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ABSTRACT: In this study, high-performance flexible strain sensors based on carbon 

nanotube (CNT) and graphene nanoplatelet (GNP) filled thermoplastic polyurethane 

(TPU) composites were fabricated via Fused Filament Fabrication (FFF) 3D printing. 

The introduction of GNPs generated a more complete conductive network of the 

composites due to the improved nanofiller dispersion. Due to the synergy of CNTs and 

GNPs, the printed CNT/GNP(3:1)/TPU sensor shows higher sensitivity (GF = 

136327.4 at 250% strain), larger detectable range (0~250% strain), and better stability 

(3000 cycles) compared with the CNT/TPU and GNP/TPU sensors with a nanofiller 

content of 2 wt%. Furthermore, the printed sensors can accurately detect strains at 

different frequencies (0.01~1 Hz). A modelling study based on tunneling theory was 

conducted to analysis the strain sensing mechanism, and the theoretical results agreed 

well with the experimental data. The capability of the sensors in monitoring 

physiological activities and speech recognition has also been demonstrated. 

Keywords: carbon nanotubes, graphene nanoplatelets, polymer composites, sensor, 

3D printing 

Introduction 

With the increasing level of automation in industrial production, the global 

market for strain sensors is expanding [1]. However, conventional strain sensors made 

of metal and semiconductor materials usually show limited sensitivity [2]. Also, the 

flexibility and strain range of such sensors do not meet the performance requirements 
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paths [8]. Ma et al. [9] fabricated versatile piezoresistive sensors based on conductive 

polyurethane (PU) sponges using dip-coating layer-by-layer electrostatic assembly. 

The resultant conductive sponges exhibited an excellent conductivity and 

compressibility (up to 75%) due to the synergistic effect of conductive CNT/rGO 

structures. Peng et al. [10] fabricated a lightweight and high-performance 

CNF-rGO/CNT carbon aerogel using freeze drying. The synergistic effect of CNTs 

and cellulose nanofibers (CNFs) endowed the carbon aerogel with a high sensitivity 

and ultrahigh compressibility (up to 95% strain). Zhao et al. [11] prepared highly 

conductive multifunctional rGO/CNT hybrid sponge-based strain sensor through 

chemical vapor deposition (CVD). Compared with the CNT sponge, the sensitivity of 

the rGO/CNT hybrid sponge is 50% higher.  

However, the preparation methods mentioned above are usually expensive and  

complicateddifficult to scale up for industrial use. Additionally, they are not suitable 

for customizing strain sensor performance due to their limited capability in structural 

design and control. Additive Manufacturing (AM) or 3D printing technologies 

fabricate objects based on digital model files via a layer-by-layer method and from a 

variety of materials such as powdered metals and plastic filaments and powders. 

Conductive polymer composites have been successfully processed using 3D printing 

technologies [12-19]. The techniques that have been utilized include powder bed 

fusion [12], vat photopolymerization [13], and fused filament fabrication [14]. Mu et 

al. [15] prepared a conductive polymer composite material based on MWCNTs and 

photocurable resin using vat photopolymerization. Li et al. [16] processed a 
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CNT/TPU composite with a low percolation threshold of 0.2 wt% using powder bed 

fusion. Odent et al. [17] printed flexible and highly-conductive poly(vinylidene 

fluoride) (PVDF) composites containing multi-walled carbon nanotube (MWCNT) 

using FFF. Benefiting from its low cost and flexible structural design, 3D printing is 

therefore a promising processing technology for sensor manufacture. Christ et al. [18] 

used FFF to fabricate a flexible strain sensor based on CNT/TPU nanocomposites. 

The results showed that increases in CNT content improved the printability of TPU. 

Xiang et al. [14] reported a method to enhance the performance of FFF 3D printed 

strain sensors by non-covalently modifying CNTs to improve the interfacial 

interactions with polymer matrix. Huang et al. [19] printed carbon fiber-filled 

conductive silicon rubbers (CSRs) through an extruder. The printed CSRs exhibited 

improved mechanical and electrical properties along the alignment direction of the 

fibers. The printed strain sensor was capable of recognizing the bending of fingers, 

demonstrating its potential for monitoring human movement. Although research in 

this important area is increasing, the focus tends to be on optimization the structure of 

the 3D printed sensors and the effects of nanofiller type and composition on the 

performance of the printed composites is given less attention. Recently, the authors 

synthesized silver nanoparticles (AgNPs) by electrophoretic deposition in the 

presence of CNTs, then printed a highly elastic strain sensor containing the hybrid 

nanofillers via FFF. It was found that the sensing property of the sensor was improved 

with the addition of AgNPs, while the synthesis process of AgNPs was complicated 

and the sensitivity of sensor should be further increased [20]. 
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(China). 

Preparation of nanocomposites 

Nanocomposites with 0.5 ~ 5 wt% nanofiller loadings were prepared. CNTs and 

GNPs at different weight ratios were dispersed in DMF by ultra-sonicating at 100 W 

for 1 h. Then, the TPU particles were introduced into the DMF solvent and the 

mixture was magnetically stirring for 2 h for a complete dissolution. The mixed 

suspension was flocculated with absolute ethanol to remove the less volatile DMF. 

The flocculated product was placed in a forced air oven at 80 °C for 24 h to remove 

the remaining solvent and to obtain nanocomposite sheets (Figure 1). The masses of 

raw materials used to prepare CNT/GNP/TPU composites with various CNTs:GNPs 

weight ratios (7:1, 3:1, 1:1, 1:3, and 1:7) are listed in Table 1 for a total content of 2 

wt% nanofillers. CNT/TPU and GNP/TPU composites were also prepared by the 

same method and used as references. 

Table 1. Content of raw materials for preparing CNT/TPU, GNP/TPU, and 

CNT/GNP/TPU nanocomposites with total 2 wt% nanofillers. 

Sample  Nanofiller ratio 

(CNT: GNP) 

CNTs  

(g) 

GNPs  

(g) 

TPU  

(g) 

CNT/TPU 

CNT/GNP (7:1)/TPU 

- 

7:1 

0.40 

0.35 

- 

0.05 

19.60 

19.60 

19.60 

19.60 

CNT/GNP (3:1)/TPU 3:1 0.30 0.10 

CNT/GNP (1:1)/TPU 1:1 0.20 0.20 
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CNT/GNP (1:3)/TPU 1:3 0.10 0.30 19.60 

19.60 

19.60 

CNT/GNP (1:7)/TPU 1:7 0.50 0.35 

GNP/TPU - - 0.40 

FFF 3D printing of nanocomposites 

The prepared composite material was added to a desktop single-screw extruder 

(Wellzoom Type C) to produce a composite feedstock filament with a diameter of 

1.75 mm. The processing temperature of the extruder was 210 °C, and the screw 

speed was 100 rev/min. The filaments were then processed via FFF using an ET-K1 

desktop 3D printer (ET Co. Ltd., China). A stacking mode with an interlayer angle of 

90° was applied (Figure 1). The nozzle temperature was set at 220 ºC to fully melt the 

composite filament (Table 2). Filament was deposited at 20 mm/s onto a substrate that 

was maintained at 70 ºC to allow better adhesion of the first layer deposited. 100% 

infill was employed. The layer thickness was 0.1 mm. The dimension of the printed 

samples was 50 mm × 10 mm × 1 mm. 
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Figure 1 Schematic diagram of the 3D printing of the flexible strain sensor. 

Table 2. 3D printing parameters for the nanocomposite strain sensors. 

Parameter Value 

Layer thickness (mm) 

Infill (%) 

0.1 

100 

Printing speed (mm/s) 20 

Hot bed temperature (°C) 70 

Nozzle temperature (°C) 220 

Nozzle diameter (mm) 0.4 

Characterization 

Zeta potentiometer (Brookhaven Zeta PALS 190 Plus) was used to analyze the 

dispersibility of CNTs, GNPs and CNT/GNP nanofillers in DMF. UV-Vis spectra 
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in the matrix according to the fractured cross-section morphology of sample (Fig. 4f 

and Fig. S1c-d). Compared with the CNT/TPU nanocomposites, the flake-like GNPs 

in the GNP/TPU nanocomposites displays a better dispersion. The morphology of 

GNP loaded on the surface of the printed CNT/GNP(3:1)/TPU nanocomposites is 

more difficult to define due to being covered by polymer wrapped CNTs (Fig. 4g and 

Fig. S1e-f). As shown in Fig. 4 h, the CNTs and GNPs are more uniformly dispersed 

in the matrix. This result is due to the synergistic effect of combining GNPs and CNTs, 

which improves the dispersion of nanofillers. 
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(1.92 × 10-5 S/cm) at the same nanofiller loading. As the results show in Fig. 5e, when 

the content of GNPs is too small, agglomeration of CNTs can still occur in the 

nanocomposite, which limits the improvement of the electrical conductivity of the 

composite. When CNTs:GNPs = 3:1, the electrical conductivity of the nanocomposite 

is significantly enhanced due to the low content of agglomerates. However, further 

increase in the content of GNPs results in a reduction of available CNTs to bridge the 

gap between GNPs and thus leads to a decrease in the conductivity of the 

nanocomposite. In summary, CNT/GNP(3:1)/TPU exhibits better printability (Section 

3.2) and electrical performance compared to other nanocomposites with the same 

nanofiller content. The mechanical and sensing properties of these particular 

nanocomposites are therefore investigated to see if this synergism extends to 

mechanical and sensing performance. 

As is shown in Fig. 5d, the conductivity of nanocomposites is unchanged within 

the range of temperature from 20 to 80 °C, indicating that the conductivity of the 

nanocomposite is independent of temperature. This behavior is essential for the 

application and precision of sensors at different temperatures. 
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10 cycles under a strain of 100%, but they tend to be stable after that. As is shown in 

Fig. 6h, the mechanical hysteresis of the samples during stretching/releasing cycles is 

obtained by calculating the area of the curves. It can be observed that 

CNT/GNP(3:1)/TPU displays a smaller mechanical hysteresis than GNP/TPU and 

CNT/TPU nanocomposites, which is resulted from the improved dispersion of 

nanofillers in the TPU. 
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