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Abstract: This study investigated the mechanical and sensing properties of ethylene-vinyl acetate 

(EVA)/carbon nanotubes (CNTs) composites in both film and fiber forms. The incorporation of aligned 

CNTs in the composite fibers possess improved mechanical properties and enhanced sensing 

performance compared to those of composite films with randomly dispersed CNTs. Thermogravimetric 

analysis revealed promising thermal stability, indicating potential applications for long-term usage. 

Cyclic tensile testing demonstrated that the fiber samples with better CNT alignment exhibit higher 

sensitivity, emphasizing the significance of CNT orientation in constructing an efficient conductive 

network for strain sensing. Considering the contribution of the CNTs' orientation along the measuring 

direction, a model contains modification parameters was proposed, where a master curve was given, 

revealing the ideal potential of the EVA/CNTs composite fiber with perfectly aligned CNTs. This work 

provides valuable insights into the influence of CNT alignment on the mechanical and sensing properties 

of EVA/CNTs composites. The results underscore the importance of optimizing CNT orientation for 

enhanced sensing performance in various engineering applications. 
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1. Introduction  
Carbon nanotubes (CNTs) have garnered significant attention in recent years due to their exceptional 

mechanical, electrical, and thermal properties [1-6]. The integration of CNTs into polymer matrices has 

promoted the development of novel composite materials with enhanced functionalities, making them 

become promising candidates for various engineering applications, including strain sensing [7-11].  

Among these composite materials, the combination of ethylene-vinyl acetate (EVA) copolymer and 

CNTs has shown great potential for various applications [12-18]. Firstly, due to its electromagnetic 

shielding properties and conductivity, the EVA/CNTs composite material can be utilized in the manu-

facturing of electronic devices, communication equipment, and aerospace components to effectively 

shield electromagnetic interference [12-14]. Secondly, through the utilization of its sensing capabilities, 

the EVA/CNTs composite material can be applied in the field of flexible sensors for monitoring pressure, 

tension, and other physical parameters, widely used in medical, health monitoring, and smart wearable 

devices [15, 16]. Furthermore, by adjusting the orientation of CNTs, control over the mechanical 

properties can be achieved, enabling shape memory or deformation capabilities, which can be applied 

in the fields of smart structures, aerospace, and adaptive materials [17, 18]. In summary, the EVA/CNTs 

composite material has potential applications in multiple fields, bringing innovation and benefits to 

industries such as electronics, sensors, smart materials, environmental monitoring, and energy storage. 

In this context, the orientation of CNTs in the composite materials are critical factors influencing 

their mechanical and sensing properties. The alignment of CNTs in the composite structure is known to 

enhance the mechanical strength and electrical conductivity. In EVA/CNTs composites, the CNTs can 

form conductive pathways along the direction of applied stress, leading to improved electrical response  

during deformation [15, 19 - 22]. Consequently, it becomes essential to investigate the effects of CNT 
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alignment on the mechanical and sensing performance of EVA/CNTs composites. 

To the best of our knowledge, few studies have focused on the impact of CNT alignment on the 

mechanical and strain sensoring behaviour of the EVA/CNTs composites. Therefore, in this study, we 

investigated two different forms of EVA/CNTs composite materials, which are composite films with 

randomly dispersed CNTs and composite fibers with highly oriented CNTs, in order to compare their 

behavior under different loading conditions. Mophological study and thermal analysis were performed 

to evaluate the dispersion of the CNTs and the thermal stability of the composites, respectively. The 

mechanical properties were also investigated, where a methemtical modelling considering the 

contribution of the CNTs' orientation along the measuring direction was suggested. To assess the strain 

sensing capabilities, the relative change in resistivity (RCR) value was employed, and its relationship 

with time was studied using a mathematical formula. The research results of this study will provide 

valuable insights into the design and optimization of strain sensors based on EVA/CNT composite 

materials. Understanding the impact of CNT alignment on the mechanical and sensing properties will 

facilitate the development of more efficient and reliable strain sensors for a wide range of applications. 

 

2. Materials and methods 
2.1. Preparation of EVA/CNTs composites 

The Ethylene-vinyl acetate (EVA) copolymer employed in this study was sourced as Elvax 265 from 

DuPont, possessing a vinyl acetate (VA) content of 28 wt.% and a melt flow index (MFI) of 3 at 

190ºC/2.16 kg. The carbon nanotubes (SWCNTs, Signis® SG65i) were supplied by Sigma Aldrich 

(Shanghai) Trading Co., Ltd., with a median length of 1 μm, and a diameter in average of 0.78 nm. Both 

the polymer granules and CNTs powder were subjected to vacuum oven drying at 60ºC for 48h to ensure 

complete removal of moisture.  

Subsequently, the designated proportion of the EVA and 2 wt.% CNTs were loaded into a 1-Liter 

kneader (KNEADER MACHINERY CO., LTD, Taiwan) at 60 rpm and 120ºC for 10 min. The blended 

composite was pelletized into granules, and stored in a dehydrated and oxygen-free environment for 

further experiment. For comparision, the neat EVA granules without CNTs were also kneaded and 

pelletized, which are named as k-EVA in this study.   

The EVA/CNTs granules were then prepared into composite films and composite fibers, respectively 

(Figure 1). The composite films with a thickness of 1 mm were prepared using a vacuum hot press 

(Zhengzhou Craftsman Machinery Equipment Co., Ltd, K-001) at a temperature of 110ºC and under a 

pressure of 500 N for 20 min. The obtained films were then cut into specimens of size 14 cm×1 cm for 

further mechanical testing. For the composite fibers, a a co-rotating twin-screw extruder (Leistritz 

Micro-18/GL-40D) operating at 60 rpm and 120ºC was utilized with a die of 2 m diameter. A spinning 

wheel was equipped in order to strech the melt filament into composite fibers with a diameter of 1 mm. 

Subsequently, these filaments were cut into 14cm long for mechanical evalation. Besides, the k-EVA 

granules as well as the virgin EVA granules (v-EVA) without any treatment were also prepared into the 

films and fibers using the same processing procedure above, respectively.  

 

 
Figure 1. Schematic depiction of the fabrication procedure 

to produce the EVA/CNTs film and fibers 
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2.2. Characterization of EVA/CNTs composites 

The fracture section and surface morphology of the EVA/CNTs composite membranes were 

examined using scanning electron microscopy (SEM, Carl Zeiss Microscopy, Germany) at an 

accelerating voltage of 10 kV. Before testing, the samples were sputter-coated with an ultrathin Au layer 

to enhance microstructural observation.  

Thermal degradation behavior of the EVA/CNTs composite as well as the neat EVA were determined 

using a Thermal Gravimetric Analyzer (TGA, Pyris 1, USA). The measurements were conducted under 

a nitrogen atmosphere with a temperature rise rate of 10 K/min up to 1000°C.  

The mechanical properties of EVA/CNTs composite were evaluated using a tensile testing machine 

(Shenzhen SUNS Technology Stock Co. Ltd, EUT5105), connected to a Keithley 6487 Pico-ammeter. 

All the EVA/CNTs composite specimens were securely clamped with insulated fixtures with a gauge 

length of 10 cm and stretched uniaxially at a speed of 2 mm/min until fracture, facilitating the correlation 

between input strain and measured resistance. Synchronous recording of mechanical properties and 

electrical behavior during the stretching process provides a comprehensive evaluation of the electro-

mechanical properties of the specimens. At least 5 specimens under each experimental condition were 

tested to ensure result reproducibility. 

 

3. Results and discussions 
3.1. SEM morphologies 

Figure 2 displays the morphology of the EVA/CNTs films and fibers, respectively. In Figure 2a, the 

SEM image of the EVA/CNTs composite film reveals a random orientation of CNTs dispersed 

throughout the EVA matrix. The CNTs appear to be distributed in various directions, without a specific 

alignment pattern. The composite membrane exhibits a homogeneous microstructure, and the CNTs are 

evenly distributed within the EVA matrix. In Figure 2b, however, a distinct alignment of CNTs is 

observed along the longitudinal axis of the fiber. This aligned configuration of CNTs indicates an 

anisotropic structure within the composite fiber, characterized by the preferential alignment of CNTs 

during the extrusion process. 

 

 
Figure 2. Morphologies of (a) the isotropic CNTs in EVA/CNTs composite 

films and (b) the aligned CNTs in EVA/CNTs composite fibers 

 

3.2. Thermal gravity analysis of the EVA/CNTs composites 

The thermal analysis results of the two samples, namely the neat EVA (v-EVA) and the EVA/CNTs 

granules, acquired from thermogravimetric analysis, are depicted in Figure 3. The thermal behavior of 

k-EVA prepared by the kneader exhibits substantial similarity with the v-EVA and is, therefore, not 

presented herein. 

Nevertheless, even for the EVA/CNTs with 2 wt.% CNTs loading, marginal deviations from the 

EVA are observed, suggesting that the melt mixing procedure and the selected CNTs particles exert 

minimal influence on the EVAs thermal behavior. Regarding the TGA results, both samples demonstrate 
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a single-step degradation pattern. Initial mass loss occurs within the temperature range of 420ºC to 

450ºC. During this stage, the heat flow rate remains relatively constant, indicating a gradual de-

composition process. The derivative mass curve exhibits a corresponding peak, indicating the maximum 

rate of mass loss during this step. Subsequently, the derivative mass curve displays a sharp peak, 

signifying a rapid rate of mass loss. The TGA results, along with the corresponding heat flow rate and 

derivative mass curves, offer clear insights into the thermal stability and decomposition behavior of both 

the neat EVA and the EVA/CNTs composite. 

 

 
Figure 3. a. TGA, b. DSC and c. DTG curve of the sample neat EVA and the EVA/CNTs 

 

3.3. Mechanical properties of the EVA/CNTs composite films and fibers 

The stress-strain curves of six specimens are shown in Figure 4a, and the detailed Young’s modules 

as well as the corresponding eloangation at break of all the specimen are shown in Figure 4b. It should 

be noted that: (1) Among all the three materials (EVA/CNTs composite shown in blue, v-EVA shown in 

yellow, k-EVA shown in red), the EVA/CNTs composite exhibits the highest strength and the lowest 

elongation at break, followed by the v-EVA, while the k-EVA displays the lowest strength and the 

highest elongation at break (2). For each material type, the strength of the fiber is consistently higher 

than that of the film. This phenomenon can be attributed to the melt spinning process. Under the action 

of shear forces during the melt spinning, both the polymer chains and internal CNTs tend to align along 

the spinning direction, thereby reinforcing the axial force transmission. In particular, the orientation of 

CNTs forms a nano-spring structure, effectively enhancing the axial load-carrying capacity.  

 
Figure 4. a) Stress-strain curve and b) comparison of Young's modulus and 

elongation at break of EVA/CNTs, v-EVA and k-EVA 
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Moreover, it is imperative to assess material durability and reliability under cyclic loading conditions 

to comprehensively evaluate the mechanical performance through cyclic tensile testing. The cyclic 

measurement results of the EVA/CNTs composite fibers, subjected to 20 cycles of stretching-recovery 

at a constant speed of 4mm/min up to a 2mm displacement, are depicted in Figure 5a, with the initial 

cycle highlighted in red. In each cycle's stress-strain curve, the area under the corresponding curves 

during both the stretching and recovery processes represents the energy required for each respective 

process. The difference between these integrated areas, which corresponds to the dissipated energy 

during the stretching and recovery processes, is illustrated in Figure 5b. Dissipated energy E refers to 

the energy converted into heat or other forms during the material's deformation and fracture processes 

(1). It serves as a quantifiable measure of the material's capacity to dissipate energy and endure repeated 

loading without experiencing catastrophic failure [23-25]. 

 

        𝐸 = ∫𝜎(𝑡)𝑑𝜖(𝑡) = 𝑆𝑠𝑡𝑟𝑒𝑡𝑐ℎ𝑖𝑛𝑔 − 𝑆𝑟𝑒𝑙𝑒𝑎𝑠𝑖𝑛𝑔                (1) 

 

 
Figure 5. a. The stress-strain curves of EVA/CNT composite fibers measured  

under cyclic loading conditions. b. The first cycle of stretching and releasing with the  

yellow region representing the dissipated energy (E). c. The relationship between 

 dissipated energy and the number of cycles for the six different specimens 

 

The Figure 5c presents the dissipated energy of the six specimens over 20 cycles, subjected to a strain 

up to 2%. For each specimen, the dissipated energy reaches its highest value in the first cycle, followed 

by a notable decline starting from the second cycle, eventually reaching a stabilized state. These 

observations suggest that all the specimens exhibit considerable potential for prolonged applications. 

Furthermore, within each cycle, the dissipated energy of the fibers decreases comparing with that of the 

films prepared using the identical material, attributable to the influence of shear stress on the molecular 

chains and the CNTs during the melt spinning process. Notably, the sample fiber with high orientation 

of carbon nanotubes exhibits the lowest dissipated energy. However, this is attributed to the spiral shape 
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of the carbon nanotubes, which tend to unwind during the sample's stretching process, thereby storing a 

portion of energy. This stored energy is subsequently released during the sample's recovery process, 

effectively playing the role of a nano-spring that stores latent energy.  

Despite the high orientation achieved by CNTs within the composite fiber, the average angle between 

the CNTs and the fiber axis direction <γ> is not zero. Therefore, for an accurate calculation of the 

dissipated energy E, one must take into account the contribution of CNTs along the fiber axis direction, 

as represented in equation 2: 

 

       𝐸𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 = 𝐸 ∙ 𝑐𝑜𝑠 < 𝛾 >                                    (2) 

 

For the hot-pressed EVA/CNTs film in this study, the orientation distribution of the CNTs was 

uniformly dispersed in the plane of the film, which is, randomly dispersed in the range of 360°. 

Therefore, the CNTs orientation between the direction of the melt spun fibers cos<γ> could be calculated 

using equation 3 [26, 27]: 

𝑐𝑜𝑠𝑓𝑖𝑙𝑚 < 𝛾 >=
∫ 𝑐𝑜𝑠𝛾∙𝑑𝛾
𝜋/2
0

∫ 𝑑𝛾
𝜋
0

=
1

𝜋
≈ 0.318              (3) 

 

Figure 6 shows the measured dissipated energy E of the EVA/CNTs film and fibers using hollow 

symbols in green and blue, respectively. Using the equation 2 and 3, the modified dissipated energy of 

the hot-pressed EVA/CNTs film with isotropic CNTs are presented in solid symbols, where all the CNTs 

are assumed to be totally aligned. Through interpolation adjustments, assuming a perfect orientation of 

CNTs within the EVA/CNTs composite fiber, the resulting value of cosfiber<γ> is obtained as 0.531. This 

indicates that CNTs within the composite fiber exhibit higher alignment along the extrusion direction of 

the composite fiber, and CNTs as nano-springs, their contribution relative to CNTs in films increases by 

approximately 67%. 

 

 
Figure 6. The measured dissipated energy of the EVA/CNTs  

films (hollow triangle in green) and fibers (hollow square in blue),  

the mastered modified dissipated energy considering the contribution 

 of the aligned CNTs (solid symbols) using equation 2 

 

3.4. Strain sensing behavior of the EVA/CNTs composite films and fibers 

Figure 7a presents the correlation between the relative change of resistance (RCR value) and strain 

in the EVA/CNTs composite films and fibers in green and blue, respectively. The sensitivity coefficient 
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of a sample can be expressed as the Gauge Factor (GF), which signifies the change in resistance 

concerning the applied strain. The GF is defined as the ratio of the relative resistance to the applied strain 

and serves as a measure to determine the sensor's sensitivity. Typically, GF is dependent on the strain 

and can be calculated as follows [28-30]: 

 

                                                          𝑮𝑭 =
𝒅(𝑹𝑪𝑹)

𝒅𝜺
=

𝒅[(𝑹𝒕−𝑹𝟎)/𝑹𝟎]

𝒅𝜺
                                                     (4) 

 

As indicated in Figure 7a, the maximal GF of the EVA/CNTs films and fibers are obtained as 74.3 

and 362.5, respectively. From a physics perspective, GF is determined by the degree of nanoparticles 

dispersion under the same tensile distance, which corresponds to the level of disruption in the constructed 

conductive network. Therefore, for isotropic CNTs within the film, stretching merely results in the 

separation of particles in the stretching direction, with little impact on the network deformation in other 

dimensions. However, for the better-aligned CNTs within the fiber, stretching leads to a greater distance 

between the CNTs, resulting in a more pronounced increase in resistance and, consequently, achieving 

higher GF. 

 

 
Figure 7. a. Relative change in resistivity (RCR) as a function of the applied strain  

on the EVA/CNTs films (green) and fibers (blue); b. the modified RCR curve  

considering totally aligned CNTs in films and fibers using equation 6 

 

The RCR value of the specimen indicates the alteration in the electrical signal of the specimens 

during stretching, which can be quantified using equation 5, which is based on the tunneling theory and 

multi-steps of simplification [31-35]:     

 

𝑅𝐶𝑅 = 𝐴 · 𝑒𝑥𝑝[𝐵𝜀2 + 𝐶𝜀]                               (5) 

 

The fitting curve using equation 5 are presented in red in Figure 7b. Considering the contribution of 

CNTs' orientation in the constructed conductive network, equation 6 is proposed. Applying which, the 

RCR curves in hollow symbols can be adjusted. The resulting curve represents the theoretical RCR curve 

when CNTs achieve perfect alignment. Since the two modified curves are separately calculated for films 

and fibers, and given their highly similar characteristics after modification, this further validates the 

reasonableness of our proposed assumption. 

 

𝑅𝐶𝑅𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 =
𝐴

𝑐𝑜𝑠𝛾
· 𝑒𝑥𝑝[𝐵 ∙ 𝑐𝑜𝑠𝛾 ∙ 𝜀2 + 𝐶𝜀]                    (6) 

 

Based on our assumption, the samples of films and fibers should be primarily determined by the 

involvement of different CNTs in the construction of the conductive network used for sensing purposes. 
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Therefore, we conducted a study with minimal strain to investigate their sensing performance under 

repeated stretching cycles. Figure 8a illustrates the RCR values of the two samples over ten cycles. It is 

worth noting that the RCR performance in the first cycle differs from the subsequent cycles. This 

discrepancy is attributed to the interface interaction between the polymer resin and CNTs, which is a 

common reason for adopting "pre-stretching" in many strain sensors before application. 

 

 
Figure 8. a. RCR value as a function of time for the EVA/CNTs composite  

fibers (blue) and films (green) for 20 cycles; b. The detailed data and the fitting  

curve (red) using equation 7 for the 11th-20th cycles 

 

The RCR value of the strain sensor is commonly examined over cyclic measurements as a function 

of time using equation 7 [36, 37]:  

 

                                  𝑹𝑪𝑹 =
𝟐𝐀

𝝅
(|𝒂𝒓𝒄𝒔𝒊𝒏(𝒔𝒊𝒏

𝟐𝝅𝒕

𝒑
) |𝒏 +𝝎(

𝒕

𝟏𝟎𝒑
)𝑪) × 𝒆 + 𝒇                                  (7) 

 

where A represents the initial amplitude, corresponding to the maximum RCR value observed in the first 

cycle, while P denotes the duration of two cycles. The variables ω and C are local parameters, reliant on 

the fundamental physical properties of the material. Additionally, e and f are two adjustable parameters, 

typically influenced by the parameter settings of the testing instrument. 

As shown in Figure 8b, the presented data was taken from the 11th-20th cycles in Figure 8a. The 

experimental data was fitted in red curves using mathematical equation to obtain a quantitative model 

describing the relationship between the RCR and the measuring time for each specimen. The parameter 

results are presented in Table 1. The Pearson correlation coefficient for the two sets of parameters is 

0.9999, indicating a high degree of similarity. The main discrepancy lies in parameter A, representing 

the maximum RCR value in the first cycle. The specific relationship between parameter A and the 

physical significance of the alignment of CNTs cos<γ> is left for future investigation. 

 

Table 1. The fitting parameters using equation 7 to describe the  

strain sensing behavior of both kind of specimens 
Fitting parameters Fibers Films 

 

A 5.39 4.68 

P 60 60 

n 1.04 1.06 

 1.34 1.45 

C -0.03 -0.03 

e 1 1 

f 0 0 
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4. Conclusions 
This study focused on the investigation of the mechanical and sensing properties of EVA/CNTs 

composite materials in both film and fiber forms. The composite fibers with aligned CNTs demonstrated 

enhanced mechanical properties and sensing performance compared to those of the composite films with 

random dispersion CNTs. In addition to the mophological study and the thermal behaviour, the 

mechanical properties of both EVA/CNTs composite fibers and films were also investigated. 

Additionally, cyclic tensile testing revealed that the fiber samples with better CNT alignment exhibited 

higher sensitivity, emphasizing the significance of CNT orientation in constructing the conductive 

network for strain sensing. Most importantly, a methemtical model considering the contribution of the 

CNTs' orientation along the measuring direction was suggested, resulting in a master curve revealing 

the modified dissipated energy. To evaluate the sensing performance under different conditions, the 

relationship between RCR and time was examined using a mathematical formula, where a master curve 

was also presented, demonstrating the correlation between the composite fibers and the films. Further-

more, the obtained parameters from fitting the film-shaped and the fiber-shaped specimens during the 

cyclic sensing measurement were highly similar, with a Pearson correlation coefficient of 0.9999. This 

discrepancy may be associated with the physical significance of <cos γ>, which deserves further 

investigation in future research. Overall, our findings provide valuable insights into the influence of 

CNT alignment and dispersion on the mechanical and sensing properties of EVA/CNTs composite 

materials. The obtained results contribute to a better understanding of the potential applications of these 

materials in strain sensing and highlight the importance of optimizing CNT orientation for enhanced 

sensing performance in various engineering applications.  
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