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ABSTRACT:

Flexible strain sensors have shown great application value in wearable devices. In 

the past decades, researchers have spent numerous on developing high stretchability, 

excellent dynamic durability, and large linear working range flexible strain sensors and 

shaped a series of important research results. However, the viscoelasticity of the elastic 

polymer is always a big challenge to develop a flexible sensor. Here, to overcome this 

challenge, we developed a novel self-repairing carbon nanotubes/ethylene vinyl acetate 

(CNTs/EVA) fiber strain sensors, prepared by embedding the CNTs in the surface of 

the swollen shape memory EVA fiber via the ultrasonic method. The CNTs/EVA fiber 

strain sensors responded significant result which has high stretchability (190% strain), 

large linear working range (up to 88% strain), excellent dynamic durability (5000 

cycles), and fast response speed (312 ms). In addition, the permanently damaged 

conductive network of the strain sensors, caused by the viscoelasticity of elastic 

polymer, can restore above the transforming temperature of the shape memory 

CNTs/EVA fiber. Moreover, the performance of the restored strain sensors was almost 

as same as that of the original strain sensors. Furthermore, terms of human health 

monitoring tests show that the CNTs/EVA fiber has a broad application prospects for 

human health monitoring in wearable electronic devices.

KEYWORDS: strain sensors, self-repairing, large linear working range, carbon 

nanotubes, ethylene vinyl acetate fiber
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1. INTRODUCTION

The wearable devices have attracted great attention with the gradual popularization 

of smart products. As the important component of wearable equipment, flexible strain 

sensors have a great application value in electronic skin, (1-3) human movement 

monitoring, (4-7) human-machine interaction, (8-9) smart textile. (10) To meet the 

requirements of large recoverable deformation and flexibility simultaneously, flexible 

strain sensors are generally composed of two units of elastic polymer and conductive 

fillers. The elastic matrix gives the sensors high stretchability and durability. Currently, 

commonly used elastic substrates mainly include polydimethylsiloxane (PDMS), (4,11) 

copolyester (Ecoflex), (12-13) and thermoplastic polyurethane (TPU). (7,14) The 

conductive fillers used in flexible sensors mainly include carbon-based fillers, 

conductive polymers, and metal nanowires. (2,15-19) Among these conductive fillers, 

the CNTs have excellent electromechanical properties and their usually in a state of 

entanglement and bending and the generation of tensile cracks will be reduced to a 

certain extent after the formation of flexible devices so that the sensors have a broader 

strain sensing range, which is very adaptive for preparing stretchable flexible strain 

sensors.

The dynamic durability of flexible strain sensors is an important characteristic of 

flexible strain sensors because it determines the service life of the strain sensors. In 

most cases, the deterioration of durability is mainly related to the irreversible 

deformation of the elastic substrate, the structure of the conductive network, and the 

weak bonding force between the elastic substrate and the conductive fillers. Currently, 
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the commonly used elastic polymers matrix (PDMS, Ecoflex, PET, TPU) has an 

inevitable defect of viscoelasticity, the flexible strain sensors will inevitably appear 

partially irreversible after underwent multiple cycles of stretching-relaxation due to the 

viscoelasticity of the elastic polymers, which will be a massive challenge to the 

dynamic durability and stability of the sensors. Moreover, this irreversible deformation 

will aggravate with the increase of the number of cycles and lead to the failure of the 

sensors, which dramatically shortens the service life of the strain sensors. (20-21) Wang 

et al. designed a new flexible strain sensor based on TPU electrospun fibrous mats and 

reduced graphene oxide (RGO), which found that the RGO/TPU strain sensor had 

undergone 6,000 stretching-releasing in the 0-50% strain range. The peak value of the 

relative resistance gradually attenuated as the number of cycles increased. It shows that 

the dynamic durability of the RGO/TPU strain sensors performance is poor, which 

limits its application in wearable equipment. (7) Huang et al. prepared the CNTs/TPU 

conductive foam with porous oriented structure and the relative resistance value 

gradually decayed as the number of cycles increased in the multiple cycles 

compression-releasing process. The dynamic durability of the CNTs/TPU conductive 

foam during cyclic compression-releasing was prominently deteriorated. (22) Therefore, 

it is indispensable to prepare flexible strain sensors with a self-repairing function to 

repair the failure of the sensor caused by fatigue damage and viscoelasticity. Currently, 

the self-repairing mechanism of flexible strain sensors mainly relies on dynamic 

(reversible) covalent/non-covalent bonds to achieve self-repairing function. (23-27) 

However, the feasibility of application in wearable electronic devices is hindered by 

such defects as complicated repair process, long repair time, and low repair efficiency. 
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Therefore, this is an urgent need to prepare flexible strain sensors with a simple repair 

process, quick repairing, and high repair efficiency. In recent years, shape memory 

polymers (SMPs) have been used in sensors, smart textiles, self-repairing, and artificial 

muscles due to their excellent elasticity, large deformation, and simple manufacturing 

process. (28-33) Compared with shape memory film and shape memory foam, shape 

memory fiber (SMPFs) have better recovery stress, faster response speed, more 

excellent mechanical properties, (34-37) lightweight, smaller size, and stitchability, 

which momentously enhances the function of SMPs. (38-39) In SMPFs, commercial 

semi-crystalline EVA has low cost, good elasticity and is easy to process into the fiber. 

Previous studies have shown that EVA with crystalline and cross-linked structure has 

the role of melt-induced shrinkage (MIC) under constant and unstressed conditions, 

which provides the impetus for the self-repairing of SMPFs and the conductive network 

destroyed by viscoelasticity will be restored after thermal treatment. (40-43) Therefore, 

a flexible fiber strain sensor with shape memory performance is one of the ideal choices 

in a new generation of wearable devices.

Another reason for deteriorating the dynamic durability of the flexible strain 

sensors is the weak adhesion between the elastic matrix and the conductive fillers. The 

researchers used coating method to prepare flexible strain sensors. (44-47) Although the 

strain sensors prepared by the coating method have high conductivity and stretchability 

due to functional distributed conductive filler on the polymer surface, the repeatability, 

and dynamic durability of the strain sensors unable to meet the needs of long-term work 

due to weak binding force between elastic polymer surface and conductive fillers. The 

interface peeling of the conductive filler on the surface of the conductive composite 
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material often occurs, which will seriously affect the response of the sensing signal of 

the strain sensors during the cyclic stretching-relaxing. Therefore, it is still challenging 

to prepare a comprehensive performance flexible strain sensors with excellent dynamic 

durability and stability. Recently, the embedded structure is considered to be an 

effective way to obtain flexible strain sensors with excellent property. (48-50) In 

embedded structure, a perfect conductive network can be formed on the surface of the 

elastic polymer even at low conductive filler content because conductive fillers are 

anchored and uniformly embedded in the surface of the elastic polymer. Gu et al. 

prepared the CNTs-embedded Ecoflex strain sensor with excellent dynamic durability 

(cycle test of 13000) and good conductivity with CNTs content of only 0.52 wt%. (51) 

Therefore, the inherently high elasticity of the elastic polymer substrate can be retained 

and resulting in high stretchability and recoverability. Moreover, the embedded 

structure makes the elastic substrate and conductive filler strongly combined, which 

endows the strain sensors excellent stability and dynamic durability.

On the other hand, high linearity is an important indicator to evaluate the excellent 

performance of strain sensors. High linearity means that the signal of the strain sensors 

will have the same response when the same strain is applied, which is accommodating 

for the calibration process and circuit design of the entire sensors system. It can be 

known that the electrical response performance of sensing materials caused by the 

change of its resistance under external strain. In the case of large deformation, the 

conductive network of the strain sensors will crack, break, or even damage, resulting in 

significant changes in the output signal. Therefore, flexible strain sensors are difficult to 

maintain high linearity over an extensive strain range. There are several strategies to 
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improve the linear range of strain sensors. (6) The linear working range of 

graphene-based strain sensors is very narrow (about 2%). Yang et al. dropped a mixed 

solution of graphene oxide and silver nanoparticles uniformly dispersed on a PDMS 

substrate to prepare strain sensors and the linear working range of the strain sensors was 

only increased to about 8%. (4) Therefore, it is still a challenge to achieve a large 

working range and high linearity simultaneously.

In this paper, we use the shape memory EVA fiber as the elastic matrix and CNTs 

as conductive fillers to obtain the CNTs/EVA fiber strain sensors with embedded 

structure by the swelling-ultrasonic method. The morphology, mechanical property, 

sensing performance, shape memory property, and self-repairing functions of the 

CNTs/EVA fiber strain sensors were investigated in detail. Moreover, the human 

monitoring of the flexible strain sensors was systematically studied and discussed. 

Besides, the sensing mechanism of the CNTs/EVA fiber strain sensors was also 

described by the evolution of conductive networks. 

2. EXPERIMENTAL SECTION

2.1. Materials. EVA with a vinyl acetate content of 30 wt%, triallyl 

isocyanurate (TAIC, contains 500 ppm BHT stabilizer), benzophenone (BP, 99 wt%), 

xylene (99 vol%), N, N-Dimethylformamide (DMF), and Carboxylated (-COOH) CNTs 

(C139835, diameter=20-30 nm, length=10-30 μm) was purchased from Aladdin 

Reagent, China. All the chemicals were used as received.

2.2. Preparation of EVA Fiber. The fabrication process of the pure EVA 

fiber was shown in Figure 1a. EVA, TAIC, and BP were mixed at a mass ratio of 90: 5: 
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5. The temperatures of the extruder heating zone were set to 85 °C, 90 °C, 95 °C and 

100 °C. Then, the mixture is melt-extruded by a micro twin-screw extruder. (SJSZ-10A, 

Wuhan Ruiming, China) and the EVA fibers are collected by collecting rollers. EVA 

fiber was separated from the collecting roller and irradiated under UV lamp for 3 h.

2.3. Preparation of CNTs/EVA Fiber Strain Sensors. The fabrication 

process of the CNTs/EVA fiber strain sensors were illustrated in Figure 1b. Firstly, 

EVA fiber was soaked in 100 mL xylene solution at 40 °C for 30 min. Because of the 

diffusion of xylene into EVA fiber, the volume of EVA fiber increased dozens of times. 

Subsequently, 100 mg (-COOH) CNTs were dispersed in a mixed solution of 20 mL 

DMF and 80 mL deionized at a temperature of 0 °C and sonicated for 10 min by probe 

ultrasonic machine. And then we got a homogeneous CNTs solution. The swollen EVA 

fiber was immersed in the homogeneous CNTs solution under ultrasonic for 10 min. 

Then, the CNTs/EVA fiber was rinsed several times with deionized water to remove not 

well adhered CNTs. The volume of CNTs/EVA fiber returned to its original size after 

drying in the air for 24 h at room temperature. The copper sheet was bonded to two ends 

of the CNTs/EVA fiber and the distance between the two ends of the electrode was 20 

mm.
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Figure 1. (a) Schematic illustration of the fabrication process of pure EVA fiber. (b) 

Schematic illustration of the fabrication process of CNTs/EVA fiber.

2.4. Characterization. The surface and cross-sectional SEM images of the 

sample were observed using scanning electron microscopy (FE-SEM). The mechanical 

properties of the pure EVA fiber and the CNTs/EVA fiber were tested by the 

multifunction tensile tester (KES-G1, Kato Tech Co, Japan) at 10 mm/min.

The current (I)–voltage (V) relationship was investigated by using RST5200 

electrochemical workstation. The electrometer (Keithley 6514) was combined with the 

multifunction tensile tester to record the real-time resistance of the CNTs/EVA fiber in 

the tensile state. The sensitivity of CNTs/EVA fiber strain sensors were evaluated by 

the gauge factor (GF), as shown in the following formula: GF= ((R-R0)/R0)/ε, where R is 

the resistance under stretching, R0 is the initial resistance, and ε is the applied strain.
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The thermal characteristics of the pure EVA fiber and the CNTs/EVA fiber were 

evaluated by differential scanning calorimetry (DSC Q2000, TA Instruments, America) 

and thermogravimetric analysis (TGA Pyris 1, Perkin Elmer, America). The shape 

memory effect of the CNTs/EVA fiber was tested by the thermomechanic analyzer 

(TMA Q400, TA Instruments, America) in the stretched mode. According to the 

thermo-mechanical test results, two main parameters for quantitatively characterizing 

the shape memory property of samples can be obtained through the following formulas 

(1) and (2): shape fixity ratio (Rf) and shape recovery ratio (Rr) used to quantify the 

memory capacity of the temporary shape and the recovery ability of the permanent 

shape, respectively.

（1）𝑅𝑓 =
𝜀𝑢𝑛𝑙𝑜𝑎𝑑 ― 𝜀𝑖𝑛𝑖𝑡𝑎𝑙

𝜀𝑙𝑜𝑎𝑑 ― 𝜀𝑖𝑛𝑖𝑡𝑎𝑙
× 100%

（2）𝑅𝑟 =
𝜀𝑢𝑛𝑙𝑜𝑎𝑑 ― 𝜀𝑟𝑒𝑐

𝜀𝑢𝑛𝑙𝑜𝑎𝑑 ― 𝜀𝑖𝑛𝑖𝑡𝑎𝑙
× 100%

In equations (1) and (2), εunload is the strain after the stress is removed from the sample, 

εinital is the initial strain with the thermal history removed, εload is the maximum strain of 

the sample after the stress is applied, and εrec is the strain of the sample after reheating 

and shape recovery. In terms of human motion monitoring, the CNTs/EVA fiber strain 

sensors were directly adhered to the surface of the skin by medical tape to monitor the 

relative resistance under different motion states.

3. RESULTS AND DISCUSSION

3.1. Morphology.

Figure 2 shows the surfaces and cross-section SEM images of the pure EVA fiber 

Page 10 of 44

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

and the CNTs/EVA fiber. As shown in Figure 2a-c, the surface and cross-sectional of 

the pure EVA fiber is smooth. The CNTs are well distributed on the EVA fiber surface 

and the surface of the CNTs/EVA fiber is crumpled after swelling-ultrasonic treatment 

(Figure 2d-e). We can see some CNT embed in the surface of the EVA fiber (solid red 

cycle in Figure 3f) and some CNT in semi-insertion state, one end of the CNTs insert 

into the substrate or entangle with other CNTs, and the other end of CNT is exposed 

(red dotted red circle in Figure 3f). According to cross-sectional SEM images of the 

CNTs/EVA fiber (Figure 2g-2i), the EVA fiber is well covered with layer of CNTs, and 

the CNTs are compactly combined with EVA fiber (Figure 2i), which can be known 

from Figure S1 and the ultrasonic mechanism. (7,52) The three-dimensional conductive 

pathways are observed on the surface of the CNTs/EVA fiber. It is shown that the 

conductive network of the CNTs/EVA fiber is composed of two parts. The first is 

composed of CNTs on the surface of EVA fiber overlapping each other and the second 

consists of CNTs embedded in EVA fiber. The anchoring effect of the embedded 

structure makes the CNTs network have the same deformation as the EVA fiber 

substrate, which creates outstanding recoverable deformed conductive network of the 

CNTs/EVA fiber. This laid the foundation for the stability and excellent dynamic 

durability of the CNTs/EVA fiber.
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Figure 2. SEM images of the pure EVA fiber and CNTs/EVA fiber. (a-b) Surface 

morphologies of pure EVA fiber. (c) Cross-section morphologies of pure EVA fiber. 

(d-f) Surface morphologies of CNTs/EVA fiber. (g-i) Cross-section morphologies of 

CNTs/EVA fiber.

3.2. Mechanical Properties.

Figure 3a-d shows that the CNTs/EVA fiber has excellent deformability. The 

mechanical properties of the sample are the critical factor in application of the strain 

sensors. It is seen from Figure 3e-f, the pure EVA fiber and the CNTs/EVA fiber have 

similar mechanical behavior. Besides, both have an enormous elongation at break and 

high tensile strength. Compared with the pure EVA fiber, the tensile strength and the 

elongation at break of the CNTs/EVA fiber improved slightly. On the one hand, the 

thickness of the CNTs layer is very small compare with the radius of the EVA fiber (as 

shown in Figure 2g-h). On the other hand, there are only small parts of the CNTs 
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embedded in the EVA fiber, and almost CNTs are entangle with each other on the 

surface of the EVA fiber (as shown in Figure 2f). Therefore, the CNTs layer has a little 

effect on the mechanical reinforcement of the EVA fiber. The mechanical properties 

and deformability of the CNTs/EVA fiber provide a guarantee for its application in 

wearable electronics.

Figure 3. (a-d) Photographs of CNTs/EVA fiber at different states. Mechanical 

performances of pure EVA fiber and CNTs/EVA fiber: (e) stress-strain curves. (f) 

tensile strength and elongation at break.

3.3. Electrically conductive property and stability of CNTs/EVA fiber.

As can be seen from Figure 4a, the conductivity of the CNTs/EVA fiber gradually 

increased with the extension of the ultrasonic time. This can be explained that the 
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number of CNTs embedded in the EVA fiber increases, increasing the conductive path 

and conductive network more perfect. The electrical conductivity of the CNTs/EVA 

fiber change is not apparent when the ultrasonic time exceeds 10 min, showing perfect 

and steady conductive networks had been formed, and increasing the ultrasound time 

will hardly affect the conductivity. Therefore, the CNTs/EVA fiber with ultrasound for 

10 min was selected for sensors performance study. The steady and high conductivity of 

the CNTs/EVA fiber helps them to output stable signal as strain sensors.

In order to study the stability of the bonding between CNTs and EVA fiber, the 

CNTs/EVA fiber was placed in deionized water for ultrasonic treatment and compares 

the clarity of the DI water before and after 5 min treatment, then dried at room 

temperature for 12 h to measure electrical conductivity. After the CNTs/EVA fiber was 

sonicated in deionized water for 5 min, the deionization was still very clear, which 

showed that there was not a large amount of CNTs falling off the EVA fiber and 

confirms the strong adhesion between CNTs and EVA fiber (as shown Video 1). It can 

be seen from Figure 4b that after 30 minutes of ultrasound, the relative conductivity of 

the CNTs/EVA fiber only increased by 15.89%. When the ultrasonic time exceeds 

30min, the relative conductivity of the CNTs/EVA fiber is hardly affected by the 

ultrasonic time, indicating that strong bonding between CNTs and EVA fiber and this is 

of great significance to the excellent dynamic durability of the CNTs/EVA fiber, which 

can be explained by the mechanism of ultrasound.

The CNTs content of the CNTs/EVA fiber and the fiber thermal stability were 

investigated by TGA. The following relationship exists in the thermal decomposition 
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process. 

（3）mg + mp = mt

（4）mg + 𝑎 ∙ mp = 𝑏 ∙ mt

（5）wg =
mg

mt
=

𝑏 ― 𝑎
1 ― 𝑎

In equations (3), mg and mp represent the weight of CNTs and EVA fiber in the 

CNTs/EVA fiber, respectively. The total weight of the CNTs/EVA fiber is mt. a and b 

represent the residual weight percentage of the pure EVA fiber and the CNTs/EVA fiber 

after thermal decomposition, respectively. According to equations (5), the weight 

fraction wg of CNTs in the CNTs/EVA fiber can be calculated. As shown in Figure 4c, 

when the EVA fiber and the CNTs/EVA fiber were degraded at 700 °C, the weight 

fraction of the residual material was 0.526% and 1.892%, respectively. Substitute it into 

the equations (5) and wg is calculated as about 1.37 wt%. In addition, the TGA curve of 

the CNTs/EVA fiber shifted toward to the high-temperature region compared with the 

pure EVA fiber and the temperature of the maximum thermal weight loss rate increased 

from 495.4 °C to 503.5 °C (Figure 4d), indicating that the embedding of CNTs 

enhanced the thermal stability of the EVA fiber. Similar phenomena have been reported 

in other conductive polymer composites. (53) The excellent distribution of CNTs in the 

surface of EVA fiber and the strong adhesion between the CNTs and the substrate of 

EVA fiber is crucial to improve the thermal stability. The CNTs hit the EVA fiber with 

high energy and breakneck speed during ultrasonic treatment. Besides, the EVA fiber 

softened or melted at the impact site, so that the CNTs was tightly and firmly attached 

to the EVA fiber, and finally formed a conductive fiber with strong interaction 
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embedded structure.

Figure 4. (a) The conductivity of CNTs/EVA fiber with different ultrasonic time of 

swollen EVA fiber in the uniformly dispersed CNTs solution. (b) The conductivity of 

CNTs/EVA fiber with different ultrasonic times in deionized water. (c-d) TGA curves 

of pure EVA fiber and CNTs/EVA fiber.

3.4 Strain Sensing Behavior.

The strain sensing property of the CNTs/EVA fiber will be evaluate, which can be 

seen from Figure 5a, the relative resistance of the CNTs/EVA fiber increases with 

increasing the applied strain and the relative resistance is typically correlated with the 

strain in the range of 0-190%. In uniaxial stretching, the CNTs must maintain the same 

deformation as the EVA matrix, increasing in the distance between the CNTs and a 

reduction in the area of the area where the CNTs overlap each other, which causes the 
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relative resistance of the CNTs/EVA fibers to increase. Besides, the CNTs conductive 

network is destroyed when the strain reaches 190%, which can be explained by the fact 

that the CNTs/EVA fiber have broken at 190% strain. This unique relationship between 

strain and relative resistance can be beneficial in distinguishing external strain. In order 

to further investigate the performance of the CNTs/EVA fiber strain sensors, the GF is 

used to evaluate the sensitivity of strain sensors. It can be seen from Figure 5a, the 

strain sensing range can be divided into two stages. In the first stage (0-88% strain), the 

relationship between relative resistance and strain exhibits an ideal linear relationship 

(R2=99.5%), which is of great help to the calibration process and circuit design of the 

entire sensing system. The GF in the second stage (88-190% strain) is much larger than 

that of the GF in the first stage, indicating that the CNTs conductive network was more 

severely destructed than the first stage. Our CNTs/EVA fiber strain sensors exhibit high 

sensitivity (33.29) and extensive linear strain range (190%). The CNTs are anchored on 

the surface of the fiber and can only be deformed together with EVA fiber so that GF is 

highly stable over the full range.

The schematic of relative resistance change of the CNTs/EVA fiber is illustrated in 

Figure 5b, the conductive network of the CNTs/EVA fiber is composed of two parts of 

CNTs (conductive network of CNTs embedded in EVA fiber and conductive network of 

semi-inserted CNTs on the surface of EVA fiber). In the unstretched state, CNTs are 

tightly connected like islands to form a perfect conductive network (Figure 5c). As the 

fiber is stretched, its diameter shrinks. CNTs not only shrink in the transverse direction, 

but also oriented along the stretching direction. However, the degree of orientation of 

CNTs along the stretching direction is greater than the contraction in the transverse 
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direction. Therefore, from the overall effect, the separation of the island-shaped CNTs 

on the surface of the CNTs/EVA fiber in the vertical stretching direction and the CNTs 

produce distinct orientation along the stretching direction under 90% strain, resulting in 

clearly visible groove-lines in Figure 5d. This further shows that the CNTs are firmly 

anchored to the EVA fiber surface, because CNTs must be oriented along the stretching 

direction as the EVA fiber deforms. And this phenomenon is consistent with the 

schematic diagram shown in Figure 5b. Meanwhile, when the strain reaches about 90%, 

the orientation of the CNTs on the EVA fiber surface reaches the maximum and it can 

be seen from Figure 5e that many broken hooks appear on the groove-line along the 

orientation direction, which causes a sudden change in the conductive network. 

Therefore, the relative resistance has a sudden change in Figure 5a. The above reasons 

cause the relative resistance to increase with strain. More interestingly, the resistance is 

almost completely restored due to the embedded structure and good elasticity of the 

EVA fiber after removing stress.

To evaluate the long-term dynamic durability of the CNTs/EVA fiber strain 

sensors. The CNTs/EVA fiber was subjected to cyclic stretching-releasing test under 

30% strain at 100 mm/min for 5000 cycles. It can be seen from Figure 5f, the 

CNTs/EVA fiber continues to output a stable relative resistance response. The inset 

figure of Figure 5f shows that the relative resistance cannot fully recovered in the first 

few cycles due to the viscoelasticity of the CNTs/EVA fiber. However, after several 

destructions and reconstructions of the conductive network, the relative resistance of 

CNTs/EVA fiber tends to be stable, indicating that the CNTs/EVA fiber has excellent 

dynamic durability and repeatability. These characteristics are caused by the embedded 
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conductive network formed by the strong interaction between CNTs and EVA fiber and 

the excellent elasticity of the CNTs/EVA fiber.

Figure 5. (a) The relative resistance change of CNTs/EVA fiber strain sensors vs strain. 

(b) Illustration of the mechanism of CNTs/EVA fiber conductive network changes at 

the stretched state and unstretched state. (c) SEM image of CNTs/EVA fiber in 

unstretched state. (d-e) SEM image of CNTs/EVA fiber under 90% strain. (f) Cyclic 

stretching-releasing of CNTs/EVA fiber sensors under 30% strain at 100 mm/min for 
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5000 cycles. The insets in (f) show enlarged plots of 1-10 cycles, 1330-1340 cycles, and 

4660-4670 cycles, respectively.

Figure 6a shows the stability of dynamic resistance of the CNTs/EVA fiber, which 

was tested by cyclic stretching-releasing under different strains (5, 10, 20, 30, 40, and 

50%) at 30 mm/min. The signal response of the CNTs/EVA fiber is consistent under the 

same strain, which is because the conductive network of the CNTs suffered the same 

degree of damage at the same strain. The maximum value of the relative resistance of 

the CNTs/EVA fiber increases with the increasing strain, which is due to reduced 

contact points and increased distance between CNTs. This characteristic endows the 

CNTs/EVA fiber the ability to monitor different actions, which is an essential feature in 

practical application.

The relationship of the strain and relative resistance versus time at a range of 

0-60% is shown in Figure 6b. The relative resistance and the cyclic strain curves almost 

completely match during the cyclic stretching-relaxing process. The relative resistance 

returns to the original value when the stress is removed, which confirms that the relative 

resistance is reversible and repeatable during the cyclic stretching-relaxing. Besides, the 

instantaneous synchronous curve of relative resistance with strain indicates that the 

CNTs/EVA fiber strain sensors have a faster response to the external strain, ensuring 

simultaneous monitoring of deformation. Moreover, as shown in Figure 6c, the 

CNTs/EVA fiber was tensile tested at different tensile rates in 30% strain. The 

resistance increased during the loading process and recovered well during the unloading 

process because of the embedded structure of the CNTs/EVA fiber (Figure 2f). 
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Interestingly, the maximum value of the relative resistance remains stable and consistent 

under different tensile rates. It is shown that the change of relative resistance of the 

CNTs/EVA fiber strain sensors is only related to the strain but hardly affected by the 

tensile rate, which is beneficial to obtain reliable response signal under different 

external stimuli.

Figure 6. (a) The relative resistance changes of CNTs/EVA fiber with different strains 

at 30 mm/min. (b) The strain and relative resistance vs time between 0 and 60% strain at 

100 mm/min. (c) The relative resistance change of CNTs/EVA fiber under 30% strain at 

a tensile rate of 5, 10, 20, 40, 80, and 100 mm/min.

Furthermore, as shown in Figure 7a, the CNTs/EVA fiber is applied to a strain 

from 0% to 35% and then to 0% in 5% increments. The relative resistance gradually 

increases due to the separation between CNTs and the reduction of contact points when 

the applied strain increases. The relative resistance of the strain sensors has a small 

attenuation during the residence period. This is because the destruction of the CNTs 
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conductive network stop immediately and the reconstruction of the CNTs conductive 

network still exist when the CNTs/EVA fiber is maintained at a particular strain so that 

the relative resistance value has a slight drop. However, the reconstruction of the CNTs 

conductive network ceased with time and the relative resistance decreased slightly and 

tended to stabilize. Similar phenomena have been reported in other flexible strain 

sensors. (54) The CNTs contact joint is rebuilt and the relative resistance is restored 

when the strain is released from 35% to 0% due to the unique embedded structure and 

good elasticity of the EVA matrix. Consistent and continuous response curves show the 

CNTs/EVA fiber with excellent stability and recoverability is suitable for human health 

monitoring.

The static resistance stability of the CNTs/EVA fiber under different strains was 

studied. Figure 7b shows the I-V curves of the CNTs/EVA fiber under different strains. 

It can be observed that the CNTs/EVA fiber with different applied strain displays the 

good linear relationship between current and voltage in the interval from -1V to 1V, 

which proves that the CNTs/EVA fiber conforms to ohm law under different strains. In 

addition, with the increase of strain load, the slope of the obtained I-V curve gradually 

decreases, indicating that the resistance of the CNTs/EVA fiber increased 

monotonically with strain increasing. These results indicate that the CNTs/EVA fiber 

show excellent static resistance stability under different strains, which is a potential 

application in monitoring human movement.

Response time is another important index to evaluate the performance of the strain 

sensors. The CNTs/EVA fiber was stretched to a tiny strain (1% strain) in a high tensile 
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rate (500 mm/min) and maintained for 20 s, and then restored to its original position at 

the same rate as shown in Figure 7c. According to Figure 7d-e, the response time and 

recovery time of the CNTs/EVA fiber were 312 ms and 327 ms, respectively. The short 

response time can ensure that the strain sensors can accurately and quickly detect the 

response signal when it is stimulated by rapidly changing external movement, which is 

very important in practical applications. The strong combination of CNTs and EVA 

fibers in the embedded conductive network structure is beneficial to directly promote 

the CNTs network to change with the deformation of EVA fibers, which creates a fast 

response speed of the CNTs/EVA fiber.

Figure 7. (a) The relative resistance change of CNTs/EVA fiber vs strain from 0% to 

35% and then to 0% in 5% increments. (b) Current-voltage characteristic of CNTs/EVA 

fiber strain sensors curves under various strains (0, 20, 30, 50, and 100%). (c-e) 

Response time and relaxation time of CNTs/EVA fiber strain sensors.

3.5. CNT/EVA Fiber Viscoelasticity.
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Figure 8a shows the change in relative resistance is synchronized with the strain 

during stretching-releasing. Although the relative resistance cannot be restored to its 

original value after the stain returns to zero in the first cycle, the relative resistance will 

return to a valley value and achieve stability in subsequent cycles. The viscoelasticity of 

CNTs/EVA fiber caused residual strain (Figure 8e), which caused partial permanent 

damage to the CNTs conductive network. Therefore, the relative resistance cannot be 

completely restored to the original value in the first cycle (Figure 8b). Although 10% of 

the residual strain is retained during the first stress-strain cycle, the stress-strain 

hysteresis effect becomes weaker after the first cycle (Figure 8f-g), indicating that the 

network of the CNTs/EVA fiber has been adjusted and perfected after the first cycle 

tensile test. Eventually, the conductive paths tend to stabilize and the relative resistance 

can return to its original value (Figure 8c-d), which is beneficial to the practical 

application of the CNTs/EVA fiber.
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Figure 8. (a) The strain and relative resistance vs time between 0 and 60% strain at 100 

mm/min. (b-d) Curves of strain vs relative resistance of first, second and fifth cycles. 

(e-g) The stress vs strain curves of the first, second and fifth cycles.

3.6. CNTs/EVA fiber repairability.

The thermal properties of the CNTs/EVA fiber were investigated via DSC. As can 

be seen from Figure 9a, The CNTs/EVA fiber exhibited obvious melting and 

crystallization behavior, and the melting temperature (Tm) and crystallization 

temperature (Tc) are approximately 65.8 °C and 40.2 °C, respectively. The thermal 

repair performance of CNTs/EVA fiber depends on the melt-induced contraction of the 

Page 25 of 44

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



26

CNTs/EVA fiber under constant stress and stress-free conditions. Therefore, when the 

thermal repair temperature is slightly higher than Tm, the melting-induced contraction of 

the CNTs/EVA fiber will drive the recovery of the permanently damaged conductive 

network caused by viscoelasticity, thus achieving self-repairing function. In addition to 

studying the thermal properties of the CNTs/EVA fiber, the shape memory properties of 

the CNTs/EVA fiber were investigated by TMA in dynamic DMA mode (Figure 9b). 

The CNT/EVA fiber underwent six heating-cooling cycles at 0.15 MPa between 20 °C 

and 80 °C. The Rf and Rr for each heating-cooling cycle of the CNTs/EVA fiber were 

calculated. As can be seen in Table 1, the CNTs/EVA fiber has excellent shape memory 

performance in each heating-cooling cycle (both Rf and Rr are greater than 96%), which 

provides a theoretical basis for the self-repairing function of the CNTs/EVA fiber.

Firstly, the CNTs/EVA fiber underwent 1400 stretching-releasing cycles under 

60% strain at 100 mm/min. As can be seen from Figure 10a, the prepared CNTs/EVA 

fiber has excellent dynamic stability and repeatability. However, it can also be found 

that the CNTs/EVA fiber produces an irreversible deformation after underwent 1400 

cycles of stretching-releasing due to the viscoelasticity (Figure 10b-c). The 

conductivity of the CNTs/EVA fiber decreased from 2.650 S/m to 1.565 S/m, thus 

permanently destroying the conductive network. In order to evaluate the self-repairing 

function of CNTs/EVA fiber strain sensors, the CNTs/EVA fiber are placed in an oven 

at 70 °C for 5 min and then cooled to room temperature. It can be found that the 

irreversible deformation disappears and the electrical conductivity of the CNTs/EVA 

fiber returns to 2.646 S/m (Figure 10d). The self-repairing CNTs/EVA fiber underwent 

1400 cycles of stretching-releasing under 60% strain. From the Figure 10e, it can be 
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found that the self-repairing of the CNTs/EVA fiber not only have excellent dynamic 

stability and repeatability but also have the same relative resistance as the original 

CNTs/EVA fiber at 60% strain. This shows that the CNTs/EVA fiber has excellent 

self-repairing performance, the problem of the sensors failure caused by the 

viscoelasticity of the elastic polymer can be solved, which dramatically improves the 

service life of the flexible strain sensors. Moreover, the thermal repair of the 

CNTs/EVA fiber was subjected to cyclic stretching-releasing with different strains 

(5%-50%) at a rate of 30 mm/min. It can be seen from the Figure 10f that the relative 

resistance of the thermal repaired CNTs/EVA fiber under different strains is basically 

the same as the relative resistance of the original CNTs/EVA fiber, we also found that 

the mechanical properties and sensitivity of the thermal repaired CNTs/EVA fiber are 

almost the same as the original CNTs/EVA (as shown in Figure S2), further verify that 

the CNTs/EVA fiber has outstanding self-repairing performance. The method of using 

the CNTs/EVA fiber shape memory to achieve repair is not only simple, but also has 

high repair efficiency, paving the way for the application in wearable devices.

In order to vividly show the change of electrical resistance of the CNTs/EVA fiber 

during stretching, we used the CNTs/EVA fiber and LED in series to form a simple 

circuit (operating voltages 10 V). It can be found that the brightness of the LED was 

enormous in the original position (Figure 11a), which showed that the CNTs/EVA fiber 

could work normally at 10 V voltage. It can be found that the brightness of the LED 

gradually decreases when the tensile strain increased from 0% to 100% (Figure 11a-c). 

It was because the conductive network of the CNTs is gradually damaged as the tensile 

strain increases, resulting in a decrease in the brightness of the LED. More interestingly, 
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the brightness of the LED gradually increased and returned to the original brightness 

when the CNTs/EVA fiber was released from 100% to 0% (Figure 11d), indicating the 

reconstruction of the conductive network causes the resistance to return to the original 

value, which is consistent with the sensing mechanism (Figure 5b).

Figure 9. (a) DSC curves of CNTs/EVA fiber. (b) Shape memory property of 

CNTs/EVA fiber.

Table 1. Shape memory property of CNTs/EVA fiber

Cycles (N) Rf (%) Rr (%)

1 98.61 96.25

2 99.20 97.71

3 99.10 99.10

4

5

6

99.05

99.10

99.10

99.42

99.57

99.78
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Figure 10. (a) Cyclic stretching-releasing of CNTs/EVA fiber sensors under 60% strain 

at 100 mm/min for 1400 cycles. Digital images of CNTs/EVA fiber at different states: 

(b) the state of the original. (c) the state of after 1400 stretching-releasing cycles. (d) the 

state of after thermal treatment. (e) The self-repairing CNTs/EVA fiber strain sensors 

were subjected to 1400 cycles of stretch-release under 60% strain at 100 mm/min. (f) 

Relative resistance changes of the original and thermal repaired CNTs/EVA fiber with 

different strains at 30 mm/min.

Figure 11. (a-d) Photograph of LED corresponding to CNTs/EVA fiber in different 

strains .

3.7 Human motion monitoring

The CNTs/EVA fiber has the advantages of good flexibility, fast response speed, 

excellent dynamic durability, self-repairing function, and a large linear working range. 

It is greatly suitable for monitoring human movements. The application of the 

CNTs/EVA fiber strain sensors in human movement monitoring is shown in Figure 
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12a-f. In order to evaluate the application of the CNTs/EVA fibers strain sensors in 

human health monitoring, the CNTs/EVA fibers are directly attached to the skin 

through the medical tape to monitor human movement. As shown in Figure 12a, the 

relative resistance of the CNTs/EVA fiber strain sensors gradually increases with 

bending and the relative resistance recover to its original value when the finger joint 

returns to the straightened state. The sensing signal shows that it is almost synchronized 

with the movement of the finger joint. Figure 12b shows the monitoring of the flexion 

movement of the wrist with CNTs/EVA fiber adhered to the wrist. Compared with 

fingers, the wrist has less bending deformation, resulting in a smaller change in relative 

resistance. Besides, the CNTs/EVA fiber can be installed on the elbow to detect and 

distinguish flatting-bending movements (Figure 12c). The transition between the elbow 

flexion and the flat state produces a greater displacement, causing the relative resistance 

of the elbow flexion to be larger. Therefore, we can accurately track the finger joint, 

wrist, and elbow flexion by monitoring the relative resistance. These results show that 

the CNTs/EVA fiber strain sensors can accurately detect human motion monitoring and 

have great application prospects in wearable devices.

In addition to monitoring large movement at joints, the CNTs/EVA fiber strain 

sensors can also be used to monitor subtle movements such as mouse clicks and pulse 

beat benefiting from excellent piezoresistive performance in a small range of strain. The 

CNTs/EVA fiber strain sensors were attached to the finger. During the quick click of 

the mouse, the relative resistance of the sensors is also rapidly and accurately recorded, 

and it can be seen that the sensors show repeatable, stable, and synchronized click 

mouse action response (Figure 12d). If the CNTs/EVA fiber strain sensors were fixed 
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on the wrist, it could also monitor human pulse caused by blood pressure under normal 

conditions. It can be found that valuable physiological signals of heart rate are 

accurately recorded in real-time, and the heart rate of the test volunteers is 70 beats/min 

(as shown in Figure 12e). The CNTs/EVA fiber strain sensors can also display typical 

human pulse characteristic peaks and the three peaks correspond to P-wave, T-wave, 

and D-wave (Figure 12f). The above results confirm that the CNTs/EVA fiber strain 

sensors exhibit excellent repeatability and stability in human motion monitoring. The 

sensors can detect not only large movements such as joint movement, but also detect 

subtle human movements including mouse clicks and pulses, showing their extremely 

application potentials in wearable devices, health monitoring, and smart products.

Figure 12. The application in human health monitoring for CNTs/EVA fiber strain 

sensors. The changes of relative resistance of CNTs/EVA fiber strain sensors attached 

to (a) the finger, (b) the wrist, and (c) the elbow under bending. (d) Response curve of 

CNTs/EVA fiber strain sensors to mouse click. (e) Relative resistance of CNTs/EVA 

fiber strain sensors attached to the wrist to monitor the wrist pulse. (f) The enlarged 
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view of the red area in (e).

4. CONCLUSIONS

In summary, a novel core-shell structure CNTs/EVA shape memory fiber-based 

flexible strain sensors were prepared via the swelling-ultrasonic method. The CNTs 

embed in the EVA fibers and overlap each other to form a unique and perfect embedded 

conductive network of the sensors. The stretchability, linear working range, dynamic 

durability, and response speed of the sensors can reach 190%, 88%, 5000 cycles, and 

312 ms, respectively. Moreover, the permanently damage conductive network of the 

sensors caused by the irreversible deformation of the CNTs/EVA fiber after multiple 

stretching-relaxing cycles can be repaired by thermal treatment due to the excellent 

shape memory property of the cross-linked EVA fiber. The new type of self-repairing 

mechanism proposed in this work based on the shape memory effect of the polymer 

fiber endows the flexible strain sensors with fast repair and high repair efficiency. 

Furthermore, the CNTs/EVA fiber strain sensors can be used to monitor large 

movement at joints and subtle movements such as mouse clicks and pulse beats. 

Combine with other advantages: simple preparation, novel and efficient repair method, 

small size, lightweight, excellent flexibility, stitchability, and large-scale production, 

which demonstrated that the CNTs/EVA fiber strain sensors have wide application 

prospects in wearable devices.
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SUPPORTING INFORMATION

Figure S1: Schematic of the formation mechanism of CNTs/EVA fiber.

Figure S2: (a) Stress-strain curves of CNTs/EVA fiber before and after thermal repair. 

(b) Relative resistance change of the thermal repaired CNTs/EVA fiber strain sensors vs 

strain.

Movie 1: CNTs adhesion testing.
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