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ABSTRACT 

With rapid advance of wearable electronics technologies, flexible strain sensors having both high 

sensitivity and high stretchability are highly desired. In this work, inspired by lotus roots whose 

fibers remain joined even after fracture, highly sensitive and stretchable strain sensors are designed 

using single-walled carbon nanotube (SWNT)/graphene oxide (GO) hybrid thin films with unique 

wrinkled, cracked and bridged morphologies. The distinctive wrinkled and cracked structure is 

created by tuning the pre-stretching releasing of the hybrid film on a silicone rubber substrate. 

Under tension, the myriad SWNTs bridged the wrinkled film by sliding within the hybrid film 

giving rise to high stretchability, while the nano/microscale cracks provide the strain sensor with 

a high sensitivity through tunneling. Thanks to the synergy arising from the wrinkles, cracks and 

bundles bridged the cracks, the hybrid sensor exhibits a wide sensing range of 100%, an ultrahigh 

gauge factor of 2000 with excellent stability for over 1000 cycles. These exceptional properties 

enable the sensor to monitor full range human motions from tiny eye blinks to large joint 

movements. A wearable gaming controller is prototyped using the developed sensor to 

demonstrate voice-empowered maneuver of car racing games. 

1. Introduction 

  Wearable strain sensors with high flexibility and sensitivity are becoming increasingly important 

because of their diverse applications in human-machine interfaces[1], human motion detection[2], 

electronic skins[3], personalized health monitoring[4,5], and soft robotics[6]. Among many types 

of strain sensors based on piezoresistivity, piezoelectricity, triboelectricity, Raman shifting, fiber 

Bragg gratings, and capacitance, piezoresistive sensors have been widely used due to its simple 

read-out mechanism, superior sensitivity, and cost-effective fabrication[7,8]. Traditional 
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piezoresistive strain sensors made from metal foils or semiconducting crystals are usually rigid 

and fragile, making them difficult to be integrated with other flexible devices. In addition, since 

the piezoresistive behavior of a traditional strain sensor arises mainly from the piezoresistance of 

the material itself, the gauge factor (GF) - the ratio of relative change in electrical resistance R to 

the mechanical strain ε - provided by geometric effects is relatively small, ranging from 1.0 ~ 

5.0[9].  

  Aiming to obtain stretchable and adequately sensitive strain sensors, various nanomaterials has 

been utilized and a variety of new structures have been developed simultaneously[10]. Metal 

nanoparticles[11], metal nanowires[12], silicon nanoribbons[13], conductive polymers[14], 

MXene[15,16], and carbon materials including fullerene[17], carbon nanotubes (CNTs)[18], 

graphene[19,20], carbon nanofiber[21], graphite[22], carbon black[23], carbon dots[24] and 

carbonized silk[25] have been explored along with elastomer substrates. Among them, CNT and 

graphene have attracted much attention because of their outstanding flexibility, conductivity and 

transparency[26-30]. For the CNT-based strain sensor, spring-like CNT films produced by pre-

stretching and releasing the strain allowed an elongation of up to 150%[31]. Thin films of aligned 

single-walled carbon nanotubes (SWNTs) with fractured gaps, islands and bundles were capable 

of measuring strains of up to 280%[2]. A multi-walled CNT (MWNT) film sandwiched between 

natural rubber layers were stretched up to 620%[32]. CNT-based strain sensors offer extremely 

high elongations, but their GF values is usually poor[33-35]. For the graphene-based strain sensor, 

chemical vapor deposition (CVD) synthesized graphene film showed GFs about 14 with a 

maximum strain of ~7%[36-41], because its hexagonal structure is partially destroyed, altering the 

electronic band structure and the electrical resistance under low tensile strains. Furthermore, 

nanographene[42-44], graphene woven fabric[20], graphene foam[45], graphene aerogel[46], 
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graphene hydrogel[47] and graphene/polymer composites[48-53] were explored to increase the 

sensitivity and stretchability. Graphene-based strain sensors offer high GFs, but their stretchability 

is hard to be improved. Although the intrinsic properties of nanomaterials are important, the 

structure of nanomaterials has a huge impact on the performance of the strain sensor. Wrinkle 

structure, crack structure, serpentine structure and grid structure have been widely used to further 

improve the performance of strain sensor [53-59]. Among them, wrinkle structure can effectively 

enhance the stretchability due to pre-stored stress and crack structure can dramatically increase the 

sensitivity because of the rapidly changed number of conductive paths induced by cracks.  Though 

wrinkle and crack structures have been applied in many kinds of above-mentioned nanomaterials, 

simultaneously improving the stretchability and sensitivity through wrinkle and crack structures is 

still very hard. Therefore, comprehensive consideration of material selection and structural design 

is important for preparing high-performance strain sensor. 

  Nature often offers inspirations for innovative and rational design of new materials and structures. 

Through millions of years of evolution, biomaterials such as lotus root have developed amazing 

properties largely resulting from the fiber-reinforced axially porous structure [60]. For example, 

when lotus roots are fractured, the fibers drawn out from the broken stems effectively bridging 

them (Figure 1a). As a Chinese old saying goes, “Literally lotus roots may break, but the fiber 

remains joined”, which is typically used to describe the fact that “Lovers part, but still long for one 

another”. Inspired by the structure of lotus roots, we fabricated highly sensitive and stretchable 

strain sensors by designing a new kind of wrinkled and cracked structure based on SWNT/GO 

hybrid film. Because the conductivity of SWNT is better than MWNT and the aspect ratio of 

SWNT is higher than that of MWNT under the condition of equal mass. Therefore, SWNT was 

used here instead of MWNT. As schematically illustrated in Figure 1b, a carbon network is 
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established through the formation of nano/microcracks and bridging the separate carbon islands. 

The hybrid strain sensors with wrinkled, cracked and bridged carbon network (WCBCN) present 

substantially improved sensitivity and stretchability. They sustained strains up to 100% with a 

remarkable maximum GF of 2,000 and durable stability for over 1,000 cycles. Equipped with both 

exceptionally high stretchability and sensitivity, these sensors demonstrated niche applications 

requiring accurate monitoring of various human motions on a large scale and as a wearable gaming 

controller. 

2. Results and Discussion 

  Figure 1c schematically illustrates the key processes for fabricating SWNT/GO hybrid sensors 

with WCBCN structure. The synthesis process of GO is essentially similar to our previous 

reports.17 As shown in Figure S1, most of GO sheets are single or few layers and the size of GO 

sheets is mainly larger than 10 μm. SWNT/GO hybrid films were first produced on filter membrane 

by vacuum filtration described previously.17 Five types of films with different mass ratios of 

SWNTs to GO were fabricated to identify an optimal composition, namely 1:0, 5:1, 2:1, 1:1, and 

0:1, while their thicknesses were kept the same by controlling the total volume in the dispersion. 

The Raman spectra of SWNT/GO hybrid films shown in Figure S2 also confirm the existence of 

SWNTs and GO. Upon increasing the SWNT content, the G-band peak position upshifted and the 

D- to G-band intensity ratio, ID/IG, decreased, as expected. To create the unique wrinkled and 

cracked morphologies, the hybrid films combined with filter membrane was transferred onto a pre-

strained polydimethylsiloxane (PDMS) substrate. To assist a successful transfer of hybrid films, a 

thin layer of uncured PDMS liquid was coated on the surface of PDMS substrate followed by a 

constant pressure and curing to make the hybrid film strongly adheres to the PDMS substrate and 

create intimate contact between SWNTs and GO. Then, the filter membrane was easily peeled off 
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from SWNT/GO hybrid films because the interaction between hybrid films and PDMS is much 

stronger than that between hybrid films and filter membrane. After the release of pre-strain (30%), 

the wrinkled and cracked structure was obtained. A larger stretching strain (100%) was further 

applied to widen the crack followed by releasing to obtain stable WCBCN hybrid film. 

 

(a) 

(b) 

(c) 
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Figure 1. Schematic diagrams. (a) Fractured lotus root bridged by numerous fibers drawn out of 

broken surface; (b) Illustration of the concept of lotus root-inspired WCBCN structure; (c) 

Schematic flowchart of the fabrication procedure of the WCBCN strain sensor using SWNT/GO 

hybrid film on a PDMS substrate. 

  The techniques of releasing moderate strains of thin films along a pre-stretched direction to 

produce unidirectional wrinkles have been well developed. However, it is interesting to notice that 

releasing a much higher pre-strain (up to 100%) not only produced unidirectional wrinkles, but 

also periodic cracks. As shown in Figure 2a-c and Figure S3, the reduced graphene oxide (rGO) 

film transferred to a pre-stretched elastomer substrate initially displayed a flat morphology. Upon 

release of uniaxial pre-strain in the substrate, the rGO film developed wrinkles and cracks (Figure 

2d-f and Figure S4). The periodic microcracks were formed mainly due to the Poisson’s ratio 

effect[61], which generates transverse tensile stress in response to the uniaxial compression of the 

substrate upon release of pre-strain. The transverse tension cracks the graphene film. A post-

stretching was further applied after the releasing of pre-strain to stabilize the formed wrinkled and 

cracked structure (Figure 2g). As shown in Figure 2h and Figure S5, the wrinkled film was 

separated into many small rectangular shaped wrinkled slices when the mass ratio between SWNT 

and GO is 2:1. Most of these small wrinkled slices were surrounded by cracks and part of them 

are overlapped with adjacent slices. When the mass ratio between SWNT and GO is 5:1, the 

morphology of SWNT/GO hybrid film is similar while the density of wrinkle and crack is different 

(Figure S6 and S7). The thickness of SWNT/GO hybrid films ranges from 1.0-1.5 µm (Figure 2i) 

through controlling the mass of SWNT and GO during the vacuum filtration. Since chemical 

functionalization process was not applied for SWNT during fabrication processes, it can be 

deduced that there was no chemical bonding between GO and SWNT. Figure S8 shows the high-
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magnification SEM images of SWNT/GO hybrid film. It is seen that the SWNTs were distributed 

evenly in hybrid films, indicating that SWNT is well dispersed in SWNT/GO due to the 

amphiphilic nature of GO.57,58 

 

Figure 2. Top views of GO films before and after creating wrinkles and cracks. (a, b) Optical 

images and (c) SEM image of GO film on the PDMS substrate before the release of pre-strain; (d) 

Optical image of wrinkled GO film; (e, f) SEM images of a typical buckling pattern of GO film 

with transverse microcracks; (g) Schematic diagram of WCBCN SWNT/GO hybrid film (h, i) 

SEM images of WCBCN SWNT/GO hybrid film when mass ratios of SWNTs to GO is 2:1. 

 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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  The microstructure and electromechanical performance of the wrinkled and cracked rGO films 

are firstly characterized (Figure S9).  It can be seen that the wavelength of wrinkles (the length of 

one wrinkle along the pre-strain direction) inside rGO film, which is measured by SEM images, 

increases as the thickness of rGO film increases. The two-dimensional interconnected network 

structure with variable contact resistances between the cracked gaps upon straining demonstrated 

GFs of more than 150 depending on the level of pre-strains applied (Figure 3a). The high 

sensitivity is mainly due to tunneling through the opposite edges of the cracks. However, the 

resistance of a cracked thin film surged to almost infinity once the strain exceeded that of the 

tunneling regime of ~3%. Thus, the stretchability of these cracked rGO films was limited because 

of irreversible fractures even at a relatively low strain. This would restrict their value in detecting 

a full range of human motions, requiring a new strategy to hybridize GO with SWNTs to achieve 

a desired working range. 

  The sensing performance of SWNT/GO hybrid sensors with 30% pre-strain was investigated 

in comparison with that without pre-strain. As shown in Figure 3b, the 1D nature and high 

conductivity of SWNTs made the hybrid sensor even without pre-strain highly stretchable. Its GF 

decreased with increasing SWNT content, with a maximum GF of 20 at a SWNT/GO ratio of 2:1, 

while the sensitivity of neat SWNT film strain sensor was comparable to reported values 16. It is 

worth noting that the linearity was greatly improved with increasing GO, reaching a high 

coefficient of determination (R2) of 0.99 at a SWNT/GO ratio of 2:1. More importantly, the GFs 

of hybrid sensors with 30% pre-strain were much higher than those without pre-strains, and a 

remarkable maximum GF of 2000 was achieved when the SWNT/GO ratio was 2:1 with a linearity 

of R2=0.97, as shown in Figure 3c. Moreover, the WCBCN strain sensor (2:1) has a rapid response 

time, which is about 30 ms (Figure S10). The GF of WCBCN strain sensor is simultaneously 
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affected by the content of GO and SWNT. Because the GO is insulator, the increase of GO content 

results in higher GF and lower stretchability due to the decrease of the number of conductive paths. 

At the same time, the content of SWNT determines the connection efficiency of wrinkled pieces 

separated by cracks and the overall conductivity of SWNT/GO film. Therefore, the ratio of 

SWNT/GO is important for the performance of WCBCN strain sensor. As shown in Figure 3b, it 

can be deduced that the number of conductive paths and the connection efficiency of wrinkled 

islands separated by cracks reached the optimum state when the SWNT/GO ratio is 2:1, which 

shows a high GF of 2000. 

  The hybrid strain sensor showed excellent cyclic performance even at 100% strain (Figure 3d, 

e). The sensitivity of strain sensors depended on the maximum applied strain, according to Figure 

S11. The durability of the sensors was verified by stretching for more than 1000 cycles at 20% 

strain (Figure 3g). It is obvious that there were only negligible changes in relative resistance 

change after 1000 stretching cycles (Figure S12). The GFs and maximum sensing strains of 

various strain sensors fabricated with graphene and carbon nanotube films reported in the literature 

are compared in Figure 3f. It can be said that the CNT film-based strain sensors usually possess 

high stretchability but show low sensitivity, whereas the graphene film-based strain sensors have 

high sensitivity but present poor stretchability. These limitations occurring when each of CNT or 
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graphene film acted alone were overcome in this work where significant synergy was achieved by 

hybridizing SWNTs and GO to form a hybrid film with WCBCN. 

 

Figure 3. Characteristics of strain sensor. (a) Cycle performance of wrinkled rGO film strain 

sensor at a maximum strain of 2%; (b) Normalized resistance change at 100% strain of SWNT/GO 

hybrid film sensor without pre-strain; (c) Normalized resistance change at 100% strain of 

SWNT/GO hybrid film sensor with 30% pre-strain and the inset is enlarged image from 0-20% 

strain ; (d) Normalized resistance change, R/R0, at 100% strain; (e) Cycle performance at 100% 

strain for 5 cycles; (f) Comparison of gauge factors and maximum sensing strains of various strain 

(a) (b) (c) 

(d) (e) (f) 

(g) 
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sensors fabricated with graphene and carbon nanotube films reported in the literature; (g) Cycle 

performance at 20% strain for 1000 cycles. 

  To understand the underlying mechanism of the much-improved sensitivity and stretchability, 

the structural evolution of the SWNT/GO hybrid film with a SWNT/GO ratio of 5:1 was examined 

under different levels of strain (0-40%). The pre-stretched hybrid films contained quite uniformly-

distributed cracks throughout the film, as shown in Figure 4a. At the initial state of stretching, the 

wrinkles flattened, the cracks started opening, resulting in lowered conduction paths (Video S1). 

Upon further stretching, the width of vertical crack gradually increased and paralleled crack 

decreased due to Poisson effect as the applied strain increases, which is similar with the process in 

Figure 1b. More importantly, the numerous SWNTs bundles not only embedded in the separate 

SWNT/GO islands through the van der Waals interactions, they also bridged the crack openings 

to connect the islands (Figure 4b). These SWNTs sustained a high tension between the split islands 

in alignment inside the SWNT/GO film, mimicking the lotus fibers that connect the fractured lotus 

root (Figure 1a). This accounts for the exceptional stretchability of the hybrid films compared 

with neat rGO films. 

  A simple model is proposed to predict the resistance change behaviors of the hybrid sensor based 

on WCBCN structure. According to foregoing discussions, the cracks running parallel and 

transverse to the loading direction underwent different reactions when a uniaxial tension was 

applied. The average width, W1, of transverse cracks became larger than the initial width, W0. In 

contrast, the average width, d1, of paralleled cracks became smaller than the initial value, d0, owing 

to the Poisson contraction. Assuming that all the wrinkle slices had the same resistance as the 

cracks connecting them where the tunneling effect dominated the resistance change, an equivalent 

circuit model was proposed, as shown in Figure S13. Because the flattening of wrinkles at the 
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initial stage of tension had a negligible effect on their conductive paths, the resistances of wrinkled 

slices remained constant during stretching. Therefore, the total resistance, RTotal, of the hybrid 

sensor containing m rows and n columns of slices is given by:   

𝑅𝑡𝑜𝑡𝑎𝑙 =
𝑛

2𝑚
(4𝑅2 + 𝑅1 + 𝑅3)                                                                                        (1)                                                             

where R1 and R3 represent the resistances of transverse and paralleled cracks, respectively, and R2 

refers to one quarter of the resistance of one wrinkled slice. Because R1 and R3 are dominated by 

tunneling resistance, they can be derived from the Simmons’ equation: 

𝑅1 =
2𝑤ℎ2

3𝐴𝑒2√2𝑚𝑒𝜑
𝑒𝑥𝑝 (

4𝜋𝑤√2𝑚𝑒𝜑

ℎ
)                                                                               (2)             

𝑅3 =
2𝑑ℎ2

3𝐴′𝑒2√2𝑚𝑒𝜑′
𝑒𝑥𝑝 (

4𝜋𝑑√2𝑚𝑒𝜑′

ℎ
)                                                                             (3)            

where w and d are the tunneling distances of transverse and paralleled cracks, respectively. A and 

A’ are the conduction area; φ and φ’ are the potential heights from the Fermi level; me is the electron 

mass, e is the charge of electron and h is the Plank’s constant. Thus, the total resistance change, 

ΔR/R0, can be written by (with the detail given in supporting information): 

𝛥𝑅

𝑅0
= [𝐵𝑔(𝜀) + 𝐶𝑓(𝜀)] 𝜀2 + [𝐷𝑔(𝜀) − 𝐸𝑓(𝜀)]𝜀 + 𝑔(𝜀) + 𝑓(𝜀) + 𝐹                     (4) 

where B, C, D, E and F are the constants, ε is the applied strain. The details of g(ε) and f(ε) can be 

found in supporting information. 

  The relationship between the relative resistance change and structural change associated with 

flattening of wrinkles, crack opening and closing can be reasonably explained by the tunnelling 

model, Equation (4), which fits well the experimental curve (Figure 4c). Because linear constants 

dominate in the fitted equation, the linearity of WCBCN strain sensor is excellent. From a 

quantitative perspective, the main reason for the high sensitivity of the hybrid strain sensor is that 

the cracks in the WCBCN structure remain in the range of tunnelling resistance at the initial state, 
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which is sensitive to the tunneling distance. For other ratios of SWNT/GO WCBCN strain sensor, 

the model also can be applied. 

 

Figure 4. Mechanism of resistance change for WCBCN strain sensor under strain. (a) optical 

images of SWNT/GO hybrid film under different applied strains of 0%, 20% and 40%; (b) SEM 

images showing opened crack bridged by numerous SWNTs to give rise to high stretchability and 

schematic illustration of morphology change of WCBCN structure under tension; (c) Fitting of 

experimental curve of WCBCN strain sensor by tunneling model. 

  Taking advantage of the aforementioned outstanding sensitivity, excellent flexibility, broad 

working range, the applications of WCBCN strain sensors are demonstrated by detecting different 

kinds of human motions by attaching them on different body positions (Figures 5a). The WCBCN 

strain sensors are able to detect and distinguish the motions with different angles of arm and finger 

(b) (c) 

(a) 
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(Figures 5b-c), even very small motions of eyes (Figures 5d). The strain induced by neck motion 

also can be detected, which is possible to used to correct neck posture, as shown in Figure 5e. The 

yawns usually indicate people’s degree of fatigue, which may dangerously influence the driver’s 

status. The WCBCN strain sensor can be used to warn the driver of drowsiness by examining the 

characteristic pattern of collected signals, as shown in Figures 5f. When the WCBCN strain sensor 

is attached on the knee (Figure 5g), it is convenient to measure steps and monitor the frequency 

of jumping. 
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(a) (b) 

(c) 

(d) (e) 

(f) (g) 
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Figure 5. Applications of WCBCN strain sensors on human motions. (a) model of human body 

and positions strain sensors attached; (b-j) Monitoring of human motions, including arm (b), finger 

(c), eye(d), and neck (e) motions, yawn (f), and jump (g). 

  To further demonstrate the practical application of WCBCN strain sensor, the sensor outputs are 

implemented to autonomously control the cars in the virtual environment. Due to the high 

sensitivity of WCBCN strain sensor, the small strain induced by vibration of laryngeal prominence 

can be detected. As shown in the schematic diagram of the controller system in Figure 6a, two 

sensors are attached on the vocal cord and wrist respectively to record the subtle vibration strain 

and large joint bending deformation. Through connecting with a serial port control in Arduino, the 

physical signals of body motions are converted into the digital information in a real-time manner 

and then transferred into a terminal program in a computer. The gaming interface controller 

includes the speed adjustment and direction rotation. As the player produce a sound, the high 

voltage output from the movement of the vocal cord drove the model car to speed up, as shown in 

Figure 6b. The car stops moving when the voice is off. Similarly, the sensor on wrist joint 

commands the driving direction of the model car. In Figure 6c, the diverse bending states of the 

wrist, i.e., right, straight and left, generate different voltage signals, which are then mapped to the 

ration angle information. When the wrist is bent to the right, the sensor is in a compressed state 

and the conductive network is fully connected. The small resistance corresponds to 90° right 

rotation of the car model. As the wrist gradually recovers to the straight state and even bend left. 

The stretched sensing film leads to the large resistance increment and therefore the higher voltage 

which can command the car to go straight and turn left. The overall gaming control process could 

be found in Video S2 (Supporting information). 
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Figure 6. Wearable gaming controller application based on the WCBCN strain sensor. (a) 

Schematic illustration of the racing game controller system; (b) The collected signals from the 

voice enables the controlling of the car to speed up and stop; (c) The bending state of the wrist 

joint commands the car to perform corresponding actions including turning right, going straight 

and turning left. 

3. Conclusion 

(a) 

(b) 

(c) 
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  In summary, inspired by fractured lotus root, we developed a high performance WCBCN strain 

sensor based on SWNT/GO hybrid film. By optimizing the ratio of SWNT/GO, the level of pre-

strain and the film thickness, a balanced high performance with stretchability of 100%, GF of 2000 

and R2 > 0.97 is achieved. The high performance is mainly due to its unique structures including 

high density cracks and wrinkle slices with special bridged arrangement. It has been observed that 

the SWNT bundles inside cracks play an important role in connecting different wrinkle slices. A 

simple model is proposed to explain the experiment results by considering contact and tunneling 

resistance. The high performance of WCBCN strain sensor can be used to monitor human motions 

ranging from tiny to large motions, which can be implemented to play games in the virtual 

environment. This work represents a significant step towards the facile, low-cost, and scalable 

fabrication of ultra-sensitive and stretchable strain sensing devices using novel hybrid 

nanostructures with synergetic effects. The produced stretchable sensors may also be used in other 

emerging applications such as entertainment technology, robotics, and biomedicine. 

 

Experimental Section 

Synthesis of GO, rGO and SWNT/GO dispersion. To produce graphene at low costs, low 

temperature reduction will be performed to produce graphene with lateral dimensions from several 

to around a hundred micrometers based on our previous method.17 GO was first synthesized via 

the modified Hummers method using natural graphite (supplied by Asbury Graphite Mills). A 

typical SEM images of the obtained of GO is shown in Figure S1. rGO was further synthesized 

by using N2H4 as a reducing agent. A typical process involves mixing 5 ml GO dispersion 

(2mg/ml), 160 µl N2H4 solution (30%) and 320 µl NH3 followed by heating at 80℃ for 2 h to 

obtain well dispersed rGO solution. Sodium dodecyl sulfate (SDS) was used to disperse SWNT 
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(Chengdu organic chemicals co. LTD., Chinese Academy Science). A typical experiment involves 

mixing 20 mg SWNT, 200 mg SDS and 10 ml H2O. followed by tip sonication for 1h at 40% 

intensity. The SWNT/GO dispersion was prepared by mixing SWNT and GO Dispersion with 

different mass ratios. 

Fabrication of WCBCN Strain Sensor. Spontaneous buckling with periodic cracks orthogonal to 

the buckled pattern was achieved through a facile pre-strain-stick-release assembly. First, a highly 

stretchable silicone rubber substrate will be uniaxially stretched to a large strain. rGO, SWNT or 

SWNT/GO hybrid film was then deposited on filter membrane via vacuum filtration and transfer 

printing on pre-stretched PDMS substrate. To obtain good adhesion between the films and 

substrates, the pre-stretched PDMS rubber substrates was coated with uncured liquid PDMS (the 

pre-mixed but unpolymerized PDMS and curing agent) followed by full curing (12h) once the film 

was transferred. After that, the filter membrane was peeled off from SWNT/GO hybrid films. 

Releasing the substrate’s pre-strain formed delaminated buckling with periodic cracks due to the 

uniaxial compression. The formation of periodic cracks is mainly due to the Poisson’s ratio effect, 

which generates transverse tensile stress in response to the uniaxial compression of the substrate.  

Finally, copper wires will be glued to the two ends of the film with silver paste to form a strain 

sensor. A thin layer of poly(methyl methacrylate) (PMMA) will be spin coated to encapsulate the 

percolation film with the purpose of increase the durability. 

Fabrication of the gaming interface controller system. The data acquisition and analog-to-digital 

converter are through the Arduino chip (UNO REV3). The data are then transferred to the 

computer. The car racing game was built in the Unity. The connection of the data and controller 

of car speed and rotation direction was realized by game development programs that generated 

from source code.  
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Characterizations. An optical microscope (Olympus BX51M) and scanning electron microscopes 

(SEM, JEOL JSM-6390F) were used to characterize the surface and cross-section of rGO, SWNT 

and SWNT/GO films. The Raman spectra was obtained on a Micro-Raman spectrometer 

(Renishaw Micro-Raman/Photoluminescence System) using Ar ion laser (514.5 nm emission). 

The static and cyclic tensile tests of hybrid sensors were conducted on a universal testing machine 

(MTS Alliane RT-5) at cross-head speeds of 1mm/min. The resistances were monitored and 

collected simultaneously by a data logger (34970A Data Acquisition/Data Logger Switch Unit, 

Agilent). 
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