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Significant attention has been paid to developing highly flexible and highly stretchable strain sensors due to the increasing demand for wearable devices such as motion-capturing devices and health-monitoring devices. Especially, carbon nanotube (CNT) network-based elastomeric sensors have been studied extensively for their unique strong piezoresistive response under large deformation. Despite its importance for the facile design of sensors, the effect of length and volume fraction of CNT on the piezoresistivity over a large strain range has not been fully uncovered. In this study, by combining coarse-grained molecular statics (CGMS) simulations and efficient percolation network analysis, we investigate the piezoresistive response of the CNT network for a wide range of the length and volume fraction and visualized the CNT network topology to understand the mechanism behind the piezoresistivity response. Based on the set of calculations, we obtain the design map of stretchability and sensitivity for the CNT-elastomer nanocomposite sensors over a wide range of design parameters of CNT, which can be used to fabricate the strain sensor with a desired performance.
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1 INTRODUCTION
The demands for flexible and wearable strain sensors are increasing for versatile applications such as motion-capturing devices, human health monitoring devices, and structural monitoring systems (Lorussi et al., 2005; Yamada et al., 2011; Amjadi et al., 2014; Farooq and Sazonov, 2015; Kwon et al., 2016; Huo et al., 2019; Lu et al., 2019). Therefore, significant efforts have been made to develop strain sensors to meet the requirements of various engineering applications concerning the sensitivity, stretchability, or combination of both (Liu and Choi, 2009; Helmer et al., 2011; Xiao et al., 2011; Zhang et al., 2011; Lu et al., 2012; Wang et al., 2015). One of the promising candidate materials for stretchable strain sensors is the carbon nanotube (CNT) reinforced elastomer nanocomposite which exploits the superior mechanical and electrical properties of CNT. In the nanocomposite, the CNTs form percolation networks that endow electrical conductivity (Kang et al., 2006; Obitayo and Liu, 2012; Sun et al., 2020), and the topology change of the percolation network under mechanical loading leads to the piezoresistive response. Because of the persistent percolationnetwork made of CNTs, the nanocomposites can sustain conductivity under large stretches, which makes them a promising candidate for highly flexible and highly stretchable strain sensors.
It is reported that, in general, the stretchability and sensitivity of sensors are in a trade-off relationship (Song et al., 2018), and the same is true for nanocomposite sensors. If we can properly tune the two characteristics in a trade-off relationship, appropriate CNT-elastomer nanocomposite sensors can be designed for the desired purpose. For this purpose, many studies have been conducted to investigate the piezoresistive effect of the nanocomposite (Hu et al., 2008; Seidel and Lagoudas, 2009; Haghgoo et al., 2020). Theoretical and computational modeling have been conducted extensively to deepen the microscopic origin behind the piezoelectric response (Jung et al., 2019; Mora et al., 2020).
In computational simulations, the topological change of CNT networks under stretch is predicted, and then the resulting resistance change is computed based on percolation analyses (Grujicic et al., 2004; Li and Kim, 2007). The mechanical behavior of CNTs is affected by embedding medium significantly. When CNT networks are embedded in the elastomer as shown in Figure 1A, the response of CNT is rather constrained due to the polymer matrix. By considering the high ratio between Young’s moduli of CNTs and the elastomeric matrix, one can describe the CNT network change based on the affine transformation that preserves a ratio of the distance between any pairs of points (Taya et al., 1998; Hu et al., 2012). This is capable of fast calculation for various cases, which allows the investigation of a wide range of alignment, the volume fraction of CNT, strain range, and so on (Hu et al., 2011; Njuguna et al., 2012; De Vivo et al., 2014). On the other hand, when the CNT network is formed on the polymer substrate as shown in Figure 1B, CNT-to-CNT interaction based on van der Waals forces becomes dominant and CNTs could move much more freely, which can not be modeled by affine transformation unlike in the former case. Lihuan Jin et al. (Jin et al., 2018) introduced coarse-grained molecular statics (CGMS) simulations to exploit the CNT network change considering the interaction between CNTs and determined the resistance change of nanocomposite over deformation. Although their study revealed the key factor determining the piezoresistivity of CNT networks, a wider range of volume fraction of CNT, length of CNT, and strain must be explored to design highly stretchable sensors with desired properties.
[image: Figure 1]FIGURE 1 | Two types of composites in which (A) CNT network is embedded in a polymer and (B) CNT network is coated on a polymer substrate. (C) Configuration of CNT modeled by coarse-grained model.
In this research, we develop an efficient analysis method for analyzing CNT percolation network in the nanocomposites. And, we applied the method for obtaining the piezoresistive sensor performance in a wide range of volume fractions and lengths of CNT under large stretches. We construct the CNT network on a polymer substrate as shown in Figure 2A and employ molecular statics simulation with a coarse-grained force field for intra-CNT and inter-CNT interactions, which makes us to invest more real-like CNT behavior (Levitt, 1976; Gorban and Karlin, 2002; Chen et al., 2011). By adopting a sparse matrix and depth-first search (DFS) algorithm, we significantly reduced the computational time for obtaining percolation analysis compared to existing methods (Lee et al., 2015; Jung et al., 2020), which permits us to consider a large strain range at a low computational cost. The proposed model is utilized to reveal the piezoresistive response of CNT-elastomer nanocomposites over a wide range of length and volume fraction of CNT, and the microscopic origin of the piezoresistive response was analyzed by visualizing the CNT network topology. Last, we provide a design map that can be used as a reference to fabricate CNT-elastomer nanocomposite sensors.
[image: Figure 2]FIGURE 2 | (A) Simulation cell for CNT network analysis under periodic boundary conditions along x and y direction (B) Randomly distributed CNT before energy minimization, and (C) CNT network after energy minimization. (D) CNT network classified percolated (blue) and non-percolated (black) CNT. (E) strain versus resistance plot drawn for 10 iterations.
2 METHODS
We perform two numerical analyses in series to predict the piezoresistive response of a CNT-elastomer nanocomposite. First, a CGMS simulation modeling is performed to obtain the CNT network topology on an elastomeric substrate over the stretch. Second, the percolation network analysis is performed to analyze the connectivity between CNTs, find the percolating networks, and calculate the effective conductivity of the CNT network.
2.1 Preparation of initial distribution of CNTs
The initial distribution of CNTs is randomly assigned, whereas straight CNTs were considered for convenience. When the geometric properties such as length, volume fraction of CNT, and elastomeric substrate size are given, initial positions and orientations of CNTs, who is as, are randomly chosen as depicted in Figure 2B. To reduce statistical errors originating from the randomly assigned initial CNT networks, for each design parameter set, i.e., length and volume fraction of CNT, 10 different samples are generated and analyzed, and the averaged conductance values at each strain are obtained as shown in Figure 2E.
2.2 CGMS simulation model for CNT network topology
To analyze the distribution and behavior of CNT according to external deformation, Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) is utilized for atomistic simulation, in which the stable configuration of CNTs is obtained through the energy minimization (Plimpton, 1995). Due to the high computational cost of full atomistic simulations, CGMS simulation was introduced for modeling CNT network. In the CGMS simulation model, several atoms or molecules are lumped into a bead as shown in Figure 1C, so that the system’s degree of freedom can be greatly reduced (Fish et al., 2021). For the newly defined beads, the interaction between beads must be defined. In this research, axial direction interaction between two beads in the same CNT, bending interaction between three beads in the same CNT, and interaction between two beads in different CNTs are considered. The interactions are implemented in the model through interatomic potential functions, and the model parameters are determined through a comparison between CGMS and full atomistic simulation (Buehler, 2006), as shown in Table 1 which is calculated under the assumption that the two beads’ equilibrium distance is 10 Å. Besides, the conjugate gradient method is adopted as a minimization method, and the convergence criterion is defined as follows,
[image: image]
where [image: image] represents the total potential energy at iteration [image: image], and [image: image] represents the total potential energy at the next iteration, [image: image]. From the initial distribution of CNT, the CNTs are divided by a length at which the axial direction potential energy is minimum and each segmented position is assigned as a bead. The potential energy of the system is minimized at every stretching step where the simulation box is stretched by strain increment under the constant volume assumption. This process is repeated until the desired strain is reached, and stable distribution of CNT network at each strain is obtained as shown in Figure 2C. In a stable state after energy minimization, it can be seen that the CNTs are bent.
TABLE 1 | Interatomic potential function for CNT beads.
[image: Table 1]2.3 Percolation network analyses and electric conductivity calculation
From the CNT network configuration obtained from the CGMS simulation, the resistances of the composite are calculated by using the percolation analysis (Lee et al., 2015; Jung et al., 2020). As shown in Figures 3A, B, the lines connecting the two neighboring beads in the same CNT are defined as segments having intrinsic resistance. A distance ([image: image]) between two segments that belongs to two different CNT molecules is calculated to classify whether they are in physical contact ([image: image]), under tunnel condition ([image: image]), or disconnected ([image: image]). Thereafter, contact resistances between the segments are defined depending on the distance as follows,
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where [image: image] is contact cutoff distance, [image: image] is tunneling cutoff distance, [image: image] is contact resistance, and [image: image] is tunneling resistance which is used to consider current paths due to quantum tunneling conductive junctions. For the simplification of the simulation, we utilized the Landauer formula depending on the shortest distance as shown in Eq. 3 (Büttiker et al., 1985) where h, e, M, m, and λ are Plank constant, electron charge, number of conduction channel, electron mass, and tunneling energy barrier (Simmons, 1963; Forro and Schoenenberger, 2001; Zhu et al., 2012; Klimm and Kwok, 2022). The distance [image: image] is determined by the CNT radius. We assumed that a resistance value of 30 times the contact resistance was large enough to be negligible for calculating conductivity of percolated network, so the distance at which tunneling resistance becomes 30 times the contact resistance between CNTs is chosen as the tunneling cutoff distance, [image: image]. The conductivity of the matrix is ignored because the resistivity of the matrix is much higher compared to that of CNT. The calculation of resistances between all CNT segments is conducted and connectivity between each pair of nodes is examined. Then, a connectivity matrix (P) is formed, [image: image] is allocated 1 or 0 if ith segment and jth segment are connected or not, respectively.
[image: Figure 3]FIGURE 3 | (A) CNT network which is represented with a coarse-grained model can be represented as (B) a circuit composed of contact/tunneling and intrinsic resistances. (C) DFS algorithm scheme; From the given example, the algorithm searches in A-B-D-…-C-F-J node order.
Because a CNT segment has only a few connections with other CNT segments, most components of the connectivity matrix are zero, thus the matrix is regarded as a sparse matrix. To eliminate unnecessary information, we introduce a dictionary of key format that contains only positions and values of non-zero components. Consequently, the required memory for connectivity information is dramatically reduced. When the volume fraction and CNT length are 0.16 vol% and 600 nm, respectively, 97% less memory was used for the connectivity matrix.
After that, the depth-firsts search (DFS) algorithm is utilized to find clustered CNTs as shown in Figure 3C. A connectivity graph can be constructed from connectivity information. Each node and edge represent a CNT segment and connectivity between CNT segments, respectively. DFS algorithm starts at an arbitrary node and explores as far as possible along each branch as shown in the red arrows of Figure 3C. If the exploration is no longer available, the algorithm explores backward on the same path to find other nodes to traverse. In the algorithm, CNTs that do not form percolating clusters are filtered out, and only CNT clusters contacted with both sides of walls are extracted as shown in Figure 2D.
Finally, the resistance of CNT-elastomer nanocomposite can be obtained by constructing a matrix containing the clustering information of the CNTs and using Kirchhoff’s law which dictates that the sum of the incoming and outgoing currents to any node in the circuit is zero. The relationship between resistance and voltage for ith node is expressed as follows,
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where [image: image] is an electric current flowing into a node connected with n nodes, [image: image] is the electric potential level of the kth node. Based on Eq. 6, the following matrix equation can be obtained.
[image: image]
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where A is the conductance matrix, V is the voltage vector, and B is the source vector. A and B are obtained from resistance information and current source, respectively. The kth component of vector B has a value of assigned voltage. Components of vector B other than the nodes touching either constant voltage boundary are zero, and V indicates the voltage at each node, which is solved using a Cholesky decomposition algorithm for sparse matrices.
3 RESULT
Before applying the proposed model for investigating the effect of design variables, our model is validated against an experimental measurement of the piezoresistive response of spray-coated carbon nanotubes on PDMS substrates (Lipomi et al., 2011). The length and volume fraction of CNT are set up to 2,400 nm and 0.18 vol%, respectively. As shown in the Figure 4, the average of the estimated value from proposed model is not completely consistent with the experimental results, but the same tendency is shown. And, it is confirmed that the error range of prediction increases because of variability and uncertainty due to randomly dispersed initial CNTs. The experimental result falls within the model’s error bounds, demonstrating that the suggested model covers experiments. So, it could be said the numerical analysis matches well with experiments except for a slight discrepancy at the finite strain range. Hence, we can conclude that the proposed model is reasonable to predict the effect of CNT length and volume fraction on the piezoresistivity.
[image: Figure 4]FIGURE 4 | Strain versus[image: image] plot for comparison of the experimental results (Lipomi et al., 2011) and prediction of the numerical model. Composites are stretched up to 0.6 strain, in which the length and volume fraction of CNT are 2,400 nm and 0.18 vol%, respectively.
3.1 Effect of volume fraction of CNT
To unveil the effect of the CNT volume fraction, the simulation is conducted by changing only the volume fraction while the other design conditions are kept fixed. i.e., length and diameter of CNT are 300 nm and 1 nm, respectively. As depicted in Figure 5A, a similar linear piezoresistive response is observed in the small strain regime ([image: image]), regardless of volume fraction. In contrast, in the large strain regime ([image: image]), the nonlinearity in the piezoresistive response increases with the reduction of volume fraction. The initiation of nonlinear behavior became faster with a smaller volume fraction of CNT for fixed length and diameter of CNT. To unveil the mechanism behind the volume fraction dependence, we visualize the change of CNT network in Figures 5B, C. For the composite with high volume fractions, CNTs are distributed relatively uniformly regardless of applied strain. On the other hand, with the reduction of volume fraction, the percolated CNTs are more rapidly diminished as strain increases, which leads to the occurrence of bottlenecks in the percolation network. This is because, when the volume fraction of carbon nanotubes (CNTs) in a network is lower, the interparticle interactions between CNTs are weakened. This weakening of interactions can make agglomeration more likely to occur. Such bottlenecks in the percolation network cause nonlinear piezoresistive behavior.
[image: Figure 5]FIGURE 5 | (A) Strain versus[image: image] plot according to the volume fraction of CNT when the length and the diameter of CNT are 300 nm and 1 nm, respectively. The microstructural of CNT network when the volume fraction of CNT is (B) 0.78 vol% and (C) 1.04 vol%, respectively.
3.2 Effect of length of CNT
We also analyzed the piezoresistive response of the CNT composites by varying CNT length and investigated its effect on the piezoresistive response. Here, the volume fraction and diameter of CNT are 0.78 vol% and 1 nm, respectively. Similar to the previous section, in the small strain regime, a linear piezoresistive response is observed regardless of CNT length as shown in Figure 6A. On the other hand, in the high strain regime, composites consisting of shorter CNT fibers show a nonlinear increase of resistance with the strain, whereas composites with longer CNT fibers sustain linear response longer. Figures 6B, C shows that such a nonlinear response originates from the bottleneck in the percolation network topology. This is because the CNT length gets shorter, the percolation network is more sparsely connected and becomes less persistent over the stretch making agglomeration more likely to occur. In short, the initiation of nonlinear behavior became faster with a smaller length of CNT for fixed volume fraction and diameter of CNT.
[image: Figure 6]FIGURE 6 | (A) Strain versus[image: image] plot according to the length of CNT when the volume fraction and the diameter of CNT are 0.78 vol% and 1 nm. The microstructural of the CNT network is presented when the lengths of CNT are (B) 200 nm and (C) 400 nm, respectively.
3.3 Performance map
Using the proposed numerical model, we modeled the piezoresistive response for 51 different combinations of volume fraction and length to generate a performance map in Figure 7. Figure 7A visualizes the maximum strain at which the composite has a linear piezoresistive response, which can be interpreted as the stretchability of the sensor. The stretchability is interpreted by the linearly stretchable range and defined as the maximum strain with [image: image] value greater than 0.98 in 1st order polynomial curve fitting. Figure 7B presents the gauge factor ([image: image]) of the strain versus resistance curve within the linear response regime. In other words, Figures 7A, B represent the stretchability and sensitivity of the piezoresistive sensors made of CNT-elastomer nanocomposites. The range where the piezoresistive response is not calculated via the numerical model was recovered by linear interpolation.
[image: Figure 7]FIGURE 7 | (A) Stretchability and (B) sensitivity map when volume fraction and length of CNT are design parameters. The lower left region forms a non-percolation network. The stretchability is defined as linearly stretchable range. The sensitivity is represented by a gauge factor within linear response range.
In the very low volume fraction or short length regime (lower left corner of the performance map), there is no piezoresistivity because no percolation network is formed. In the very large volume fraction and long length regime, the percolation network is very densely connected. Despite very high stretchability, the predicted sensitivity is low because the uniformly connected percolation network persists until a large mechanical strain is applied. In the volume fraction and length ranges just above the percolation threshold (a convex region connecting the upper left corner to the lower right corner), the gauge factor is very large because the percolation network topology changes significantly over the strain, but its stretchability is very limited. Overall, the performance map shows the trade-off relationship between the stretchability and the sensitivity (i.e., gauge factor). The performance map can serve as a guideline for designing the piezoresistive sensors to achieve the desired stretchability and sensitivity by considering the performance limit.
4 CONCLUSION
In this research, based on an efficient numerical model for predicting the piezoresistivity response of coated CNT network-based nanocomposites, we constructed a performance map featuring stretchability and sensitivity. Based on an efficient sparse matrix-based algorithm, we reduce the computing time for percolation analyses, which enabled us to effectively obtain the piezoresistive response in a large strain range for a variety of combinations of volume fraction and length of CNT. First, we show that the piezoresistive response predicted from our simulation model matches well with existing experimental measurements. Second, we identify the microscopic origin behind the transition between linear and nonlinear piezoresistive response upon volume fraction or length change. Moreover, we construct the strain sensing performance map showing the stretchability and sensitivity over a wide range of volume fractions and lengths, which has not been explored in detail so far. We expect that the performance map can serve as a guideline to design CNT-elastomer nanocomposite piezoresistive sensors.
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