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Abstract 

A flexible strain sensor with excellent mechanical and electrical properties was fabricated by 

depositing carboxylated multiwalled carbon nanotubes (CNTs) and graphene (Gr) onto 

thermoplastic polyurethane (TPU) nanofibrous membranes. The deposition efficiency and 

fastness of CNTs and Gr particles on TPU nanofibrous membranes were improved by vacuum 

assisted deposition and ultrasonication. Furthermore, a flexible strain sensor with excellent 

sensing performance was obtained by optimizing the optimal hybrid ratio between CNTs and 

Gr. Electromechanical experiments showed that the strain sensor had a wide working range of 

172% with a high gauge factor of approximately 217 for TPU/5CNTs5Gr composite. Moreover, 

the TPU/5CNTs5Gr composite also exhibited good durability in 10000 tensile loading-

unloading cycles, and had superior sensing performance when monitoring the bending motions 

of human finger, elbow and knee. 
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1 Introduction 

Flexible electronic strain sensors have the ability to transform mechanical deformations into 

electrical signals to measure parameters such as capacitance or resistance. In recent years, more 

and more research has been conducted in this field due to their broad application prospects in 

detecting physiological activities such as bending, twisting, folding and stretching of human 

body [1-5]. At present, the preparation of flexible electronic strain sensors is mostly realized by 

combining conductive nanomaterials (such as nanowires, nanotubes, graphene, etc.) with 

flexible polymer matrices [6]. Generally, high-performance strain sensors should have excellent 

characteristics such as high sensitivity, good mechanical properties, operation over a wide 

response range etc. [7-9]. Therefore, it is necessary to select a flexible matrix and a conductive 

material to combine in an effective flexible strain sensor. 

The most widely used matrices are thermoplastic polyurethane (TPU) [10], polydimethylsiloxane 

(PDMS) [11], styrene ethylene butylene styrene copolymers (SEBS) [12], polypropylene (PP) [13] 

and epoxy resin etc. [14]. When compared with other polymer membranes, TPU which exhibits 

large elongation and good elasticity, can be easily electrospun into fibrous membranes with 

excellent porosity, ductility, flexibility and mechanical strength [15]. Therefore, an electrospun 

TPU membrane can be used as an ideal substrate for the preparation of functional composites 

to develop strain sensors with high flexibility and sensitivity. Carbon materials, such as 

graphene [16], carbon black [17] and carbon nanotubes (CNTs) [18, 19], which have superior 

electrical properties to other fillers, are widely used as conductive fillers in the preparation of 

nanofiber-based strain sensors. CNTs with unique tubular structures of nanometer diameters 

and large length/diameter ratios possess excellent electrical properties [20]. Yamada et al. [21] 

fabricated stretchable strain sensors by using aligned CNTs and poly(dimethylsiloxane) 

(PDMS). The obtained strain sensor stably worked over a large strain range (280%), but had a 

sensitivity coefficient value of only 0.82. As a single-atom-thick sheet of sp2 hybridized carbon 

atoms, Gr has excellent conductivity, large theoretical specific surface area and strong 

mechanical strength. However, due to the π-π interaction, Gr sheets are inclined to stack 

together, which may seriously degrade its performance [22]. In order to improve sensitivity, 

much research on blending carbon nanotubes with other conductive materials has been carried 

out to obtain strain sensors with high working ranges and other comprehensive performance 
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improvements [23-29]. This is because long and tortuous CNTs (1D) have not only been used to 

suppress graphene (Gr) overlap (2D), but also to fill the gaps between graphene nanosheets to 

form three-dimensional conductive networks. He et al. [30] prepared a strain sensor of flexible 

porous polydimethylsiloxane (CNT-Gr/PDMS) nanocomposites filled with CNTs and Gr. CNTs 

and Gr provided a perfect three-dimensional conductive network in a porous skeleton, and the 

sensor had high extensibility and sensitivity. The gauge factor of the strain sensor reached 182.5 

and the working strain range was as high as 120%. 

In this work, a flexible strain sensor was fabricated by depositing carboxylated multi-walled 

carbon nanotubes (CNTs) and graphene (Gr) on electrospun TPU nanofibrous membranes. It is 

anticipated that the electrical properties of strain sensors can be improved by utilising the 

advantages offered by nanofibers such as high porosity and large specific surface area, and the 

merits of hybrid CNTs-Gr conductive networks. Herein, the electrical properties and 

mechanical properties of TPU fibers deposited with different contents of CNTs and Gr were 

investigated. Subsequently, working stability after washing and long-term use for TPU/CNTs-

Gr composites was characterized. Finally promising applications of the strain sensor obtained 

for detecting muscle motions such as finger, elbow and knee bending were proposed.    

2 Experimentation 

2.1 Materials 

Polyester-based polyurethane (TPU) was acquired from Shandong INOV New Materials Co., 

Ltd. (Zibo, Shandong, China). Tetrahydrofuran (THF), N, N-dimethylformamide (DMF) and 

sodium dodecyl sulfate (SDS) were purchased from Sinopharm Chemical Reagent Co., Ltd. 

(Shanghai, China). Multiwall carbon nanotubes (CNTs) were obtained from Cnano Technology 

(Beijing China). Few-layered graphene (5–6 layers) was purchased from Deyangene Carbon 

Technology Co., Ltd., China. 

2.2 Preparation of electrospun TPU nanofibrous membranes  

Prior to using, TPU masterbatches were dried in a vacuum oven at 80 °C for 24 h to remove 

moisture. Then, they were dissolved in a solvent of DMF mixed with THF at a ratio of 1:3 to 

prepare a solution having a mass fraction of 18%. The mixed solution was magnetically stirred 

at 60 °C for 1 h and thereafter stirring at room temperature was maintained for 6 h to allow 

complete dissolving of the mixture. The TPU solution obtained was loaded in a 15 mL syringe 
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connected to a 22 G blunt end needle. Subsequently, the syringe was mounted on a digital 

syringe pump. Electrospinning was carried out at room temperature, humidity of 20% and an 

applied voltage of 15 kV. A working distance of 15 cm between the capillary tip and the 

collector was used and the solution supply rate was 10 mm/h. The electrospinning time was 2.5 

h, and then the TPU nanofibrous membrane was placed in a fume hood overnight to remove the 

solvent. Finally, the TPU membrane was cut into circular shapes of diameter of 7 cm diameter 

for testing. 

2.3 Preparation of carboxylated CNTs 

CNTs were treated with ultrasonication in a H2SO4/HNO3 (3:1) mixed acid at a concentration 

of 10 g/L for 12 h and then stirring for 8 h at 65 °C. The mixture of carboxylated CNTs was 

centrifuged at 6000 rev/min for 20 min and filtered through 0.22 μm filter paper. The modified 

CNTs were then washed with distilled water and dried in a vacuum at 40 °C. A detailed 

description of CNTs and carboxyl CNTs characterization has been presented in a previous work 

[12]. Carboxylated CNTs were employed in the following work, which were also named as CNTs 

in convenience. 

2.4 Fabrication of TPU/CNTs-Gr composites 

Suspension was prepared by mixing CNTs with Gr in deionized water with different ratios of 

0:10, 3:7, 5:5, 7:3 and 10:0, respectively. 1 wt% SDS was added and the mixture was 

ultrasonicated for 2 h was employed in order to obtain a good dispersion of fillers in the 

suspension. CNTs and Gr were dispersed onto the TPU nanofibrous membranes by vacuum 

suction filtration, and then the floating CNTs and Gr were removed by ultrasonication in 

distilled water for 10 min. In order to improve the deposition amount and fastness of CNTs and 

Gr, the TPU nanofibrous membranes, that had been drained and deposited with CNTs and Gr, 

were placed into the suspension of CNTs and Gr for ultrasonication for 1 h, followed with 

drying in an oven at 60 °C. The previous vacuum suction filtration and ultrasonic treatment 

were then repeated twice. The resultant TPU nanofibrous membranes coated with different 

ratios of CNTs to Gr were denoted as TPU/0CNTs10Gr (CNTs and Gr were deposited on the 

TPU nanofibrous membrane in a ratio of 0:10), TPU/3CNTs7Gr, TPU/5CNTs5Gr, 

TPU/7CNTs3Gr and TPU/10CNTs0Gr respectively. The whole procedure for preparing 

TPU/CNTs-Gr composites is shown in Figure 1.  
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Figure 1 Schematic diagram of preparing TPU/CNTs-Gr composites 

2.5 Characterization 

The morphology of TPU/CNTs-Gr composites was observed by scanning electron microscopy 

(SEM, Czech Brno, Tescan Vega3). The surface chemical structure of the composites was 

determined by X-ray photoelectron spectroscopy (XPS, Axis Supra+, Kratos, Japan) with Al 

Kα radiation. The static resistance of five groups of TPU/CNTs/Gr composites were measured 

by using a multi-functional digital four-probe tester (ST-2258C, Jiangsu, China). The 

experimental data for the wafer resistance is the average of the results of the samples tested 

under identical conditions for at least five locations. Thermogravimetric analysis was performed 

using a synchronous thermal analyzer (TG/DSC, STA449 F3 Jupiter, Bavaria, Germany). The 

measurement was made in a nitrogen atmosphere. The tensile tests were conducted on an 

Instron-5965 Tensile Machine (Glenview, US) by using specimens with widths of 10 mm and 

lengths of 20 mm. Each sample was tested three times under the same conditions and the 

average value from the three tests was used. The resistance of the TPU/CNTs-Gr composites 
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was measured by using a digital multimeter B2901A Keysight. The multimeter was equipped 

with a stepping motor to induce the deformation of the test samples. During testing, copper 

tapes acting as electrodes were connected to the ends of the 20 mm × 10 mm samples. 

3 Results and discussion 

The surface morphology of TPU/CNTs-Gr composites are shown in Figure 2. As can be seen 

from Figure 2 (a-a″), only a large number of Gr sheets is observed on the surface of 

TPU/0CNTs10Gr composite, indicating the deposition of Gr. It can be seen from Figure 2 (b-

b″) and Figure 2 (c-c″) that a relative number of Gr and CNTs mixed fillers are deposited on 

the matrix TPU/3CNTs7Gr and TPU/5CNTs5Gr films. For TPU/7CNTs3Gr composites, as 

shown in Figure 2 (d-d″), there are a small amount of Gr and many CNTs. Figure 2 (e-e″) show 

that many tubular particles are embedded in TPU/10CNTs0Gr composites, indicating the 

deposition of CNTs. Both CNTs and Gr can be successfully deposited on the surface of the 

nanofibrous membranes by means of ultrasonication. This can be explained by the CNTs and 

Gr particles entering the internal system of the nanofibrous membrane under the action of 

negative pressure suction during the vacuum suction filtration process. In the process of 

ultrasonication crushing, CNTs and Gr fillers are rapidly pushed to the surface of the outer 

nanofibrous membranes and reach the inner nanofiber surfaces through pores, resulting in 

interfacial collisions [31]. As a result, the nanofibers become soft or even partially melt, causing 

the CNTs and Gr to be firmly anchored to the nanofiber surfaces. 
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Figure 2 The surface morphology of TPU/CNTs-Gr composites: (a-a″) TPU/0CNTs10Gr; (b-

b″) TPU/3CNTs7Gr; (c-c″) TPU/5CNTs5Gr; (d-d″) TPU/7CNTs3Gr; (e-e″) TPU/10CNTs0Gr. 

The chemical structures of TPU nanofibrous membrane were characterized by XPS analysis. 

Figure 3 (a) shows the XPS spectra of the TPU nanofibrous membrane. The carbon peak at 

284.6 eV was attributed to carbon contamination. The O 1s core level spectra of the TPU 

nanofibrous membrane was exhibited in Figure 3 (b). The peak at 531 eV was attributed to the 

presence of hydroxyl (-OH) groups while the peak at 533.01 eV was probably due to the 

existence of carbonyl (-C=O) groups [15]. The quantities of -OH and -C=O groups for the TPU 

nanofibrous membranes was 54.68% and 28.18%, respectively.  
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Figure 3 Wide scan XPS of (a) the TPU nanofibrous membrane; O 1s core-level spectra of (b) 

the TPU nanofibrous membrane. 

The relations between stress and strain for TPU and TPU nanofibrous membranes with different 

concentration ratios of CNTs to Gr is shown in Figure 4(a) and (b). It can be seen from the 

figures that the tensile strength for all samples was between 6 MPa and 10 MPa. Due to the 

filler particles in suspensions, the energy of ultrasonication to the TPU matrix was abated much 

quicker leading to a lower loss of tensile strength when compared the conductive TPU 

composites with the pure TPU. The tensile strength of the TPU nanofibrous membranes 

embedded CNTs and Gr decreased by comparison with that of the TPU nanofibrous membranes. 

This is mainly due to the embedding of CNTs and Gr under ultrasonication where the internal 

structure of TPU is destroyed to some extent [32]. However, the elongation at break of TPU 

nanofibrous membranes deposited with different concentrations of CNTs and Gr was not 

significantly different, ranging from 600% to 800%. Besides, CNTs and Gr particles in 

suspension hindered the transmission of energy to the substrate during ultrasonication, thus 

leading to a slightly higher strength of the conductive composite membranes than pure TPU 

membrane.  
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The quantities of CNTs and Gr on TPU nanofibrous membranes was determined by the TG 

curves as shown in Figure 4 (c). It was found that when the temperature reached 800 °C, the 

weight loss rate of the TPU, TPU/0CNTs10Gr, TPU/3CNTs7Gr, TPU/5CNTs5Gr, 

TPU/7CNTs3Gr, TPU/10CNTs0Gr were 91.8%, 79.5%, 79.4%, 82.2%, 83.4%, 82.2%, 

respectively. Thus, the quantities of the remnant attributed to the successful deposition of CNTs 

and Gr on the TPU nanofibrous membranes used in this work were 12.3%, 12.4%, 9.6%, 8.4% 

and 9.6%, respectively. 

The electrical resistance of TPU nanofibrous membranes deposited with different 

concentrations of CNTs and Gr is shown in Figure 4 (d). It was found that the TPU nanofibrous 

membrane with only graphene deposited possessed the highest electrical resistance (19.8 

kΩ/sq). This is because Gr used in this work has an intrinsically lower conductivity than CNTs, 

the agglomerates of Gr also increased the sheet resistance significantly. The electrical resistance 

of the membrane was drastically decreased with the addition of CNTs. For example, when the 

mass ratio of CNTs/Gr was 3:7, the electrical resistance of the membrane decreased to 0.15 

kΩ/sq. The reason for this is that CNTs bridged the defects for electron transfer and effectively 

prevented the irreversible aggregation of Gr which is beneficial for increasing their conductivity  

[33].  
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Figure 4 (a) Stress-strain curves; (b) Tensile strength and elongation at break; (c) TG curves 

of various TPU nanofibrous membranes and (d) Sheet resistance. 

In order to determine the sensing behavior of conductive composite nanofibers, 

electromechanical tests were carried out at a feed rate of 10 mm/min. The relative resistance 

(ΔR/ R0, ΔR = R-R0, where R0 is the initial resistance and R is the real time resistance) and the 

measurement factor (gauge factor (GF), GF = (ΔR/R0)/ ε, where ε is the strain of the samples) 

were used to evaluate the electromechanical properties of the conductive composite fibers. As 

can be seen from Figure 5 (b) and (c), when Gr is the only conductive filler, the working range 

of TPU/0CNTs10Gr composites is 0%-87%, and the highest GF is 23. When the conductive 

filler is CNTs only, the working range of TPU/10CNTs0Gr composite is 0% to 160%, and the 

highest GF is 11.4. When CNTs and Gr were mixed as conductive fillers, the working range 

and GF of the composites prepared varied due to the different mixing ratio. The GF of 

TPU/5CNTs5Gr composite was the highest when the mixing ratio of CNTs and Gr was 1:1 and 
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could reach 217. This was because of synergies between Gr and CNTs that Gr acting as a spacer 

separated entangled CNTs from each other, while CNTs as bridge connected graphene together 

[34]. This is beneficial for the dispersion of CNTs and the formation of more effectively 

conductive paths. Since the sensitivity (high gauge factor) is of great significance for strain 

sensors to detect tiny motions, TPU/5CNTs5Gr composite was adapted for the further 

investigation in this work. 

 

Figure 5 (a) Schematic diagram of the electromechanical test; (b) Relative resistance versus 

strain and (c) Dependence of Gauge factor on strain for TPU nanofibrous membranes. 

The electromechanical stability of TPU/5CNTs5Gr under different strain and tensile rate was 

studied. As shown in Figure 6 (a), TPU/5CNTs5Gr shows good reproducibility and stability 

under different strain levels for 30 cycles of tensile loading and unloading cyclic testing, 

indicating good adaptability in practical applications. With the increase of strain level, the 

relative resistance of TPU/5CNTs5Gr increased significantly, due to the nanofibrous 

membranes being stretched greatly to relatively large strains leading to more conductive paths 
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being broken. Figure 6 (b) shows the sensing behavior of TPU/5CNTs5Gr at 30% strain at 

different cyclic feed rates of 5 mm/min, 10 mm/min, 50 mm/min, 100 mm/min and 200 mm/min 

for 30 cycles.  It can be seen that TPU/5CNTs5Gr displays similar changes in relative resistance 

at different feed rates, and the relative resistance was concentrated in the 400%-600% range, 

which authenticated the detectability and stability of TPU/5CNTs5Gr strain sensors under 

different external stimuli. The long-term sensing behavior of TPU/5CNTs5Gr is shown in 

Figure 6 (c). The cyclic tensile tests of TPU/5CNTs5Gr show good durability and 

reproducibility under the conditions of 0 to 30% strain with a feed rate of 10 mm/min for 10000 

cycles. For example, the relative resistance of TPU/5CNTs5Gr is about 180% in 2000-2010 

cycles, 179% in 5010-5020 cycles, and 180% in 8460-8470 cycles. This indicates that the 

electrical durability and stability of the TPU/5CNTs5Gr membranes are excellent. 

 

Figure 6 (a) Curves of relative resistance related to 30 tensile cyclic tests applied over 

different strain ranges: 0–5%, 0–10%, 0–50% and 0–100% at a constant stretch rate of 10 

mm/min; (b) Curves of relative resistance under 0 to 30% strain at feed rates of 5 mm/min, 10 
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mm/min, 50 mm/min, 100 mm/min, 200 mm/min for 30 tensile cycles of testing; (c) 

Performance of TPU/5CNTs5Gr during 10000 tensile cycling tests over a strain range of 0–

30%, indicating durability; insets are the sensing behavior in the ranges 2000–2010, 5010-

5020 and 8460–8470 cycles. 

In this study, the TPU/5CNTs5Gr composites sensor not only had good electrical conductivity, 

but also exhibited excellent stretchability, high sensitivity, outstanding stability and reliability. 

Consequently, the TPU/5CNTs5Gr strain sensor is proposed to detect bending motions of 

fingers, elbows, knees and even human body pulse rates and intensity in this work. As can be 

seen from Figure 7 (a), when a finger bends through angle changes from 0 to 30°, 60° and 90°, 

the relative resistance correspondingly changes to the ratios of 150%, 510% and 1390% 

respectively. It can be seen from Figure 7 (b) and (c) that when the elbow and knee are bent at 

specific angles, the relative resistance also changes accordingly. It can be seen from Figure 7 

(d) that the conductive nanofibrous membrane can detect tiny motions such as pulses where a 

relative resistance change of about 0.5% was the response. As shown in Figure 7 (e), the 

composite sensor was stretched at a feed rate of 50 mm/min. During the stretching process, the 

resistance gradually increased and the connected LED light gradually darkened (i-iii), which 

also gave a measure of the high sensitivity of the composite sensor. 
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Figure 7 Relative resistance of TPU/5CNTs5Gr resulting from human motion: (a) Finger 

bending for four cycles at different angles of 30°, 60°, 90°; (b) Elbow bending for four cycles 

at an angle for four cycles; (c) Knee bending at a specific degree for four cycles; (d) Pulse 

beating for ten cycles; (e) Changes in brightness of LED as a conductive TPU/5CNTs5Gr 

composite was stretched from 0% to 170%. 

4 Conclusion 

In this paper, novel flexible strain sensors based on a conductive composite nanofibrous 

membrane were prepared by embedding CNTs and Gr into modified electrospun TPU 

membranes. The deposition efficiency and fastness of carbon nanotubes and graphene on TPU 

nanofibrous membranes were improved by vacuum assisted deposition and ultrasonic treatment. 

By exploring the optimal mixing ratio of carbon nanotubes and graphene, the sensing 

performance of flexible strain sensors were optimized. The TPU/5CNTs5Gr composite had the 
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highest sensitivity of 217 with a wide working range of 172%. The flexible strain sensor 

obtained has good durability and underwent at least 10000 tensile cycles from zero strain. 

Additionally, the strain sensor based on TPU/5CNTs5Gr accurately monitored the bending 

movement of fingers, elbows, knees and even monitored the pulse in the human body. In 

conclusion, the development of flexible strain sensors based on TPU/5CNTs5Gr has significant 

and burgeoning prospects. They are thus strong candidates for development in the area of 

intelligent wearable and medical monitoring textiles. 
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