensing layer involves costly plasma-assisted chemical vapor deposition and the resultant sensors 

are black in colour, which restricts their applications for inconspicuous body-worn sensors because 

of their poor optical transparency.     

In the present work, we report a new method of fabricating optically transparent resistive sensors 

of high linear sensing range by reinforcing conductive polymer poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) with nanofillers. Although fibre bridging is well-recognized 

mechanism for toughening many classes of brittle materials, this concept has not previously 

exploited in the context of resistive sensors. To examine the effects of size and shape of conductive 

nanofillers on the sensitivity and sensing range of optically transparent resistive sensors, three 

different nanofillers, including AgNWs, graphene nanoplatelets (GNPs), and carbon nanofibers 

(CNFs) are added to a PEDOT:PSS dispersion, followed by a simple solution casting process to 

fabricate a hybrid conductive thin film. To optimize the sensor properties, the surface of the PDMS 

substrate is functionalized using a plasma treatment. The duration of this plasma treatment and the 

content of the conductive nanofillers within the hybrid conductive thin film control the 

morphology and size of microcracks, which in turn affect the sensitivity and stretchability of the 

new sensors. To understand and characterize the effects of the average size and density of the 

microcracks on the output resistance change under different mechanical deformation, a model is 

developed to account for the effect of microcracks on the voltage distribution in a thin-film sensor. 

The new sensors with high optical transparency, excellent sensitivity, and broad sensing range, 

provide new opportunities for wearable sensors in detecting human motions and recognizing 

emotional expressions. 



4 
 

Results and Discussion 

The present sensor consists of three layers, as illustrated in Fig. 1(a), where an extremely thin 

sensing element (~ 200 nm) made of conductive hybrid thin film of PEDOT containing nanofillers 

is encapsulated between two thin PDMS layers (~ 200 µm). This sandwich construction not only 

protects the sensing element from the environment but also enables the sensor to withstand large 

mechanical deformation by restricting the opening and growth of microcracks in the sensing 

element. As shown in Fig. 1(b), the PDMS layers act as reinforcement to stabilize the microcracks 

induced by the mechanical stretch. Fig. 1(c) outlines the fabrication process for the 

PDMS/PEDOT/CNFs sensors. The hybrid conductive thin films were prepared by first dispersing 

different conductive nanofillers including CNFs, AgNWs, and GNPs into the PEDOT:PSS 

dispersion. The PDMS films were treated under air plasma for 2 to 10 mins to produce a thin 

oxidised hydrophilic skin, on which the sensing layer was coated by solution casting. To enhance 

the bonding of the sensing layer to the PDMS, further heat treatment at 60 °C for 5 h was carried 

out. Silver paste was applied at the both ends of the sensing element and a pair of copper wires 

were attached for electrical measurements. Finally, another layer of PDMS was made to 

encapsulate the sensing element. Thanks to their thin film feature size, the resultant strain sensors 

are optically transparent, and the transparency decreases when the sensor is stretched due to the 

formation of microcracks within the sensing layer.  

The key parameters characterizing the sensors’ performance are gauge factor, linearity, and 

sensing range. As illustrated in Fig. 1(d), the resistance change due to mechanical stretching is 

initially proportional to the applied strain but exhibits a nonlinear relationship when the 

microcracks in the sensing element coalesce beyond a certain strain (εr) denoted as the sensing 

range. This linear range can be determined by plotting the linear fitting coefficient (R2) for 

successive sets of data points and observing the range at which the R2 drops below an acceptable 

value, as shown in Fig. 1(e). To compare the sensing performances of strain sensors with different 

nanofillers, herein we define that the acceptable value of R2 for a reasonably good linear response 

as R2 > 95%. The gauge factor (𝐺𝐹) is determined by a linear regression analysis of the relative 

resistance change as a function of strain (𝜀) within the linear sensing range (εr), as illustrated in 

Fig. 1(d).  
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∆𝑅

𝑅0
= 𝐺𝐹 × 𝜀,  𝜀 < 𝜀𝑟                                                                    (1) 

where R0 is the initial resistance of the sensors at rest and ΔR is the resistance change when the 

sensor is stretched to a strain of ε. The linear sensing range εr denotes the maximum strain up to 

which the linear fitting coefficient is greater than 95%, as shown in Fig. 1(e).  

 

Fig. 1 (a) Schematic structure of the sensor device with conductive PEDOT/nanofillers sensing 

element sandwiched between two layers of PDMS; (b) sketch and optical images of transparent 

and stretchable strain sensor at rest and under stretching; (c) fabrication process to prepare strain 

sensors based on PDMS/PEDOT/nanofillers nanocomposites; (d) sketch of the plot of relative 
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resistance change as a function of strain. The solid line is the linear fitting and the response function 

becomes nonlinear beyond certain strain (εr); (e) sketch of linear fitting coefficient (R2) as a 

function of strain.  

 

The material type and dimensions of nanofillers have a strong effect on the morphology of the 

induced microcracks and their corresponding sensing performance (such as sensing range, 

sensitivity, and linear response). Three different conductive nanofillers including AgNWs, GNPs, 

and CNFs were added into a PEDOT:PSS suspension to the same concentration of 4 mg/ml. The 

above conductive inks were then drop-casted onto PDMS substrates which were treated with air 

plasma for 5 min beforehand. To better visualize the microstructure of the microcracks during 

stretching, SEM images were taken for a bilayer sensor where the sensing element was coated on 

one PDMS substrate, without encapsulating it with another PDMS layer. The results of resistance 

changes and SEM images are presented in Fig. 2. It can be seen in Fig. 2(a) and (b) that stretching 

of the pure PEDOT sensing element containing no nanofillers resulted in straight and long channel 

cracks perpendicular to the stretching direction. As shown in Fig. 2(c), these straight and long 

cracks gave rise to high strain sensitivity and the GF of this sensor within its linear sensing range 

was about 11. But the linear sensing range is very small (~ 8%). Outside this range, the resistance 

change becomes strongly nonlinear as shown in Fig. 2(c); results for the entire measurable strain 

range are given in the Supporting Information (Fig. S1). This phenomenon of high-sensitivity but 

small sensing range is consistent with previous reports for PEDOT films by other groups.33, 34  

AgNWs were found to yield little noticeable change in the morphology of the microcracks, with 

the pattern shown in Fig. 2(d) being similar to pure PEDOT presented in Fig. 2(a). Closer 

examinations of these microcracks under higher magnification of SEM image shown in Fig. 2(e) 

indicate that the AgNWs, which were uniformly dispersed within PEDOT, ruptured cleanly by the 

microcracks with no sign of pull out. As such, this sensor’s resistance changes shown in Fig. 2(f) 

followed a similar relationship as the pure PEDOT sensor with comparable gauge factor and 

sensing range. GNPs displayed a better performance than AgNWs in increasing the sensing range 

and sensitivity; the microcracks, referring to Fig. 2(g), are much shorter and more irregular by 

comparison. The high-resolution SEM image in Fig. 2(h) shows that GNPs partially pulled out of 

the PEDOT matrix and bridged narrow cracks. As a result, the sensing range of the PEDOT/GNPs 
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sensor increased to 18% because the deflected microcracks and the GNPs bridging the crack 

surfaces maintained the linear behaviour to a higher strain level than the pure PEDOT sensor. The 

curves of resistance change over the entire measurable strain range for PEDOT/AgNWs and 

PEDOT-GNPs strain sensors are given in the Supporting Information (Fig. S1).  

By contrast, sensors reinforced by CNFs demonstrated a dramatically better performance than the 

above-mentioned sensors. One major difference in the microcrack morphology, as shown in Fig. 

2(j) and (k), is that the CNFs pulled out from the PPEDOT matrix and crossed over the microcracks. 

This crack bridging mode is similar to those observed in epoxy nanocomposites containing CNFs 

and graphene nanoplatelets.35-37 Most importantly, as indicated in Fig. 2(l), resistance change 

obeys an almost perfect linear relationship with the applied strain with R2 ≈ 99% up to a strain 

limit of 131%. Compared to GNPs that have an average length of 15 µm, CNFs feature length of 

50-300 µm and an average diameter of 100 nm. The high aspect ratio of CNFs makes them more 

efficient to restrict the opening and coalescence of microcracks, which prevents abrupt resistance 

changes associated with long channel cracks that are completely insulating, thus maintaining a 

linear relationship through to a much greater strain range. Fig. 2(l) shows that the sensing range of 

PEDOT/CNF sensor reached 131% with a gauge factor of 63, which outperforms previously 

reported strain sensors in the literature; more details will be given in the following section. Fig. 

2(m) shows the stress-strain curves for thin films of neat PDMS and PDMS with different sensing 

elements including PEDOT, PEDOT/CNFs, PEDOT/AgNWs, and PEDOT/GNPs. Comparing 

with thick PDMS films (~ 200 µm), the rather small thickness of the conductive coatings (~ 200 

nm) did not significantly affect the stress-strain curves. Comparing the results pertinent to the four 

types of strain sensors with different nano-reinforcement, we can conclude that both crack 

deflection and bridging are important to achieving high sensitivity and linearity over a large strain 

range.  
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Fig. 2 The effect of conductive nanofillers including AgNWs, GNPs, and CNFs on the sensing 

performance of strain sensors: (a–c) SEM images of microcracks in pure PEDOT sensor under 50% 

strain (a–b), relative resistance changes as a function of strain (c); (d–l) corresponding SEM images 

and relative resistance changes as a function of strain for strain sensors with PEDOT/AgNWs (d-

f), PEDOT/GNPs (g-i), PEDOT/CNFs (j-l), respectively; (m) tensile stress−strain curves of the 

thin films of neat PDMS and PDMS with different conductive coatings including PEDOT, 

PEDOT/CNFs, PEDOT/AgNWs, and PEDOT/GNPs.  

 

The resistive responses of the PEDOT/CNFs sensors can be adjusted by changing the 

concentration of CNFs in PEODT and the plasma treatment duration of the PDMS substrate. To 

characterize how these design and processing parameters affect the sensor performance, three 

concentrations of CNFs in aqueous PEDOT dispersion, i.e., 1, 2, and 4 mg/ml, were used to 

fabricate sensor devices and the corresponding samples were denoted as PEDOT/CNF1, 

PEDOT/CNF2, and PEDOT/CNF3, respectively. SEM images in Fig. 3(a) show that the density of 

discrete CNFs on the surface of PEDOT increased as the concentration of CNFs increased in the 

precursor conductive inks. As such, the optical transparency of the resultant strain sensors 

decreased as the content of CNFs increased (Fig. 3(b)). All the strain sensors exhibited 

transmissivity higher than 40% in the wavelength range of 350 to 850 nm, after the strain sensors 

were pre-stretched up to a strain of 150% for activate the sensors. The pre-stretching created the 

microcracks which are important to achieving high sensitivity and reproducible resistive responses. 

The strategy of pre-stretching has previously been applied to initialize other resistive strain sensors 

based on the microcracking mechanism.23, 29, 30 Without pre-stretching the peak resistance of 

PEDOT/CNF3 sensor under cyclic 50% strain continuously increased in the first three cycles and 

then became stable in the fifth cycle, as shown in the insert of Fig. 3(c). By pre-stretching the 

sensor to 100% strain, the subsequent resistance changes were very stable immediately under a 

very cyclic strain of 50%, demonstrating that pre-stretching is important to creating microcracks 

and, thus, achieving more repeatable resistive responses.   

The performance of the CNF toughened sensors under repeated stretching and release actions is 

demonstrated in Fig.3(d), which presents the typical relative resistance changes for the 

PEDOT/CNF3 sensor, which received a 5 min plasma treatment, under 5 cyclic stretching and 
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release at peak strains of 1, 5, 10, 20 and 50%. It can be clearly seen that the sensor is capable of 

detecting both small (1%) and large strains (50%). Furthermore, the strain sensors also showed 

good dynamic performance in terms of reproducibility and stability under different strain rates. 

Fig. 3(e) shows that, under different strain rates with a peak strain of 20%, the output resistance 

changes showed very little dependency on the input strain frequency from 0.05 to 0.5 Hz. For three 

different concentrations of CNFs, the relative resistances are all proportional to the applied strain 

(Fig. 3(g)). 

 

Fig. 3 (a) SEM images of PEDOT/CNFs thin films with different concentrations of CNFs in the 

precursor conductive inks; (b) Optical transmittance of strain sensors with different loadings of 

CNFs by UV-Vis spectra; (c) Relative resistance changes ΔR/R0 as a function of strain for a sensor 

pre-stretched to 100% strain compared with a sensor without pre-stretching (inserted) at a 

maximum strain of 50%; (d) Relative resistance changes ΔR/R0 under cyclic stretch with a 

maximum strain of 1, 5, 10, 20, and 50% for the PEDOT/CNF3; (e) Effect of strain rate on the 
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cycling behaviour of strain sensor with PEDOT/CNF3 under a 20% strain; (f) Relative resistance 

changes ΔR/R0 for the strain sensors with different contents of CNFs under 5 cyclic stretch at a 

peak strain of 20%; (g) Plot of ΔR/R0 as a function of strain under monotonic tension up to the 

sensing range. The solid lines are the linear fittings of experimental results and the gauge factors 

(GF) and linear fitting coefficients (R2) are indicated; (h) The linear sensing range and gauge 

factors for the strain sensors with PEDOT/CNF1, PEDOT/CNF2, and PEDOT/CNF3. The strain 

sensors were pre-stretched up to a strain of 150% before measurements of their resistive responses. 

 

The concentration of CNFs in the PEDOT/CNFs sensing element strongly affects their 

performance. As shown in Fig. 3(f), the peak resistance changes at the same peak strain of 20% 

decreased as the content of CNFs increased from 1 to 4 mg/ml, indicating an inverse relationship 

between sensitivity and CNF concentration. Furthermore, the data presented in Fig. 3(g) were used 

to determine the respective sensing range using the method described in Fig. 1(d) and (e). The 

results are presented in Fig. 3(h), which shows that the sensing range increased while gauge factor 

decreased with the content of CNFs. The GF is ∼278 for the sensor PEDOT/CNF1 and decreases 

to ∼129 for PEDOT/CNF2 and then further decreases to ∼63 for PEDOT/CNF3. However, the 

sensing range of PEDOT/CNF sensors increased from 47% to 60% and then to 130% as the CNF 

concentration increased from 1 to 4 mg/ml. It can be clearly seen that the concentration of CNFs 

in the hybrid PEDOT/CNFs alters the sensing performance. Meanwhile, a good linear relationship 

is observed with linear fitting coefficient R2 values over 97% for all sensors with three different 

concentrations of CNFs. The linear sensing range and gauge factors for the strain sensors with 

PEDOT/CNFs with different concentrations of CNFs are summarised in Fig. 3(h).  

The performance differences of PEDOT-CNFs sensors caused by the changing concentration of 

CNFs are attributed to the variations in the microcrack morphology. In-situ optical microscope 

imaging was employed to quantify the key dimensional characteristics of the microcracks, 

including average length, width, and density during dynamic stretch and release. The in-situ videos 

acquired during the opening and closing of microcracks under cyclic loading are given in 

Supporting Information. As shown in Fig. 4(a-c), the microcracks grew wider and larger in the 

PEDOT/CNF1 sensor when the applied strain increased from 10% (Fig. 4(a)) to 20% (Fig. 4(b)) 

and then to 50% (Fig. 4(c)). These changes in the microcrack morphology are shown in Fig. 4(d), 
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(e) and (f) for PEDOT-CNF2, PEDOT-CNF3, and pure PEDOT sensors under the same applied 

strain of 50%. It can be seen that as the concentration of CNFs increases, the crack density 

increases, while the average visible crack length decreases. CNFs act as initiators for microcracks 

due to the stress concentrations created by the mismatch of Young’s modulus of PEDOT and CNFs. 

The higher contents of CNFs in PEDOT/CNF3 facilitated more microcracks to develop and grow 

into a denser morphology. However, the embedded CNFs also deflect and bridge microcracks, 

restricting their growth and opening. Hence shorter cracks were observed in sensors with higher 

content of CNFs. The ultralong and straight cracks in the pure PEDOT sensor highlights the role 

of CNFs in crack deflection and branching (Fig. 4(f)). SEM images of the microcracks under 

higher magnification in Figs. 4(g-i) show that the CNFs were pulled out from the PEDOT matrix 

and the crack paths were more tortuous than in the pure PEDOT sensor. The toughening of the 

PEDOT matrix by CNFs prevented the formation of straight long cracks perpendicular to the 

stretch direction and as a result widened the strain range over which the sensor remains functional. 

By comparison, the pure PEDOT thin films (Fig. 4(f)) tend to form straight and long channel 

cracks when stretched, causing sharp rise in resistance but only within a very small linear range. 

For CNF-toughened PEDOT sensors, their linear range was greatly improved by the pull-out of 

CNFs that then bridged the microcracks and provided a conductive path whose resistance increased 

with crack opening. As shown in Fig. 3(h), this increase in sensing range was accompanied by a 

reduction in sensitivity; the higher the CNF concentration, the greater is the sensing range but the 

lower is the sensitivity.  
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Fig. 4 (a-c) Optical microscope images of microcracks in the PEDOT/CNF1 sensor subjected to an 

applied strain of 10% (a), 20% (b), and 50% (c); (d-f) Optical microscope images of microcracks 

at 50% strain for the PEDOT/CNF2 (d), PEDOT/CNF3 (e), and pure PEDOT (f) sensors. The inset 

in (f) is the SEM image of the microcracks of pure PEDOT sensor; (g-i) Representative SEM 

images of deflected and bridged microcracks in the PEDOT/CNF3 sensor being stretched to 50% 

strain. The pulled-out CNFs bridging the microcracks are false coloured in (i).  
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Fig. 5 Electrical potential distribution simulation for strain sensors with different microcrack 

morphologies based on experimental optical microscope images. (a) – (c) Extraction of 

microcracks by image analysis for the PEDOT/CNF1 (a), PEDOT/CNF2 (b), and PEDOT/CNF3 (c) 

sensors at 20% strain. The crack areas were marked in red; (d) Schematic illustration of current 

flow path for the zoomed-in area highlighted in (c); (e) Crack opening, length, and density as a 

20 25 30

0

1000

2000

3000

 


R

/R
0
 (

%
)

Strain (%)

1 (v)

0.6 

0.4 

0.2 

0 

0.8 

(a) (b) (c) (d)

(f) (g) (h)

Stretching

V V V

200 μm 200 μm 200 μm

(i)

CNF1

CNF2

CNF3

CNF1 CNF2 CNF3

Strain (%)
10 20 30 40

4

6

8

10

W
id

th
 (

m

)

10 20 30 40

40

80

120

160

200
L

e
n

g
th

 (

m

)

10 20 30 40

0

20

40

60

80

D
e

n
s
it
y

Strain (%) Strain (%)

(e)



15 
 

function of strain for sensors with different loadings of CNFs based on image analysis; (f) – (h) 

Calculated potential distribution based on the optical microscope images shown in (a) – (c); (i) 

Simulation results for the resistance changes as a function of strain for the sensors with different 

concentrations of CNFs. The symbols indicate the simulation results based on cracked images and 

the solid lines are the corresponding linear fittings.  

 

The microcracks disrupt the electrical conductance and hence affect the sensors’ sensitivity. The 

electric field distribution in the strain sensors containing microcracks was calculated directly from 

the optical microscopy images following the numerical method proposed in the literature.38, 39 

From the optical micrographs, the electrical potential field in a sensing element containing with 

microcracks can be computed using the numerical method; details are given in Supporting 

Information (Fig. S2). Here the optical microscope images (grayscale), shown in Fig. 5(a)–(c), 

were converted to a binary format to aid the identification of the microcracks. It can be seen that 

the image processing analysis accurately detected the microcracks (highlighted in red colour to 

enhance the contrast). Long and discrete cracks were observed in the PEDOT/CNF1 sensor, which 

had the lowest concentration of CNFs (Fig. 5(a)). As the content of CNFs increased, the sensors 

displayed shorter and denser microcracks at the same applied strain, as evidenced by the 

PEDOT/CNF2 sensor (Fig. 5(b)) and PEDOT/CNF3 sensor (Fig. 5(c)). These microcracks, which 

open and close under cyclic stretching, cause the electrical current to flow initially across the 

partially closed or bridged cracks and then around them through the uncracked areas, as illustrated 

in Fig. 5(d). By analysing the optical micrographs of sensors under different applied strains, the 

opening displacement, average length, and density of the microcracks can be determined. The 

results are presented in Fig. 5(e), which formed the input for estimating the change in resistance 

due to the applied strain for sensors with varying concentration of CNFs.  

The electric potential field was calculated by applying a voltage between the left and right sides of 

a unit volume cell representative of the images shown in Fig. 5(a)-(c), where a conductivity of 0 

and 1 is respectively allocated to pixels belonging to the cracks and the surrounding thin film, 

respectively. The computational results shown in Fig. 5(f)-(h) clearly indicate that the potential 

drops much faster in the presence of long cracks (Fig. 5(f)) than in the case of dense small cracks 

(Fig. 5(h)). This is because small cracks are less disruptive to current flow than long cracks (of the 
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same total length). Therefore, low concentration of CNFs, which results in long and straight cracks, 

leads to a steeper drop of the potential over a given distance than sensors with higher concentration, 

and hence a greater sensitivity, but at a reduced sensing range. By contrast, high concentration of 

CNFs prevents the formation of wide and long cracks due to crack deflection, ensuring a higher 

sensing range, but at a reduced sensitivity. The computed resistance change as a function of strain 

are compared with the experimental results in Fig. 5(i), indicating a very good agreement.  

The sensor performance in terms of sensitivity and linear sensing range can also be tailored by 

applying different plasma treatment durations for the PDMS substrates before coating with 

PEDOT/CNFs. Fig. 6(a) shows the results for the sensors subjected to plasma treatment for 2, 5, 

and 10 mins, respectively. Plasma treatment causes a very thin surface layer of the PDMS substrate 

to oxidize, which then influences the size and density of microcracks in the sensor. This brittle 

oxidized surface layer tends to rapture when the plasma treated PDMS is stretched, and the 

thickness of this brittle layer increases with plasma treatment duration. Longer and wider cracks 

were formed in the sensing element as the plasma treatment duration increased from 2 to 10 min. 

This is consistent with the observation by Amjadi et al that as the plasma exposure duration 

increased from 20 s to 40 s, longer and wider parallel cracks of graphite films were observed on 

the plasma treated elastomer substrate.29 As shown in Fig. 6(a), under 5 cycles of repeated 

stretching to a peak strain of 20%, the PEDOT-CNF3 sensor with longer plasma treatment 

exhibited a higher sensitivity than sensors received shorter plasma treatment, due to the formation 

of longer cracks. The gauge factor and sensing range for sensors with different plasma treatment 

durations were characterized under monotonic tensile loading (Fig. 6(b)). The gauge factors are 

23, 63, and 104 and the linear sensing ranges are 201%, 130%, and 68% for the PEDOT/CNF3 

sensor subjected to 2, 5 and 10 min of plasma treatment, respectively. The coefficients for the 

linear fittings of these three datasets are all greater than 97%, indicating an excellent linearity 

between the output electrical resistance change and the mechanical strain. Fig. 6(c) presents a 

comparison of the gauge factor and the sensing range of our newly developed sensors, made with 

different CNF concentrations and plasma treatment times, with those reported in the recent 

literature21, 24, 25, 40-59 using other conductive nanocomposites. It is clearly shown that our sensors 

outperform most of the sensors reported in the recent literature.  
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Fig. 6 (a) Relative resistance changes ΔR/R0 for strain sensors with different plasma treatment 

durations under 5 cycles of loading and unloading of a maximum strain of 20%; (b) Corresponding 

ΔR/R0 as a function of strain under monotonic tensile strain. The solid lines are the corresponding 

linear fittings; (c) Comparison of sensing performance in terms of gauge factor and sensing range 

of strain sensors in this work with the recently reported ones in literatures. The present 

PEDOT/CNFs strain sensors were pre-stretched to 150% strain before resistance measurements.  

 

Apart from the high sensitivity and stretchability, our sensors also show excellent stability and 

durability under repeated loading of different strains, which are important for continuous human 
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health monitoring applications. As shown in Figs. 7(a) and (b), under 2000 cycles of loading and 

unloading of strains of 20% (Fig. 7(a)) and 50% (Fig. 7(b)) respectively, the resistance change 

ΔR/R0 remains very stable with the peak value increasing by around 0.5% per cycle. This slow 

rise of resistance with cycling may be attributed to the viscoelastic nature of the PDMS and the 

slight degradation in the CNF bridges caused by the repeated stretching and release process. 

However, these variations are much smaller than the results in the literature.21, 23, 30  
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Fig. 7 (a)-(b) Durability study of strain sensor with PEDOT/CNF3 under 2000 cycles of loading 

and unloading of a maximum strain of 20% (a) and 50% (b), respectively; (c)-(d) Response time 

of the sensor by a stretching-holding-releasing process; (e-i) Demonstrated applications of strain 

sensors for human health monitoring by detection of different bio-signals including human wrist 

pulse (e), finger bending (f), respiration (g), wrinkling of the forehead (h), and (i) swallowing; (j) 

Resistance change for the strain sensor under different temperatures from -10 to 52 ºC; (k) 

Resistance change for PEDOT/CNF3 strain sensor during finger bending movement from 0 to 90° 

before, during, and after immersing in 0.1 M sodium chloride solution, respectively. 

 

The response and recovery time of our strain sensors was investigated by a stretching-holding-

releasing process, in which the sensors were rapidly stretched to 20% strain and then held for 30 s 

and were then released at the same rate. Fig. 7(c) shows the corresponding ΔR/R0 under three 

cycles of stretch-hold-release; the response and relaxation time are indicated in Fig. 7(d). Since it 

took 0.79 s for the sensor to be stretched to 20% strain, the estimated response time is about 0.19 

s based on a total time of 0.98 s. Similarly, the corresponding estimated recovery time is about 

0.21 s. The fast response and recovery time of our strain sensors make them very suitable for 

accurate monitoring of different human physiological signals and motions which can indicate the 

health condition of an individual. To demonstrate an important application, the strain sensors were 

mounted onto different parts of human body including wrist (Fig. 7(e)), fingers (Fig. 7(f)), lips 

(Fig. 7(g)), forehead (Fig. 7(h)), and throat (Fig. 7(i)) to detect a wide range of signals from large-

scale motions (e.g. finger bending) to subtle deformations (e.g. wrist pulse and breathing). The 

strain sensor attached the wrist recorded a heart rate of 75 beats per min, which is excellent 

agreement with the value measured using a commercial heartbeat monitor (Fig. 7(e)). As shown 

in Fig. 7(f), the recorded relative resistance changes ΔR/R0 for the finger bending at two different 

angles of 45º and 90º were about 970% and 2700%, respectively, which correspond to strains of 

15.5% and 43.2%. By blowing the strain sensor with a gentle exhalation, the breezing wind applied 

mechanical force to the strain sensor and induced vibration and hence resistance changes, which 

can be used as a breathing sensor in potential healthcare applications (Fig. 7(g)). Our highly 

sensitive strain sensors are also capable of detecting facial expressions during daily activities when 

they are mounted onto human forehead and throat to monitor frown (Fig. 7(h)) and swallowing 
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actions (Fig. 7(i)). As shown in Fig. 7(j), the strain sensor of PEDOT/CNF3 showed slightly 

decreased resistance (~ 33%) when the temperature was increased from -10 to 52 ºC due to the 

negative temperature coefficient of PEDOT.60-62 This small resistance variation (0.53% ºC-1) is 

negligible comparing with large resistance changes induced by human motions like finger bending 

and joint movements. Fig. 7(k) shows that our sensors have good stability under humid conditions 

such as under 0.1 M sodium chloride (NaCl) solution (sweat on human skin has ∼0.03−0.08 M of 

NaCl63). There is no obvious difference for the resistance changes induced by finger bending 

before, during, and after immersing in 0.1 M NaCl solution. The encapsulation of the conductive 

coating of PEDOT/CNFs with two layers of PDMS prevents the direct contacts between sensing 

elements and environment hence contributes to their environmental stability. 

 

Conclusion 

We have developed and demonstrated a new method of toughening microcracks by carbon 

nanofibers to create highly sensitive and stretchable strain sensors with excellent linearity, high 

sensitivity, and optical transparency. Introducing carbon nanofibers (CNFs) into a conductive 

polymer film (PEDOT) yields a highly toughened sensor; the CNFs bridge the microcracks in the 

sensor induced by mechanical deformation, yielding a highly tortuous and stable microcrack 

morphology. The sensor’s strain sensitivity, sensing range, and optical transparency can be tailored 

by controlling the content of the conductive nanofillers and the plasma treatment duration of the 

PDMS substrate. This new type of resistive sensor can achieve a gauge factor of 278.1 at a sensing 

range of 57% and an optical transmissivity exceeding 40% in the wavelength of 350 to 850 nm. 

Their linear sensing range can be further improved up to 210% by controlling the content of CNFs 

within PEODT and the plasma treatment of PDMS substrates.  Other conductive nanofillers such 

as AgNWs and GNPs have been found to be less effective, as they cannot simultaneously deflect 

and bridge the microcracks as CNFs do. The newly developed sensors are capable of detecting a 

wide range of biosignals and human motions such as wrist pulse, respiration rate, finger bending, 

and facial emotional expressions by mounting the sensors onto different parts of human body. 

Taking together with their low-cost and scalable fabrication process, the newly developed optically 

transparent and highly sensitive and stretchable strain sensors offer potential for wide applications 

in the areas of human health monitoring and soft robotics.  
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Experimental Section 

Materials. Conductive polymer aqueous dispersion of poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS, Clevios PH1000) with concentration of 1-1.3 wt% was 

purchased from Heraeus Deutschland GmbH. Carbon nanofibers (CNFs, Pyrograf-III, grade PR-

24-XT-HHT, average diameter of 100 nm and length of 50–300 µm) were provided by Applied 

Sciences Inc. Graphene nanoplatelets (GNPs) with thickness 6-8 nm and average particle size of 

15 μm were supplied by Sigma. Polydimethysilicone (PDMS) elastomer kit with base/curing 

agents (Sylgard 184) was from Dow Corning. All the chemicals were used as received.  

Preparation of conductive dispersion. Silver nanowires with diameter of 50-150 nm and length 

of 5–50 µm were synthesized based on a reported protocol and more details can be found in our 

previous work.64 Conductive dispersions of PEDOT/GNPs and PEDOT/CNFs were prepared by 

direct addition of GNPs and CNFs into the aqueous dispersion of PEDOT:PSS without adding 

other surfactants. As previously reported, PEDOT:PSS is capable of stabilizing carbon 

nanomaterials such as graphene and carbon nanotubes due to the strong π–π interaction between 

conjugated aromatic chains of PEDOT:PSS and carbon surface.65 Stable and uniform conductive 

dispersions of PEDOT/GNPs and PEDOT/CNFs in PEDOT:PSS were obtained after probe 

sonication of the mixture for 2 h under ice bath temperature.  

Fabrication of sensor device. Fig. 1 outlines the fabrication process of sensor device based on 

PDMS/PEDOT/CNFs nanocomposites. PDMS films with thickness of about 200 µm were 

prepared by casting mixture of PDMS base and curing agent with a weight ratio of 10:1 onto 

polystyrene petri dish. After fully curing of the casted PDMS thin films for 2 h at 65 °C, the cured 

PDMS were treated under air plasma for 2 to 10 mins (Harrick Plasma Cleaner, PDC-002) and a 

thin layer of oxidized hydrophilic PDMS was obtained. Conductive thin films of PEDOT/CNFs 

were coated onto the surface of oxidized PDMS layer by solution casting. Further baking of the 

coated PEDOT/CNFs at 60 °C for 5 h was carried out to enhance the adhesion of conductive layer. 

Before encapsulating the conductive thin films with another layer of PDMS, silver paste was 

applied at the both ends of the conductive film and a pair of copper wires were attached for 

electrical measurements. The sensors with a width of about 8 mm, thickness of about 0.5 mm, and 
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gauge length ranging from 1 to 4 cm were cut in rectangle shape for tensile test and human motion 

monitoring. The initial resistance values of the sensors prior to stretching were in the range of 50 

– 200 kΩ depending on their dimensions.    

Characterization: Optical microscope pictures were taken using a Zeiss Axio Zoom V16 and the 

morphologies of the conductive nanocomposites were examined using a scanning electron 

microscope (SEM) (FEI Nova NanoSEM). A tensile testing machine (Instron Model 3369) was 

employed to characterize the mechanical properties. The obtained nanocomposites were tested 

under quasi-static tension and repeated tension under displacement control. For the quasi-static 

tension test, a strain rate of 8 %/min was used. The cyclic tests were conducted by applying a 

sinusoidal cyclic load at frequency ranging from of 0.05 to 0.5 Hz, which corresponds to the 

displacement having an absolute velocity from 0.4 to 4 mm/s. The electrical resistance was 

measured using a digital multimeter (34465A, Keysight Technologies). The experiments on 

detection of human motion were carried out with the full consent of the subjects and with the 

approval of all relevant ethics bodies. 

 

Acknowledgement 

S.W. and S.P. would like to acknowledge the financial support from Australian Research Council 

(ARC) via Discovery Early Career Researcher Award (DE170100284 and DE190100311). C.W. 

would like to acknowledge the financial support from the Australian Research Council (ARC) 

through the Discovery Project scheme (DP190102790). We thank Professor John Rogers from 

Northwestern University for very stimulating discussion. The authors also thank Dr Yin Yao for 

technical assistance of FEI Nova NanoSEM 230 and use of facilities at the Electron Microscope 

Unit (EMU) at UNSW and Dr Carina B. Tanaka for mechanical test. 

 

Author contributions 

S.P. and C.W. conceived the project. S.P., S.W., and Y.Y. performed the experiments and 

characterizations. P.B. carried out the voltage distribution simulations and cracking pattern 

analysis. All authors discussed the results and commented on the paper. 



23 
 

 

Competing interests 

The authors declare no competing interests.  



24 
 

References 

1. D. Kang, P. V. Pikhitsa, Y. W. Choi, C. Lee, S. S. Shin, L. Piao, B. Park, K.-Y. Suh, T.-i. 

Kim and M. Choi, Nature, 2014, 516, 222. 

2. C. Pang, G.-Y. Lee, T.-i. Kim, S. M. Kim, H. N. Kim, S.-H. Ahn and K.-Y. Suh, Nat. 

Mater., 2012, 11, 795. 

3. S. Xu, Y. Zhang, L. Jia, K. E. Mathewson, K.-I. Jang, J. Kim, H. Fu, X. Huang, P. Chava, 

R. Wang, S. Bhole, L. Wang, Y. J. Na, Y. Guan, M. Flavin, Z. Han, Y. Huang and J. A. 

Rogers, Science, 2014, 344, 70-74. 

4. M. Amjadi, A. Pichitpajongkit, S. Lee, S. Ryu and I. Park, ACS Nano, 2014, 8, 5154-5163. 

5. W. A. D. M. Jayathilaka, K. Qi, Y. Qin, A. Chinnappan, W. Serrano-García, C. Baskar, H. 

Wang, J. He, S. Cui, S. W. Thomas and S. Ramakrishna, Adv. Mater., 2019, 31, 1805921. 

6. D. J. Lipomi, M. Vosgueritchian, B. C. Tee, S. L. Hellstrom, J. A. Lee, C. H. Fox and Z. 

Bao, Nat. Nanotechnol., 2011, 6, 788. 

7. S. Seyedin, P. Zhang, M. Naebe, S. Qin, J. Chen, X. Wang and J. M. Razal, Mater Horiz., 

2019, 6, 219-249. 

8. S. Wu, S. Peng, Y. Yu and C.-H. Wang, Adv. Mater. Technol., 2020, 5, 1900908. 

9. Q. Cao and J. A. Rogers, Adv. Mater., 2009, 21, 29-53. 

10. D. H. Kim and J. A. Rogers, Adv. Mater., 2008, 20, 4887-4892. 

11. Q. Zheng, J.-h. Lee, X. Shen, X. Chen and J.-K. Kim, Mater. Today, 2020, 36, 158-179. 

12. Q. Zheng, X. Liu, H. Xu, M.-S. Cheung, Y.-W. Choi, H.-C. Huang, H.-Y. Lei, X. Shen, Z. 

Wang, Y. Wu, S. Y. Kim and J.-K. Kim, Nanoscale Horiz., 2018, 3, 35-44. 

13. S. Peng, P. Blanloeuil, S. Wu and C. H. Wang, Adv. Mater. Interfaces, 2018, 5, 1800403. 

14. M. Vosgueritchian, D. J. Lipomi and Z. Bao, Adv. Funct. Mater., 2012, 22, 421-428. 

15. Y. Ding, J. Yang, C. R. Tolle and Z. Zhu, ACS Appl. Mater. Interface, 2018, 10, 16077-

16086. 

16. R. Yang, Y. Yao, Z. Duan, Z. Yuan, H. Tai, Y. Jiang, Y. Zheng and D. Wang, Langmuir, 

2020, 36, 3029-3037. 

17. H. Yu, Y. Lian, T. Sun, X. Yang, Y. Wang, G. Xie, X. Du, J. Gou, W. Li and H. Tai, ACS 

Appl. Mater. Interface, 2019, 11, 43543-43552. 

18. Z. Duan, Y. Jiang, S. Wang, Z. Yuan, Q. Zhao, G. Xie, X. Du and H. Tai, ACS Sustainable 

Chem., 2019, 7, 17474-17481. 



25 
 

19. S. Ryu, P. Lee, J. B. Chou, R. Xu, R. Zhao, A. J. Hart and S.-G. Kim, ACS Nano, 2015, 9, 

5929-5936. 

20. F. Zhang, S. Wu, S. Peng, Z. Sha and C. H. Wang, Compos. Sci. Technol., 2019, 172, 7-

16. 

21. S. Wu, S. Peng, Z. J. Han, H. Zhu and C. H. Wang, ACS Appl. Mater. Interfaces, 2018, 10, 

36312-36322. 

22. Y. Zhou, P. Zhan, M. Ren, G. Zheng, K. Dai, L. Mi, C. Liu and C. Shen, ACS Appl. Mater. 

Interfaces 2019, 11, 7405-7414. 

23. T. Yang, X. Li, X. Jiang, S. Lin, J. Lao, J. Shi, Z. Zhen, Z. Li and H. Zhu, Mater Horiz., 

2016, 3, 248-255. 

24. Q. Liu, J. Chen, Y. Li and G. Shi, ACS Nano, 2016, 10, 7901-7906. 

25. M. D. Ho, Y. Ling, L. W. Yap, Y. Wang, D. Dong, Y. Zhao and W. Cheng, Adv. Funct. 

Mater., 2017, 27, 1700845. 

26. S. J. Kim, S. Mondal, B. K. Min and C.-G. Choi, ACS Appl. Mater. Interfaces, 2018, 10, 

36377-36384. 

27. Z. Liu, D. Qi, G. Hu, H. Wang, Y. Jiang, G. Chen, Y. Luo, X. J. Loh, B. Liedberg and X. 

Chen, Adv. Mater., 2018, 30, 1704229. 

28. J. Zhou, X. Xu, Y. Xin and G. Lubineau, Adv. Funct. Mater., 2018, 28, 1705591. 

29. M. Amjadi, M. Turan, C. P. Clementson and M. Sitti, ACS Appl. Mater. Interfaces 2016, 

8, 5618-5626. 

30. J. Lee, S. Shin, S. Lee, J. Song, S. Kang, H. Han, S. Kim, S. Kim, J. Seo, D. Kim and T. 

Lee, ACS Nano, 2018, 12, 4259-4268. 

31. C. Jeong, J. S. Lee, B. Park, C. S. Hong, J. U. Kim and T. i. Kim, Adv. Mater., 2019, 

1902689. 

32. Y. Lee, J. Park, A. Choe, S. Cho, J. Kim and H. Ko, Adv. Funct. Mater., 2019, DOI: 

10.1002/adfm.201904523, 1904523. 

33. M. H. Jeong, A. Sanger, S. B. Kang, Y. S. Jung, I. S. Oh, J. W. Yoo, G. H. Kim and K. J. 

Choi, J. Mater. Chem. A, 2018, 6, 15621-15629. 

34. D. J. Lipomi, J. A. Lee, M. Vosgueritchian, B. C. K. Tee, J. A. Bolander and Z. Bao, Chem. 

Mater., 2012, 24, 373-382. 



26 
 

35. R. B. Ladani, S. Wu, A. J. Kinloch, K. Ghorbani, J. Zhang, A. P. Mouritz and C. H. Wang, 

Compos. Sci. Technol., 2015, 117, 146-158. 

36. S. Wu, R. B. Ladani, J. Zhang, E. Bafekrpour, K. Ghorbani, A. P. Mouritz, A. J. Kinloch 

and C. H. Wang, Carbon, 2015, 94, 607-618. 

37. S. Wu, R. B. Ladani, J. Zhang, A. J. Kinloch, Z. Zhao, J. Ma, X. Zhang, A. P. Mouritz, K. 

Ghorbani and C. H. Wang, Polymer, 2015, 68, 25-34. 

38. W. Cao, P. Görrn and S. Wagner, Appl. Phys. Lett., 2011, 98, 212112. 

39. Y. Jiang, Z. Liu, N. Matsuhisa, D. Qi, W. R. Leow, H. Yang, J. Yu, G. Chen, Y. Liu, C. 

Wan, Z. Liu and X. Chen, Adv. Mater., 2018, 30, 1706589. 

40. T. Yang, W. Wang, H. Zhang, X. Li, J. Shi, Y. He, Q. Zheng, Z. Li and H. Zhu, ACS Nano, 

2015, 9, 10867-10875. 

41. X. Li, T. Yang, Y. Yang, J. Zhu, L. Li, F. E. Alam, X. Li, K. Wang, H. Cheng, C.-T. Lin, 

Y. Fang and H. Zhu, Adv. Funct. Mater., 2016, 26, 1322-1329. 

42. C. Yan, J. Wang, W. Kang, M. Cui, X. Wang, C. Y. Foo, K. J. Chee and P. S. Lee, Adv. 

Mater., 2014, 26, 2022-2027. 

43. Y. R. Jeong, H. Park, S. W. Jin, S. Y. Hong, S.-S. Lee and J. S. Ha, Adv. Funct. Mater., 

2015, 25, 4228-4236. 

44. Q. Liu, M. Zhang, L. Huang, Y. Li, J. Chen, C. Li and G. Shi, ACS Nano, 2015, 9, 12320-

12326. 

45. S. Wu, R. B. Ladani, J. Zhang, K. Ghorbani, X. Zhang, A. P. Mouritz, A. J. Kinloch and 

C. H. Wang, ACS Appl. Mater. Interfaces, 2016, 8, 24853-24861. 

46. Z. Zeng, S. I. Seyed Shahabadi, B. Che, Y. Zhang, C. Zhao and X. Lu, Nanoscale, 2017, 

9, 17396-17404. 

47. J. Zhao, C. He, R. Yang, Z. Shi, M. Cheng, W. Yang, G. Xie, D. Wang, D. Shi and G. 

Zhang, Appl. Phys. Lett., 2012, 101, 063112. 

48. X.-W. Fu, Z.-M. Liao, J.-X. Zhou, Y.-B. Zhou, H.-C. Wu, R. Zhang, G. Jing, J. Xu, X. Wu, 

W. Guo and D. Yu, Appl. Phys. Lett., 2011, 99, 213107. 

49. J. J. Park, W. J. Hyun, S. C. Mun, Y. T. Park and O. O. Park, ACS Appl. Mater. Interfaces, 

2015, 7, 6317-6324. 

50. S. Pan, Z. Liu, M. Wang, Y. Jiang, Y. Luo, C. Wan, D. Qi, C. Wang, X. Ge and X. Chen, 

Adv. Mater., 2019, 31, 1903130. 



27 
 

51. J.-H. Lee, J. Kim, D. Liu, F. Guo, X. Shen, Q. Zheng, S. Jeon and J.-K. Kim, Adv. Funct. 

Mater., 2019, 29, 1901623. 

52. Y. Liu, X. Shi, S. Liu, H. Li, H. Zhang, C. Wang, J. Liang and Y. Chen, Nano Energy, 

2019, 63, 103898. 

53. H. Sun, K. Dai, W. Zhai, Y. Zhou, J. Li, G. Zheng, B. Li, C. Liu and C. Shen, ACS Appl. 

Mater. Interfaces, 2019, 11, 36052-36062. 

54. P. Wang, W. Wei, Z. Li, W. Duan, H. Han and Q. Xie, J. Mater. Chem. A, 2020, 8, 3509-

3516. 

55. Y. Gao, Q. Li, R. Wu, J. Sha, Y. Lu and F. Xuan, Adv. Funct. Mater., 2019, 29, 1806786. 

56. J. Lee, S. Pyo, D.-S. Kwon, E. Jo, W. Kim and J. Kim, Small, 2019, 15, 1805120. 

57. L. M. Zhang, Y. He, S. Cheng, H. Sheng, K. Dai, W. J. Zheng, M. X. Wang, Z. S. Chen, 

Y. M. Chen and Z. Suo, Small, 2019, 15, 1804651. 

58. Y. Yang, Z. Cao, P. He, L. Shi, G. Ding, R. Wang and J. Sun, Nano Energy, 2019, 66, 

104134. 

59. J.-H. Pu, X. Zhao, X.-J. Zha, L. Bai, K. Ke, R.-Y. Bao, Z.-Y. Liu, M.-B. Yang and W. 

Yang, J. Mater. Chem. A, 2019, 7, 15913-15923. 

60. Y.-F. Wang, T. Sekine, Y. Takeda, K. Yokosawa, H. Matsui, D. Kumaki, T. Shiba, T. 

Nishikawa and S. Tokito, Sci. Rep., 2020, 10, 2467. 

61. Y. Yu, S. Peng, P. Blanloeuil, S. Wu and C. H. Wang, ACS Appl. Mater. Interfaces, 2020, 

12, 36578–36588 

62. J. Zhou, D. H. Anjum, L. Chen, X. Xu, I. A. Ventura, L. Jiang and G. Lubineau, J. Mater. 

Chem. C, 2014, 2, 9903-9910. 

63. J.-Y. Jeon and T.-J. Ha, ACS Appl. Mater. Interfaces, 2016, 8, 2866-2871. 

64. S. Peng, S. Wu, F. Zhang and C. H. Wang, Adv. Mater. Technol., 2019, 4, 1900060. 

65. Z. Liu, K. Parvez, R. Li, R. Dong, X. Feng and K. Müllen, Adv. Mater., 2015, 27, 669-675. 

  

  



28 
 

ToC only 

 

 


R
/R

0
(%

)

Strain (%)0 V

R2 > 99%

ε ~ 130%

GF ~ 63

Long straight cracks

Small bridged cracks

1 V


