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Abstract 

Recent advancements in materials science and bioinspired designs have led to the development 

of wearable strain sensors with high sensitivity and stretchability. However, the majority of 

strain sensors are simultaneously responsive to strain and temperature variations. Therefore, it 

is necessary to invent effective strategies to decouple this unwanted crosstalk for accurate and 

noise-free strain sensing in complex environmental conditions. Herein, a temperature-

dependent 3D percolation model is presented capable of predicting the sensory response of 

stretchable strain sensors made of carbon nanotubes-elastomer nanocomposites under transient 

changes in strain and temperature. The nanocomposite strain sensors are fabricated by the 

vacuum filtration process, and their dynamic thermoelectromechanical properties are 

systematically investigated. The experimental results are then used to initiate, develop, and 

validate the proposed model. After the model validation, further studies are conducted to assess 

the dynamic response of strain sensors containing different amounts of carbon nanotubes at 

high temperatures, their signal-to-noise ratio, and temperature coefficient of resistance. Finally, 

to simulate a real-world scenario, virtual displacement and temperature profiles are generated, 

and the corresponding dynamic response of a strain sensor is predicted utilizing the modified 

3D percolation model.  
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percolation threshold theory [32]. Nevertheless, the percolation theory fails to predict the 

impact of temperature on the strain sensing behavior of CNT nanocomposite sensors. 

Herein, we extend our recent work on the CNTs-polydimethylsiloxane (PDMS) 

nanocomposite strain sensors, offering GFs of around 10 with the maximum stretchability of 

60% [22]. The effect of environmental factors on the sensing performance of strain sensors has 

been systematically investigated in our previous paper. The present study initially looks into 

the influence of various nanofiltration membranes on the homogeneity of CNT nanocomposite 

films produced through the filtration method. We then conduct thermoelectromechanical tests 

to evaluate the strain sensing behavior of the CNT nanocomposite strain sensors under 

temperature variations. The key contribution of this work is that we introduce a modified 3D 

percolation model which can predict the dynamic strain sensing response of CNTs-PDMS 

nanocomposite strain sensors in different temperature conditions. Using our temperature-

dependent percolation (TDP) model, a temperature compensator can be designed to decouple 

the effect of temperature on the dynamic response of strain sensors. The results of the modified 

model significantly match the experimental data, verifying its successful prediction of the 

thermoelectromechanical behavior of the CNT nanocomposite. Finally, by utilizing the 

modified model, the performance of nanocomposite strain sensors containing different CNT 

loadings has been studied in various temperature conditions. 

2. Experimental 

2.1 Materials 

PDMS silicone elastomer (Sylgard 184 from Dow Corning, USA) was used to fabricate the 

strain sensors. Multi-Walled CNTs with an average length and diameter of 5 µm and 50 nm, 

respectively, were purchased from Sigma-Aldrich. All tested nanofiltration membranes were 

purchased from Membrane Solutions. 









 

Fig. 1. (a) Schematic representation of the fabrication process of strain sensors. (b) Top-

projected SEM image of the formed CNT thin film on the surface of the membrane. (c) 

Cross-sectional SEM image of a strain sensor showing a thin layer of the CNT 

nanocomposite formed on the top surface of the bare PDMS substrate. (d) Photograph of a 

strain sensor clamped onto a motorized moving stage. A temperature sensor is used to 

measure the temperature variations around the sensor. 

3.1 Membrane selection 

The quality of the produced CNTs-PDMS nanocomposite film significantly influences the 

strain sensing performance of wearable strain sensors. To this end, we investigated the effect 

of various nanofiltration membranes on the topology of the deposited CNT thin films. Six types 

of widely used membranes, including CA, NY, PES, H-PTFE, and NC, all with a similar pore 

size of 450 nm, were selected for the fabrication of the CNTs-PDMS nanocomposite films. The 

exact amount of the aqueous CNT suspension (5 ml) was used to form CNT thin films on all 

membranes (see Fig. S1 and Experimental section). The surface morphologies of each 

membrane with and without the deposited CNT layer, the fabricated nanocomposite films, and 

all membranes after peeling off the nanocomposite layers were studied by SEM observations 

(see Fig. S2-7). 

The CA and PES membranes have low surface roughness with uniformly distributed pores, 

leading to the high-quality deposition of CNT thin films (Fig. S2 and S3). In contrast, NY and 

H-PTFE membranes have disordered morphology with uneven and rough surfaces. As a result, 

the CNT deposition on these membranes was inconsistent, and a considerable fraction of CNTs 

remained on their surface after peeling off the PDMS layer (Fig. S4 and S5). The NC membrane 

has the same surface roughness as the CA and PES membranes but with non-uniform pores, 

affecting the uniform deposition of CNTs (Fig. S6). Unlike membranes mentioned earlier, PE 

membrane with a porosity of 50 nm considerably limited the permeation of the CNT solution. 




































