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1. Introduction 

Flexible strain sensors have emerged as key components in wearable electronic devices, health 

monitoring, electronic skin, soft robotics, and human machine interaction systems (Alfarros et al., 
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 Flexible strain sensors hold great potential for applications in wearable 

electronic devices, human motion monitoring, and rehabilitation systems. 

However, the development of such sensors still faces challenges in 

producing conductive networks that are both sensitive and stable while 

reducing reliance on commercial conductive materials. This study 

developed a flexible strain sensor (FSS) based on Ecoflex/MWCNT–RBC 

by utilizing recycled battery carbon (RBC) obtained from carbon rods in 

zinc-carbon battery waste. The RBC was separated, crushed, and sieved 

into a powder, then mixed with multi-walled carbon nanotubes 

(MWCNTs) in isopropyl alcohol using ultrasonic homogenization. The 

mixture was applied to a pre-cured Ecoflex layer, equipped with copper 

electrodes, and encapsulated using an Ecoflex layer to produce a layered 

sensor structure. The morphology and conductive network of the sensor 

were analyzed using SEM, while its electromechanical performance was 

evaluated through tests of sensitivity, linearity, cyclic response, response 

and recovery times, and durability. The sensor produced a measurement 

factor of 15.42 over a strain range of 0–100%, with a linearity (R²) of 0.994. 

Response and recovery times were recorded at 70 ms and 70 ms, 

respectively, while the sensor’s stability was maintained for up to 500 

loading cycles at 80% strain. These results demonstrate that RBC can serve 

as a secondary conductive material alongside MWCNT to produce flexible, 

responsive, and stable strain sensors. The use of RBC also highlights the 

potential for reusing carbon from battery waste as a value-added functional 

material, while reducing reliance on commercial conductive materials in 

the development of flexible strain sensors. 
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2026; Gao et al., 2023; Li et al., 2025; Li et al., 2026). Unlike conventional strain sensors, which are 

generally rigid and have a limited deformation range, flexible strain sensors are capable of conforming 

to changes in the body’s surface shape and detecting movements with varying degrees of deformation. 

The performance of these sensors is generally evaluated based on sensitivity or gauge factor (GF), 

strain range, linearity, response and recovery times, hysteresis, and stability under repeated loading 

(Hakim et al., 2025; Htwe et al., 2020). Therefore, the development of sensor materials that offer high 

sensitivity, good flexibility, signal stability, and a simple fabrication process remains a key focus in 

the field of piezoresistive sensors (Blakey-Milner, 2021; Roth, 2022). 

Ecoflex is one of the elastomers widely used as a substrate for flexible strain sensors because it 

has a low modulus of elasticity, high strain capacity, good flexibility, and the ability to conform to the 

contours of the human body (del Bosque et al., 2023). However, Ecoflex is inherently insulating, so 

it requires the addition or coating of a conductive material to produce an electrical response to 

deformation. Multi-walled carbon nanotubes (MWCNT) are a promising conductive material due to 

their high aspect ratio, good electrical conductivity, flexibility, and ability to form conductive 

networks at relatively low concentrations (Sezer & Eren, 2019). When the sensor is stretched, the 

distance between the tubes increases and some conductive paths are broken, causing the electrical 

resistance to rise. Conversely, these pathways can reform when the load is released. 

Several studies have demonstrated the potential of carbon networks to enhance the performance 

of flexible strain sensors. Long et al. developed a sensor based on carbonized corn stalks, achieving a 

GF of approximately 0.296 and a durability of 700 stretch-release cycles. This sensor is also capable 

of detecting movements of the wrist, abdomen, elbow, neck, knee, and ankle (Long et al., 2025). 

Bharadwaj et al. developed an MWCNT sensor with a GF of 150, a strain range of up to 427%, a 

response time of 100 ms, and durability of up to 100 cycles at different strains (Bharadwaj et al., 

2025). Meanwhile, hybrid fabrics made of carbon black and MWCNTs have been reported to provide 

better conductivity because the carbon particles can fill the gaps between the MWCNT tubes (Abd et 

al., 2024; Wu et al., 2026). The interaction between these zero-dimensional and one-dimensional 

carbon materials has the potential to increase the number of conductive pathways while also 

amplifying the change in resistance when the fabric undergoes deformation. 

On the other hand, the increasing use of electronic devices and disposable batteries has 

contributed to a rise in the amount of electronic waste (e-waste). In 2023, approximately 2.21 million 

metric tons of e-waste were reported to have been generated, but only about 20% was recycled through 

organized channels. This figure is projected to continue rising, reaching 74.7 million metric tons by 

2030 (Abraham et al., 2019). A number of studies have utilized carbon derived from various waste 

materials, such as peanuts Cetin et al. (2023), used cotton fabric Chen et al. (2019), thermoset resin 

Wang et al. (2020), and banana peel cores Lu et al. (2024) as conductive materials in flexible strain 

sensors. However, the use of carbon recovered directly from zinc–carbon battery waste for such 

applications is still relatively limited, making it a novel aspect of this study. Used zinc-carbon batteries 

are a type of waste with high potential for reuse because they contain carbon materials and graphite 

rods that can be recovered as functional materials for flexible strain sensor applications. However, the 

carbon components still have the potential to be reused as functional materials. Previous research has 

shown that carbon materials from used zinc-carbon batteries can be recovered and processed into 

carbon nanoparticles or graphene-based sheets for various electronic applications (Bui et al., 2026;  

Wu et al., 2026).  

This approach demonstrates that carbon from used batteries can be viewed not only as waste but 

also as a source of value-added conductive material. In this study, this material is referred to as 

Recycled Battery Carbon (RBC). However, the use of RBC obtained from the carbon rods of used 

zinc-carbon batteries as a component of a hybrid conductive network alongside MWCNTs in Ecoflex-

based flexible strain sensors has not yet been extensively explored. Most previous studies have used 

carbon black, graphite, graphene, or commercial CNTs, while the use of recycled battery carbon has 

been primarily directed toward energy storage, electrochemistry, and chemical sensor applications 

(Abdel Sattar Kabil et al., 2026; Rawat et al., 2026).  
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Furthermore, the relationship between the MWCNT–RBC composition, the morphology of the 

conductive network, changes in contact mechanisms and electron tunnelling, and the sensor’s 

piezoresistive performance has not yet been comprehensively understood. MWCNTs are expected to 

form long, flexible main conductive pathways, while RBC particles have the potential to fill the gaps 

between the tubes, increase the number of contact points, and produce a conductive network that is 

more responsive to deformation. Based on this gap, this study developed a flexible sandwich-

structured strain sensor based on Ecoflex/MWCNT–RBC by utilizing recycled carbon from zinc–

carbon battery waste. The RBC was processed through the steps of separation, cleaning, drying, 

crushing, and sieving before being combined with MWCNT to form a hybrid conductive network. 

The effect of adding RBC on the sensor’s morphology, electrical properties, and electromechanical 

performance will be evaluated through testing of sensitivity, operating range, linearity, hysteresis, 

response and recovery times, repeatability, and cyclic stability. In addition to introducing a new 

approach to organizing MWCNT conductive networks, this research offers a “waste-to-functional-

material” strategy for producing economical and more sustainable flexible strain sensors for human 

motion monitoring applications. 

2. Method  

2.1. Material and Characterization 

Multi-walled carbon nanotubes (MWCNTs) with diameters of 3–5 nm and lengths of 8–15 nm 

was obtained from a supplier in China. The flexible elastomer material used in this study was 

Ecoflex™ 00-30, which consists of Part A and Part B and was obtained from Smooth-On, Inc., 

Macungie, Pennsylvania, United States. Isopropyl alcohol (IPA), used as a dispersion medium for the 

conductive material, was purchased from Merck Ltd. Conductive copper tape with a width of 5 mm 

and a thickness of 0.1 mm was obtained from a commercial supplier and used as the sensor electrode. 

Recycled Battery Carbon (RBC) was obtained from the carbon rods of used AA-type zinc-carbon 

batteries (Fuller, 2020; Simon, 2020).  

The batteries were carefully disassembled, and the carbon rods were separated from the metal 

components and other constituent materials. The carbon rods were then crushed using a mortar and 

pestle. The resulting powder was sieved using a 200-mesh sieve to ensure relatively uniform particle 

size. Material dispersion was performed using an ultrasonic homogenizer manufactured by Lquide 

Ltd., while mixing was carried out using a Thermo Scientific Cimarec heated magnetic stirrer from 

Thermo Fisher Scientific Ltd. Surface morphology and elemental distribution in the samples were 

characterized using scanning electron microscopy (SEM) equipped with energy-dispersive X-ray 

spectroscopy (EDS; Thermo Scientific). Electromechanical testing was performed using a testing 

setup adapted from a previous study (Hakim et al. 2025). During testing, changes in sensor resistance 

were recorded using a UNI-T UT61E+ digital multimeter manufactured by UNI-T Ltd., China. 

2.2. Preparation for FSS 

Fig. 1 shows the fabrication process of a flexible strain sensor based on Ecoflex/MWCNT-RBC. 

Recycled Battery Carbon (RBC) was obtained from carbon rods in used zinc-carbon batteries. The 

carbon rods were ground into powder and sieved using a 200-mesh sieve to achieve a relatively 

uniform particle size. MWCNT and RBC were mixed in mass ratios of 0.25 grams and 0.25 grams. 

The mixture was added to IPA and dispersed using a probe-type ultrasonic homogenizer for 30 

minutes to reduce agglomeration and produce a homogeneous MWCNT–RBC suspension. Ecoflex 

Part A and Part B were mixed in separate containers using a 1:1 mass ratio. The mixture was stirred 

gently until homogeneous to minimize the formation of air bubbles. Next, the Ecoflex mixture was 

poured into a mold and leveled to form a base layer with uniform thickness. The layer was allowed to 

undergo a pre-curing process until its surface was stable enough to accept the conductive layer. 

The MWCNT–RBC suspension was applied evenly to the surface of the Ecoflex layer using a 

coating method. The samples were then dried until the IPA had completely evaporated, resulting in 

the formation of an MWCNT–RBC conductive network. Copper tape was attached to both ends of the 
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conductive network to serve as electrodes. Electrical continuity was checked using a digital multimeter 

to ensure a stable electrical connection. The prepared Ecoflex mixture was then poured over the 

conductive network as an encapsulation layer. Thus, the sensor has a sandwich structure consisting of 

an upper Ecoflex layer, the MWCNT–RBC conductive network and copper electrodes in the middle, 

and a lower Ecoflex layer. The sensor then undergoes a curing process at room temperature until the 

Ecoflex hardens completely. After curing, the sensor is removed from the mold and cut to the 

dimensions of the test specimen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The process of manufacturing the Ecoflex/MWCNT-RBC sensor 

2.3. Experimental setup 

Electromechanical testing was conducted using a tensile testing machine equipped with a linear 

drive system to apply controlled strain to the flexible strain sensor, as shown in Fig. 2a. Fig. 2b and 

Fig. 2c show the electromechanical test setup for the sensor before and after it was stretched. Both 

ends of the sensor were clamped in the grips, while the copper electrodes were connected to a digital 

multimeter and a data acquisition system to record changes in resistance in real time. Data on 

resistance changes were recorded simultaneously during the loading and unloading processes at room 

temperature. The sensor’s sensitivity was evaluated based on the relative resistance change (ΔR/R_0) 

with respect to the applied strain. The values of the relative resistance change and the gauge factor 

(GF) were calculated using Eq. (1) and Eq. (2) (Hakim et al., 2025; Hakim et al., 2025). 

Δ𝑅

𝑅0
=
𝑅 − 𝑅0
𝑅0

 

GF =
ΔR/R0

ε
 

       Where 𝑅0 is the initial resistance of the sensor without strain, 𝑅 is the resistance under strain, and 

𝜀 is the applied strain. The sensor’s linearity is determined through linear regression analysis between 

the relative change in resistance and strain, while hysteresis is evaluated based on the difference in 

electrical response between the loading and unloading processes. Response time and recovery time 

are determined by rapidly applying a strain at a specific strain level, then recording the time required 

for the sensor to reach the response state and return to near its initial resistance. The sensor’s 

repeatability and stability are tested through repeated loading–unloading cycles at several specified 

strain levels and frequencies.  

(1) 

(2) 
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Long-term cyclic testing was conducted to evaluate signal amplitude stability, initial resistance 

shift, and damage to the MWCNT–RBC conductive network following repeated deformation. The 

sensor’s ability to detect human movement was evaluated by attaching the sensor to various body 

parts, such as the fingers, wrists, elbows, and knees. The sensors were connected to a portable data 

acquisition system to record changes in resistance during flexion and extension movements. Each test 

was performed at least three times to ensure the repeatability and reliability of the sensor’s response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. (a) Electromechanical performance testing, (b) Before strain, and (c) Ater strain 

3. Results and Discussion 

3.1. Morphology 

The cross-sectional morphology of the sensor and the MWCNT–RBC conductive network is 

shown in Fig. 3a. The cross-sectional image reveals a sandwich structure consisting of an upper 

Ecoflex layer, the MWCNT–RBC conductive network in the middle, and a lower Ecoflex layer. The 

conductive layer is sandwiched between the two elastomer layers, protecting it from mechanical 

damage and particle shedding during deformation. This structure also allows the conductive network 

to experience direct contact changes when the sensor is subjected to strain. 

SEM observations show that MWCNTs form an interconnected tubular network, while Recycled 

Battery Carbon (RBC) particles are dispersed throughout the MWCNT network (Fig. 3b and Fig. 3c). 

MWCNTs with high aspect ratios serve as the primary conductive pathways, while RBC particles fill 

some of the voids between the tubes and form additional conductive contact points. The combination 

of these two materials results in a hybrid conductive network that is more interconnected than a 

network composed of only one type of carbon material. When the sensor is stretched, the distance 

between MWCNTs and between MWCNTs and RBC particles increases, causing some electrical 

contacts and electron tunnelling pathways to be (Hu et al., 2025; C. Wang et al., 2026; X. Wang et al., 

2026). This condition causes an increase in the sensor’s resistance. Conversely, when the strain is 

(a) 

(b) (c) 
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released, the conductive network returns to its initial state, and most of the electrical pathways are 

reestablished. Therefore, the morphology of the MWCNT–RBC network plays a crucial role in 

determining the sensitivity, repeatability, and stability of the sensor’s piezoresistive response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (a) Cross-sectional view; (b) and (c) SEM images of the Ecoflex/MWCNT–RBC flexible strain 

sensor. 

3.2. Sensor performance 

3.2.1. Sensitivity and Linearity 

Fig. 4 shows that the change in relative resistance (ΔR/R_0) increases as the strain increases. This 

phenomenon occurs because the distance between the MWCNTs and the RBC particles in the 

conductive network increases as the sensor is stretched (Khan et al., 2026; Sezer & Eren, 2019). The 

stretching process also causes some of the direct contacts between particles to be broken, thereby 

increasing the electron tunnelling resistance and the overall resistance of the sensor. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Sensitivity and Linearity Values of the Ecoflex/MWCNT–RBC Sensor 
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The Ecoflex/MWCNT–RBC sensor produced a GF value of 15.42 over a strain range of 0–100%. 

This strain ranges up to 100% was set as the test limit in this study and does not represent the absolute 

maximum strain that the sensor can achieve. This response is influenced by the synergistic effect 

between MWCNTs and RBCs in forming a conductive network. High-aspect-ratio MWCNTs play a 

role in forming interconnected electrical conduction pathways, while RBC particles provide additional 

conductive contact points between the MWCNTs. Changes in this network structure during the 

stretching process result in detectable changes in resistance. The sensor exhibits a nearly linear 

response over the 0–100% strain range, with a coefficient of determination (R²) of 0.994. High 

linearity indicates that changes in sensor resistance can be used to estimate the magnitude of 

deformation more accurately without requiring a complex calibration model.  

This linear response suggests that changes in the MWCNT–RBC network configuration occur 

gradually and relatively uniformly during stretching. However, deviations from the linear pattern may 

occur at higher strains due to increased interparticle distances, disruption of conductive pathways, the 

formation of microcracks, and the nonlinear deformation behavior of Ecoflex. Previous studies have 

reported that MWCNT@MXene sensors have an R² value of approximately 0.99 in the 0–100% strain 

range (Hakim et al., 2025). These results demonstrate that the use of hybrid conductive fillers can 

achieve a balance between sensitivity and linearity. Thus, the linearity of the MWCNT–RBC sensor 

in this study indicates that recycled carbon from batteries can contribute to the formation of a 

responsive and controlled conductive network. 

3.3. Repeated Cyclic Response 

Cyclic testing was conducted through a process of repeated loading and unloading at strain levels 

of 50%, 60%, 70%, and 80%, as shown in Fig. 5. The relative resistance increases when the sensor is 

stretched and returns to near its initial state after the load is removed. The increase in the amplitude of 

resistance changes at higher strains indicates the sensor’s ability to distinguish between given levels 

of deformation. The similarity in the shape and amplitude of the signal across each cycle demonstrates 

that the sensor exhibits good repeatability. However, slight differences between the loading and 

unloading conditions may still occur due to the viscoelastic properties of Ecoflex and delays in the 

recovery of the conductive network. After the load is removed, the MWCNTs and RBCs require a 

certain amount of time to return to their initial configuration. This condition can cause slight hysteresis 

or a shift in the baseline resistance. Similar behavior has also been reported in MWCNT/Ecoflex 

sensors, where the conductive network breaks during stretching and reconnects when the load is 

released (Gao et al., 2023). In the sensor developed in this study, the presence of RBCs is expected to 

provide additional contact points to aid in the reformation of conductive pathways between the 

MWCNTs during the release process. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Cyclic testing over 10 cycles at strains of 50%, 60%, 70%, and 80% 
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3.4. Response and Recovery Time 

The dynamic response characteristics of the sensor are shown in Fig. 6. When a strain is suddenly 

applied, the sensor’s resistance increases rapidly until it reaches a relatively stable state. After the load 

is removed, the resistance decreases and returns to near its initial value. Based on the test results, the 

sensor exhibits a response time of 70 ms and a recovery time of 70 ms. This response is related to 

rapid changes in the tunneling distance and electrical contact between the MWCNTs and the RBC. 

The difference between the response time and the recovery time is likely due to the viscoelastic 

properties of Ecoflex. The elastomer matrix requires time to recover its original shape, which in turn 

affects the process of reconnecting the conductive network (G. Wang et al., 2022). For comparison, 

Zhang et al. reported a response time of approximately 120.1 ms for a PDMS-MXene/TPU sensor 

(Zhang et al., 2022). Differences in response time across studies may be attributed to the thickness of 

the substrate and conductive layer, the type of filler, the electrode configuration, the strain level, and 

the data acquisition rate. Therefore, any comparison of response times must take into account the 

equivalence of testing conditions. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Response Time of the Ecoflex/MWCNT–RBC Sensor 

3.5. Durability 

The sensor’s durability was evaluated through 500 loading and unloading cycles at 80% strain, 

as shown in Fig. 7. During testing, the sensor was able to maintain a relatively stable signal shape and 

amplitude of resistance changes. Minor changes in both the baseline resistance and peak values may 

occur, but they do not cause a significant decline in sensor performance. This stability indicates that 

the MWCNT–RBC conductive network is capable of maintaining its integrity during repeated 

deformation.  

 

 

 

 

 

 

 

 

 

 

Fig. 7. Durability of the Ecoflex/MWCNT–RBC sensor 
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The Ecoflex encapsulation layer serves to protect the conductive network from damage, 

delamination, and environmental influences. Furthermore, the interconnected MWCNT network and 

the presence of RBC contact points allow electrical conduction pathways to reform after the sensor is 

unloaded (Ghobakhloo, 2020; Khan et al., 2026). Overall, the Ecoflex/MWCNT–RBC sensor 

demonstrates good performance potential in terms of sensitivity, linearity, response repeatability, 

response speed, and stability during repeated loading. The use of RBC also provides added value 

through the reuse of carbon from zinc-carbon battery waste as a functional conductive material. This 

approach not only supports the development of flexible sensors but also contributes to waste reduction 

and the development of more sustainable electronic materials. 

3.6. Comparison with Previous Research 

This study compares the performance of the Ecoflex/MWCNT–RBC sensor with several 

previous studies that used comparable testing methods and evaluation parameters, including gauge 

factor, strain range, response time, and cyclic stability. The Ecoflex/MWCNT–RBC sensor exhibited 

a GF value of 15.42 over a strain range of 0–100% and a stable piezoresistive response. While some 

previous studies have indeed reported higher sensitivity, most still rely on commercial carbon 

materials, such as MWCNTs, carbon black, graphene, or other carbon-based hybrid systems. In 

contrast to these approaches, this study utilizes recycled battery carbon as part of the MWCNT–RBC 

hybrid conductive filler, so that the developed sensor not only demonstrates competitive performance 

but also offers added value in terms of waste utilization and material sustainability. Table 1 shows a 

comparison with previous studies. 

Table 1.  Comparison with Previous Studies 

No Materials GF Strain 

Range (%) 

Time Response 

(ms) 

Durability Reff 

1 ZnO/PEO 20.5 0∼40 24 1000 (Yu et al., 2026) 

2 carbon blacks/PDMS/Ecoflex 4 150 - - (Ge et al., 2026) 

3 Laser-induced graphene (LIG) 639.51 40–60 833 2000 (Ling et al., 

2026) 

4 Carbon 

nanotube/graphene/PDMS 

4.06 80 < ε < 120 - 1000  (T.-L. Wang et 

al., 2026) 

5 Ecoflex/MWCNT–RBC 15.42 100 70 500 This work 

 

4. Conclusion 

This study successfully developed a flexible strain sensor (FSS) based on Ecoflex/MWCNT–

RBC by utilizing carbon recovered from zinc–carbon battery waste. The combination of MWCNT 

and recycled battery carbon (RBC) forms an interconnected conductive network, while Ecoflex 

provides flexibility and protects the conductive layer during deformation. The Ecoflex/MWCNT–

RBC sensor exhibits a sensitivity of 15.42 over a strain range of 0–100%, with a linearity (R²) value 

of 0.994. The sensor also exhibits response and recovery times of 70 ms each and is capable of 

maintaining performance stability for up to 500 charge–discharge cycles at 80% strain. Overall, RBC 

has the potential to be used as a secondary conductive material alongside MWCNT in the fabrication 

of Ecoflex-based strain sensors. The use of carbon from battery waste not only produces flexible, 

responsive, and stable sensors but also offers a sustainable approach by converting waste into value-

added functional materials. The developed sensors have the potential to be applied in wearable 

electronic devices, human motion monitoring, and flexible sensor-based rehabilitation systems. 

However, this study is still limited to testing up to 500 cycles; it has not yet evaluated the sensor’s 

resistance to environmental conditions such as changes in temperature, humidity, and sweat, nor has 

it tested its performance directly on wearable devices during long-term use. Future research should 

increase the number of test cycles, evaluate the sensor’s stability under various environmental 

conditions, optimize the MWCNT–RBC composition and encapsulation design, and conduct human 

validation to assess comfort, signal reliability, and the sensor’s suitability for practical wearable device 

applications. 
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