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Abstract 

Fiber-based strain sensors have attracted widespread concern of researchers due to large 

specific surface area, good stretchability and remarkable flexibility. In this work, a 

stretchable strain sensor with ultra-high working range was developed by using 

electrospun thermal plastic polyurethane (TPU) nanofibrous membrane coated with 

carboxyl multi-walled carbon nanotubes (CNTs). In order to obtain an even distribution 

and an improved fastness of carboxyl CNTs on TPU fibers, dopamine (DA) was 

employed to modify the TPU nanofibrous membrane (labelled DATPU) via a fast 

ultrasonication-assisted deposition approach. DATPU/CNTs exhibited an ultra-high 

working range of about 710% with high gauge factor up to 1200. Furthermore, 

DATPU/CNTs were found to have stronger washing fastness than TPU/CNTs owing 

to the introduction of DA onto the surface of TPU nanofibers. DATPU/CNTs also 

maintained good electrical conductivity during 15000 cycles of stretching-releasing test. 
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Finally, a prototype of strain sensor based on DATPU/CNTs membrane demonstrated 

remarkable flexibility and sensitivity to human body motions such as elbow bending, 

finger bending and swallowing.  

Keywords: Polyurethane nanofibers; electrospinning; dopamine modification; carbon 

nanotubes; strain sensor 

Introduction 

Recently, the demand of smart wearable electronics with the advantages of intelligence, 

compact size and portability has soared sharply [1-3], because they could provide great 

potential in human motion detection and health monitoring, etc [4-7]. One important 

category is strain sensors, which possess the ability of transforming the physical 

deformation into electrical signals [8]. An excellent strain sensor should have a wide 

working range, high sensitivity and good durability [9-11]. However, conventional 

metal-based and semiconductor-based strain sensors are subject to the stiffness, poor 

working range (< 5%) and low sensitivity, and therefore cannot meet the requirement 

of wearable device [12, 13].  

Flexible strain sensors based on electrically conductive polymer fiber composites, 

which are composed of stretchable polymer fibers and conductive fillers or conductive 

layers, have been the focus of an increasing number of scientific publications because 

of its lightness, flexibility and stretchability [14, 15]. Stretchable polymer fibers 

elastomers, such as thermoplastic polyurethane (TPU) [16, 17], Ecoflex [18] and 

styrene butadiene styrene (SBS) [19], are generally fabricated by wet spinning [20], 

melt spinning [21] and electrospinning, etc. Among these, electrospinning as a simple 

and easy approach is usually utilized to manufacture micro/nano fibrous membrane, 

which possesses superiorities of large specific surface area and commendable 

mechanical flexibility [22]. Flexible strain sensors prepared by coating electrospun 



fibrous membranes with carbon black (CB) [23], reduced graphene oxide (RGO) [24] 

and carbon nanotubes (CNTs) [25] have attracted increasing attention. For example, 

Zhao [9] et al. prepared a strain sensor by depositing CB particles onto electrospun TPU 

fibrous membrane assisted by ultrasonication. In order to improve the working stability 

of strain sensor, CB/TPU membrane was encapsulated into Ecoflex layer. The obtained 

CB/TPU/Ecoflex strain sensor exhibited an ultrahigh sensitivity, (i.e. the maximum 

gauge factor was up to 3186.4 at strain of 225%) while the working range was low 

(225%). In addition, Lu [26] et al. fabricated a silver nanowires 

(AgNWs)/TPU/polydimethylsiloxane (PDMS) sandwich structured strain sensor via 

sequential coating the electrospun TPU membrane with AgNWs and PDMS by 

filtration. The resultant strain sensor presented good stability and reliability, but was 

subject to low working range (about 80%) and low sensitivity (gauge factor, which 

refers to the sensitivity of conductive fibrous membranes to tension, was about 12). 

Gong [27] et al. incorporated the electrospun carbon sponge (CS) into PDMS to obtain 

a flexible and wearable strain sensor, which showed high piezoresistive sensibility and 

high-speed response. However, the working range and gauge factor (GF) of CS/PDMS 

strain senor was just up to 60% and 130.5, respectively. As pointed out in previous 

studies [28-31], a high working range could result in the reduction of materials service 

life in detecting high strain levels movement. Hence, there is a high-demand of 

electrospun fibrous membrane-based strain sensors with improved working range. 

In this work, TPU electrospun fibrous membrane with excellent elasticity and 

toughness was selected as substrate. CNTs were selected as the conductive medium 

because of its very high mechanical strength and electrical conductivity. A highly 

stretchable strain sensor was fabricated by coating CNTs on TPU fibrous membrane 

assisted by ultrasonication. In order to further improve the electrical stability of the 



membrane and the fastness of CNTs coated on the membrane, dopamine (DA), which 

was widely used to modify the surface of materials to improve the interfacial strength 

[32], was utilized to modify the TPU fibrous membrane (DATPU) to enhance the 

interfacial interactions between CNTs and TPU membrane. The influence of DA 

modification and the concentration of the CNTs suspension on the performance of 

conductive fibrous membrane were investigated. The ability of an optimized 

conductive fibrous membrane to detect various human body motions, such as swallow, 

finger bending, wrist bending and knee bending, was evaluated. Finally, a prototype 

strain sensor was assembled together with Bluetooth device and battery and its 

performance was demonstrated via detecting human kneecap motions. 

Experimentation 

Materials 

TPU was acquired from Shandong INOV New Materials Co., Ltd. (Zibo, Shandong, 

China). CNTs were purchased from Cnano Technology (Beijing China). 

Tetrahydrofuran (THF), N, N-dimethylformamide (DMF) were bought from 

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dopamine hydrochloride 

(DA·HCl) and Sodium periodate (NaIO4) were obtained from Shanghai Macklin 

Biochemical Co., Ltd. (Shanghai, China). Tris (hydroxymethyl) aminomethane (Tris) 

was produced from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). . 

Preparation of electrospun TPU fibrous membrane 

Figure 1(a) shows the procedure for fabricating electrospun TPU nanofibers. TPU 

pellets were initially desiccated in a vacuum oven at 80 °C for 24 h. Then, they were 

dissolved with concentration of 18 wt% in a mixed solvent of THF and DMF with a 

volume ratio of 3:1. The mixture was magnetically stirred at 60 °C for 8 h for complete 

dissolving. In order to obtain electrospun TPU fibrous membrane, TPU solution was 



loaded in a plastic syringe (10 mL) connected to a 22-gauge blunt end needle which 

was fixed on a digital syringe pump (Longer Precision Pump Co., Ltd., Baoding, Hebei, 

China). Electrospinning was carried out under the room temperature, humidity of 25%, 

the applied voltage of 20 kV, the work distance of 20 cm between the capillary tip and 

the collector, and the solution supply rate of 4 mL/h. Finally, the resultant TPU fibrous 

membranes were placed in a fume hood overnight at room temperature to remove the 

remaining solvent as much as possible. 

 

Figure 1 Schematic diagram of preparing conductive fibrous membrane: illustration 

of (a) fabricating TPU nanofibers and (b) DA modifying TPU nanofibers; (c) photo of 

DATPU/CNTs fibrous membrane. 

Dopamine modification of electrospun TPU fibrous membrane 

For the surface modification of electrospun TPU fibrous membrane, a 2.0 g/L aqueous 

solution of DA was prepared by dissolving the DA∙HCl powder in distilled water and 

the pH of the solution was adjusted to 8.5 by adding Tris (the DA solution was termed 

as solution A). NaIO4 aqueous solution with a concentration of 30 mM was noted as 

solution B. Solution A and solution B was mixed immediately and sprayed onto the 

TPU fibrous membrane. With the spontaneous deposition of an adherent poly-



dopamine (PDA) layer, the color of the mixture quickly changed from light pink to dark 

brown (Figure 1(b)). After 2 h, the TPU fibrous membrane was washed using distilled 

water and dried at 60 °C in a vacuum. The resultant TPU fibrous membranes were 

termed as DATPU. 

Preparation of carboxyl CNTs 

CNTs were treated by ultrasonicating in H2SO4/HNO3 (3:1) mixed acid with a 

concentration of 10 g/L for 12 h, then stirring for 8 h at 65 °C. The mixture of carboxyl 

CNTs was centrifuged at 6000 r/min for 20 min and filtered through 0.22 μm filter paper. 

The modified CNTs were then washed to neutral with distilled water and dried in a 

vacuum at 40 °C. Detailed description of CNTs and carboxyl CNTs characterization 

was presented in the previous work [3]. Carboxyl CNTs were employed in the following 

work, which is also called CNTs in convenience.  

Preparation of CNTs coated TPU fibrous membrane 

Firstly, CNTs was added into distilled water to prepare the CNTs suspension with the 

concentration of 0.2 g/L, 0.4 g/L, 0.6 g/L, 0.8 g/L and 1.0 g/L. Both pure TPU and 

DATPU fibrous membranes with the size of 40 mm×10 mm were soaked into the above 

CNTs suspension. After ultrasonication for 60 min, the CNTs coated pure TPU and 

DATPU fibrous membrane were removed from the beaker, washed with distilled water 

for three times and placed in a vacuum oven at 60 °C for 24 h. The CNTs coated pure 

TPU and DATPU fibrous membranes were termed as TPU/CNTs-X and DATPU/CNTs-

X, respectively (X means the concentration of CNTs suspension). 

Characterization 

The morphology of the samples was observed by using a scanning electron microscope 

(SEM) (Hitachi Regulus 8100, Tokyo, Japan).  

Electrical sheet resistance of TPU/CNTs and DATPU/CNTs conductive fibrous 



membrane was measured by using a multifunction digital four-probe tester (ST-2258C, 

Jiangsu, China).  

Tensile tests were carried out by using a tensile testing machine (Instron-5965 Tensile 

Machine, Glenview, US) with the stretch rate of 100 mm/min. Rectangular specimens 

with the size of 40 mm×10 mm were used, and the clamping distance was 20 mm.  

The surface chemical structure of the sample was carried out using X-ray photoelectron 

spectroscopy (XPS) (Thermo ESCALAB 250XI system Thermo Electron Corporation, 

USA) with an Al Kα X-ray source.  

Thermogravimetric analysis (TGA) was performed using a DSC/TG synchronous 

thermal analyzer (STA449 F3 Jupiter, Bavaria, Germany) under nitrogen atmosphere. 

The sample, with a weight of 5-10 mg, was heated from room temperature to 800 °C 

with a heating rate of 20 °C/min. 

The resistance of TPU/CNTs and DATPU/CNTs conductive fibrous membrane was 

measured with a digital multimeter (KEYSIGHT B2901A, US) which was equipped 

with a stepper motor to induce various tensile deformations in the tested samples.  

Results and discussion 

In this work, concentration of the CNTs suspension is a key factor in fabricating a 

conductive fibrous membrane with excellent conductivity. Therefore, CNTs suspension 

concentration was varied from 0.2 g/L, 0.4 g/L, 0.6 g/L, 0.8 g/L to 1.0 g/L to investigate 

its effect on the morphology, thermal properties and mechanical properties of 

conductive fibrous membrane. The morphology of resultant conductive fibrous 

membranes is depicted in Figure 2. As shown in Figure 2(a-f), the TPU fibers exhibited 

relatively smooth surface before ultrasonicating. As the concentration of CNTs 

suspension increased, there were more CNTs coated on the TPU fibers. However, by 

comparison with the pure TPU fibers, DATPU fibers possessed rougher surface, which 



should be ascribed to the self-polymerization of DA on the surface of the TPU fiber, 

forming a poly-dopamine layer. Besides, DATPU fibrous membranes appeared to bind 

with more CNTs than TPU fibrous membrane for the same concentration of CNTs 

suspension.  

 



Figure 2 Morphology of (a) pure TPU; (b) TPU/CNTs-0.2; (c) TPU/CNTs-0.4; (d) 

TPU/CNTs-0.6; (e) TPU/CNTs-0.8; (f) TPU/CNTs-1.0; (g) DATPU; (h) 

DATPU/CNTs-0.2; (i) DATPU/CNTs-0.4; (j) DATPU/CNTs-0.6; (k) DATPU/CNTs-

0.8; (l) DATPU/CNTs-1.0. 

TGA was performed to determine the amount of CNTs coated on the fibrous membrane. 

As is shown in the Figure 3(a) and (c), when the temperature reached 800 °C, mass 

residue of pure TPU was about 8.93%, and the mass residues of TPU/CNTs-0.2, 

TPU/CNTs-0.4, TPU/CNTs-0.6, TPU/CNTs-0.8 and TPU/CNTs-1.0 were about 

10.36%, 12.08%, 12.90%, 14.53% and 16.43%, which indicated that the content of 

CNTs coated on the TPU fibrous membranes were 1.57% (TPU/CNTs-0.2), 3.46% 

(TPU/CNTs-0.4), 4.36% (TPU/CNTs-0.6), 6.15% (TPU/CNTs-0.8) and 8.24% 

(TPU/CNTs-1.0), respectively. In contrast, for the TPU fibrous membranes modified 

with DA, the amount of CNTs on the DATPU fibrous membranes were about 3.31%, 

5.67%, 7.13%, 8.76% and 9.79%, correspondingly. As is shown in Figure 3(b) and (d), 

the sheet resistance of the conductive membranes was inversely proportional to the 

content of CNTs coated. The sheet resistance of TPU/CNTs membranes decreased from 

151.66±45.44 kΩ/sq to 0.65±0.14 kΩ/sq when the concentration of CNTs suspension 

increased from 0.2 g/L to 1.0 g/L. After being modified by DA, DATPU/CNTs offered 

a decrease of sheet resistance from 14.38±2.56 kΩ/sq to 0.32±0.11 kΩ/sq when the 

concentration of CNTs suspension increased from 0.2 g/L to 1.0 g/L. Notably, 

DATPU/CNTs exhibited lower sheet resistance than TPU/CNTs for the same 

concentration of CNTs suspension used. The results of the morphology proved that 

DATPU had a better ability to bind with CNTs, and the resultant conductive membranes 

possessed higher electrical conductivity. The relative higher amount of CNTs on 



DATPU than TPU fibres should be responsible for the increase in electrical 

conductivity of DATPU/CNTs composites. 

 

Figure 3 (a) TGA curves of pure TPU and TPU/CNTs fabricated using different 

CNTs suspension; (b) Histogram of sheet resistance of the TPU/CNTs fabricated 

using CNTs suspension with different concentration; (c) TGA curves of DATPU and 

DATPU/CNTs fabricated using CNTs suspension with different concentration; (d) 

Histogram of sheet resistance of the DATPU/CNTs fabricated using CNTs suspension 

with different concentration. 

XPS spectra are demonstrated in Figure 4. As seen from the wide scan spectra of pure 

TPU and DATPU (Figure 4(a) and (b)), the peaks of C 1s, O 1s and N 1s were at 284.8 

eV, 530.9 eV and 400.5 eV, respectively. From the C 1s core level spectrum of TPU 

shown in the Figure 4(c), one peak at 284.8 eV referred to the C-H/C-C groups, one 



peak at 286.5 eV was related to C-O groups and another peak at 288.9 eV was attributed 

to NH-COO groups [33]. After coated with CNTs, there was a peak emerging at 283.6 

eV referred to CNTs together with the other three peaks of C-H/C-C, C-O and NH-

COO curve-fitting the C 1s core level spectrum of TPU/CNTs, as shown in Figure 4(d). 

As can been observed from Figure 4(e), a new peak of C-N at 285.3 eV in C 1s core 

level spectrum of DATPU appeared in comparison with pure TPU, indicating that the 

TPU fibrous membrane was modified by dopamine successfully [34]. The C 1s core 

level spectrum of DATPU/CNTs is exhibited in Figure 4(f), from which it can be seen 

that the peak of CNTs shifted to higher binding energy of 284.2 eV compared to that of 

TPU/CNTs. This is mainly due to the strong hydrogen bond between hydroxyl group 

and amino group on dopamine and the carboxyl group on the CNTs, resulting in that 

the carboxyl group becomes more electropositive [35]. Furthermore, because the 

dopamine and the -COOH group existed as cations and anions, respectively, it led to 

strong interactions between the CNTs and DATPU fibrous membrane [36]. In summary, 

the experimental results mentioned above confirmed that DA layer could bond the TPU 

fibers with CNTs tightly, resulting in an improved quantity of the CNTs coated on the 

DATPU and thus the conductivity of DATPU/CNTs remarkably. 



 

Figure 4 XPS wide scan spectra of (a) pure TPU and (b) DATPU; C 1s core level 

spectrum of (c) pure TPU; (d) TPU/CNTs; (e) DATPU; (f) DATPU/CNTs. 

Mechanical properties are the crucial indicators for evaluating materials in practical 

applications. The typical stress-strain curves of conductive composite fibrous 

membranes are shown in Figure 5. It can be seen from the Figure 5 and Table 1 that the 

tensile strength of the conductive fibrous membrane increased with increasing 

concentration of CNTs suspension for both TPU and DATPU nanofibers. For example, 

the TPU/CNTs-1.0 possessed a tensile strength of 11.15±0.12 MPa, which was about 

2.80 MPa higher than pure TPU, while the tensile strength of DATPU/CNTs-1.0 was 

11.75±0.15 MPa, which was about 3.19 MPa higher than DATPU. This obviously 

enhanced tensile strength might benefit from the significant reinforce effect of CNTs 

[37]. In addition, as mentioned previously in this study, DA coating layer, which has a 

strong interaction with TPU fibers, could led to a higher tensile strength of DATPU 

(8.56±0.33 MPa) than that of pure TPU (8.35±0.21 MPa) [38]. Owing to the amount of 

CNTs coated on DATPU was higher than that of TPU, DATPU/CNTs fibrous 

membranes exhibited higher tensile strength than TPU/CNTs. However, the elongation 



at break slightly decreased from 1043±39% to 934±30% after the TPU fibrous 

membranes were modified via DA, as shown in Figure 5b. This might be because that 

DA layer as well as the CNTs interconnected the fibers, facilitating a decreasing 

slippage of between fibers [11]. Due to the excellent electrical conductivity and 

mechanical property, the conductive DATPU/CNTs fibrous membrane- prepared using 

1.0 g/L of CNTs suspension were chosen for further investigation on the 

electromechanical properties. For convenience of reading, TPU/CNTs-1.0 and 

DATPU/CNTs-1.0 are abbreviated as TPU/CNTs and DATPU/CNTs respectively in 

the following.  

 

Figure 5 Strain-stress curves of (a) pure TPU and TPU/CNTs fabricated using 

different CNTs suspension; (b) DATPU and DATPU/CNTs fabricated using different 

CNTs suspension. 

 

 

 

 

 

 



Table 1 Mechanical properties: tensile strength (σ) and elongation at break (εat break) 

 

In this work, the electrical properties such as relative resistance (ΔR/R0, ΔR=R-R0, R is 

the real-time resistance, R0 represents the original resistance) and gauge factor (GF) 

((ΔR/R0)/ɛ, ɛ is the strain) were characterized. The gauge factor was defined as the ratio 

of the change of relative resistance to the change of strain. As shown in Figure 6(a) and 

(b), the TPU/CNTs membrane exhibited a wide working range of 560% with a high GF 

of 130. In contrast, DATPU/CNTs possessed a larger working range of 710% (as shown 

in Figure 6 (d)), which was 1.5 times larger than that of TPU/CNTs. For the sensitivity, 

the DATPU/CNTs exhibited a GF as high as 1200, which was 9 times higher than that 

of TPU/CNTs (Figure 6(e)). The I-V curves of the TPU/CNTs and DATPU/CNTs 

acquired under the strain of 0%, 50%, 100%, 200%, 400% and 600%, are shown in 

Figure 6(c) and (f). The I-V curves for TPU/CNTs membranes and DATPU/CNTs 

membranes in the strain range from 0% to 400% were linear, indicating an excellent 

conductivity. When the strain exceeded 600%, the nonlinear I-V curve of TPU/CNTs 

indicated poor conductivity, while the linear I-V curve of DATPU/CNTs proved good 

conductivity.  

Sample σ (MPa) εat break (%) Sample σ (MPa) εat break (%) 

Pure TPU 8.35±0.21 1043±39 DATPU 8.56±0.33 934±30 

TPU/CNTs-0.2 8.63±0.17 1025±18 DATPU/CNTs-0.2 8.75±0.11 889±25 

TPU/CNTs-0.4 8.96±0.20 1014±16 DATPU/CNTs-0.4 9.37±0.16 866±34 

TPU/CNTs-0.6 9.25±0.23 982±18 DATPU/CNTs-0.6 10.16±0.16 852±40 

TPU/CNTs-0.8 10.62±0.19 934±33 DATPU/CNTs-0.8 11.38±0.35 832±27 

TPU/CNTs-1.0 11.15±0.12 903±29 DATPU/CNTs-1.0 11.75±0.15 807±27 



 

Figure 6 (a) The relative resistance-strain fitting curve of TPU/CNTs; (b) The guage 

factor (GF) versus strain curve of TPU/CNTs; (c) I-V curves under different applied 

strain of TPU/CNTs; (d) The relative resistance-strain fitting curve of DATPU/CNTs; 

(e) The gauge factor (GF) versus strain curve of DATPU/CNTs; (f) I-V curves under 

different applied strain of DATPU/CNTs; (g) comparison of the GF and the maximum 

working range reported between the references and our work. 

As shown in Figure 6(a) and (d), the experimental data of relative resistance related to 

strain was fitted theoretically according to the “tunnel effect” [39, 40], whose model 

reported that the total electrical resistance R of the conductive polymer can be 

determined by Equation (1) and (2) below [41, 42]. 
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where N refers to the number of conductive paths, L is related to the number of particles 

forming a conductive path, h is the Plank constant, s represents the smallest distance 

between the CNTs, a2 represents the effective cross section and e is about the electron 

change, respectively. Besides, in the Equation (2), m is the electron mass and φ is related 

to the height of potential barrier between adjacent CNTs. 

As the strain is applied to the conductive fibrous membranes, the resistance would 

increase owing to the damage of CNTs conductive networks. It can be assumed that the 

distance between CNTs varies from s0 (original distance between CNTs) to s under the 

external force and the quantity of conductive paths decreased from N0 (the quantity of 

conductive paths in the original state) to N, s and N can be calculated according 

Equation (3) and (4) [43]. 
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where b, A, B, C, D are constant. Substituting Equation (3) and (4) into Equation (1), it 

can be obtained that: 
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As presented in Figure 6(a) and (d), the experimental data of both TPU/CNTs and 

DATPU/CNTs are in good agreement with the theoretical values calculated from 

Equations (5) with R2 value of 0.99815 and 0.99911, respectively. As shown in the 

Figure 6(g), compared with the strain sensors reported in previous work [1, 4, 9-11, 14-



16, 19, 20, 24, 27, 31, 44-49], the integration of ultra-high working range and high GF 

leads DATPU/CNTs strain sensor to stand out, indicating a feasibility of its application 

in monitoring large strains. 

In order to determine the fastness of CNTs coated on the fibrous membranes, 

DATPU/CNTs were immersed in distilled water and ultrasonicated for 20 min, 40 min, 

60 min and 80 min. The morphology, TG analysis and sheet resistance of the samples 

after washing are shown in Figure 7. It can be seen from the SEM image that after 

washing for 80 min, the quantity of CNTs coating on TPU decreased considerably 

(Figure 7(a)), which could be caused by the removal of some CNTs during 

ultrasonication. In contrast, there were still a large amount of CNTs adhering to the 

DATPU fibrous membrane after washing for 80 min, which should be due to the strong 

binding between CNTs and DATPU fibers. The weight loss determined from TG 

analysis of TPU/CNTs after washing for 20 min, 40 min, 60 min and 80 min (as shown 

in Figure 7 (c)) was 86.58%, 87.62%, 88.86% and 89.47%, corresponding to the loss 

content of CNTs after washing of 3.31%, 4.45%, 5.81% and 6.48%, respectively. In the 

case of the DATPU/CNTs, the content of CNTs washed away after ultrasonicating for 

20 min, 40 min, 60 min and 80 min was 1.66%, 2.47%, 3.31% and 4.04%, which were 

about 50% less than those TPU/CNTs samples washed the same time. Besides, the sheet 

resistance of TPU/CNTs increased from 5.36±0.95 kΩ/sq to 102.83±7.51kΩ/sq, while 

the sheet resistance of DATPU/CNTs only increased from 1.25±0.36 kΩ/sq to 

15.67±3.66 kΩ/sq after washing for 80 min. These results revealed that the adhesion 

between DATPU fibrous membranes and CNTs was stronger than TPU fibrous 

membranes and CNTs.  



 

Figure 7 Morphology of (a) TPU/CNTs and (b) DATPU/CNTs after washing for 80 

min; TGA curves of (c) TPU/CNTs and (d) DATPU/CNTs after washing for different 

time; Histogram of the sheet resistance of (e) TPU/CNTs and (f) DATPU/CNTs after 

washing for different time. 

Figure 8 displays the sensing behavior of DATPU/CNTs at different strain ranging from 

0 to 50%, 100%, 200%, 400% and 600%. It can be seen that the DATPU/CNTs 

conductive fibrous membrane exhibited the ability to maintain its electrical 

conductivity across all strain ranges. However, it should be noted that during the first 

four stretching-releasing cycles, the values of relative resistance did not reach a steady 

state, and then became constant gradually with the increasing stretching-releasing cycle 

number. The reason behind this can be explained from the following two aspects: the 

hysteresis and changes of conductive path [28] in the stretching-releasing process. As 

shown in Figure 8(b) and (c), when applying 50%, 100%, 200%, 400% and 600% strain 

of stretching-releasing to the DATPU/CNTs fibrous membranes, the mechanical 



hysteresis, which was calculated according to the integration of stretching-releasing 

curve in each cycle, decreased obviously at the first cycle for all of the strain degrees, 

when the cycle number exceeded 3, the mechanical hysteresis kept stable basically. For 

example, under the stretching-releasing test in the strain range from 0 to 600%, the 

mechanical hysteresis at the first cycle was 31.87 MJ/m3 and then decreased sharply to 

4.85 MJ/m3 at the 2nd cycle and eventually remained at around 3.00 MJ/m3 from the 3rd 

cycle. This should be ascribed to the Mullins effect, the broken of some weak polymer 

chains led to a decreased number of polymer chains maintained stress. Besides, DATPU 

fibers macromolecular network and DATPU fibrous network rearranged, conducting to 

stress decreasing [50, 51]. 



 

Figure 8 (a) curves of relative resistance related to 20 cycles of stretching-releasing 

test applied over different strain ranges: 0-50%, 0-100%, 0-200%, 0-400% and 0-

600% with a constant stretching rate of 10 mm/min; (b) elastic recovery curves for 

five cycles stretching-releasing test of DATPU/CNTs with strain of 0-50%, 0-100%, 

0-200%, 0-400% and 0-600%; (c) mechanical hysteresis of elastic recovery for 

DATPU/CNTs with strains of 50%-600%; schematic of the CNTs conductive network 

in the (i) original stage; (ii) stretching stage; (iii) releasing stage.  



The schematic describing the change in CNTs conductive network in one cycle of 

stretching-releasing test is shown in Figure 8(i-iii). Figure 8(i) exhibits the original 

CNTs conductive network before stretching, which was relatively compact. Then, some 

of the conductive pathways were broken after stretching was applied to DATPU/CNTs 

(shown in Figure 8(ii)), leading to an increasing electrical resistance. However, when 

the stretching was released (shown in Figure 8(iii)), the conductive network could 

reconstruct. Therefore, the proposed break-connection of the conductive pathways 

upon stretching-releasing could result in relatively large variations in the value of 

relative resistance observed in the first few stretching-releasing tests, while once the 

conductive pathways were adapted to the applied stretching-releasing process, the 

variation in the value of relative resistance became constant with increasing the number 

of stretching-releasing cycles. 

 

Figure 9 (a-b) curves of relative resistance under 50% strain at the stretch rate of 5 

mm/min, 10 mm/min, 50 mm/min, 100 mm/min, 200 mm/min, 400 mm/min, 600 

mm/min, 800 mm/min and 1000 mm/min for 20 cycles of stretching-releasing test; (c) 

response time for 50% abrupt strain; (d) working durability under 100% of strain for 



15000 cycles of stretching-releasing test. (i-iv) show the sensing behavior in 0-5, 

4995-5000, 9995-10000 and 14995-15000 cycles, respectively. 

The sensing behavior of DATPU/CNTs under the stretching rates of 5 mm/min, 10 

mm/min, 50 mm/min, 100 mm/min, 200 mm/min, 400 mm/min, 600 mm/min, 800 

mm/min and 1000 mm/min was performed and illustrated in Figure 9(a) and (b). As 

can be seen from these two figures, no obvious changes in relative resistance were 

presented at each stretching rate, indicating that DATPU/CNTs had excellent ability to 

sense different external stimuli across all stretching rates. In particular, as can be seen 

from Figure 9(c), the strain sensor had a rapid response time of 300 ms to the abrupt 

strain sweep up to 50% by applying a stretch rate of 1000 mm/min. Moreover, as shown 

in Figure 9(d), 15000 cycles of stretching-releasing test were performed under 100% of 

strain and 100 mm/min of stretch rate, revealing a good durability of electrical 

resistance. For instance, the relative resistance was about 300% in the first 5 cycles, 

about 240% in 4995-5000 cycles, and remained about 240% in the following 9995-

10000 and 14995-15000 cycles, revealing a good working stability of DATPU/CNTs 

based strain sensor. 

The DATPU/CNTs composite conductive fibrous membrane was used for human 

motions detection in this work due to the advantages of high working range, good 

sensitivity, excellent stability and outstanding durability. DATPU/CNTs was fixed on 

the Adam's apple, fingers, wrist and knee of a volunteer, who had read and signed the 

consent form. As shown in Figure 10(a-d), from a tiny swallow movement (Figure 

10(a)), a small finger bending movement (Figure 10(b)), through a middle wrist 

bending movement (Figure 10(c)) to a large knee bending movement (Figure 10(d)), 

the DATPU/CNTs showed high and repeatable sensitivity to these motions in the 

testing cycles. Besides, the response of DATPU/CNTs was found to vary the degree of 



bending. For example, as the finger bending changed from 0° through 45° to 90°, the 

value of relative resistance changed by about 2000% and 3500%, respectively. Figure 

10(i-iv) exhibits the gradual decrease in brightness of a light emitting diode (LED) with 

the increasing stretching up to 200% of the DATPU/CNTs membrane that was 

connected into an electric circuit (see Movie S1), revealing that the electrical resistance 

of DATPU/CNTs increased with increasing strain. 

 

Figure 10 (a) Relative resistance obtain in real time from the human motion (a) figure 

bending; (b) wrist bending; (c) swallow; (d) knee bending; The brightness of LED 

changed with the DATPU/CNTs strain sensor stretched from (i) 0% to (ii) 50%; (iii) 

100%; (iv) 200%. 

A smart motion detection prototype kneecap was constructed by integrating the 

DATPU/CNTs strain sensor, Bluetooth device and battery. The diagram of the smart 

kneecap device and its main hardware components and photo are shown in Figure 11(a-

b). The current signals generated from the volunteer’s knee motions could be 

transmitted to the smart phone in real time by the Bluetooth device in the smart kneecap. 

The practical working condition of the smart motion detection kneecap is shown in 

Figure 11(c-h) and the supplementary Movie S2. At the original stage (Figure 11 (c)), 

a constant current signal (80 mA) was detected on the right knee of the standing-straight 



volunteer, while a regularly variable current signal (about -20 mA) was seen on the 

right knee with a fixed bending of about 100° (Figure 11(d)). As shown in Figure 11(e 

and f), when the volunteer was walking (40 steps/min) and running (80 steps/min), the 

frequency of current signal changed corresponding to the changes in the variable knee 

bending frequency. In addition, as shown in Figure 11(g), the smart motion detection 

kneecap had a good response to human squatting movement (100° bending angle for -

20 mA current change). Finally, when the human movement stopped (ending stage 

shown in Figure (h)), the current signal value (77 mA) returned to the same current 

value to the initial stage, which further confirmed the stability of the smart motion 

detection kneepad. These results indicated that the developed smart motion detection 

kneecap can sensitively and repeatedly respond to the different movements of human 

body. 

 



Figure 11 (a) diagram of main hardware circuit of the smart motion detection 

kneecap; (b) smart motion detection kneecap; detecting the human motion of (c) 

original state; (d) knees bending; (e) walking; (f) running; (g) squatting; (h) ending 

state using smart motion detection kneecap. 

 

Conclusion 

In this work, a strain sensor with ultra-high working range was fabricated by coating 

CNTs on the TPU electrospun fibrous membrane via ultrasonication. The amount and 

fastness of CNTs coated on the TPU fibrous membrane was enhanced by utilizing the 

rapid dopamine modification assisted with NaIO4. As demonstrated in the results, 

DATPU/CNTs exhibited ultra-high working range of 710% with a good sensitivity of 

GF up to 1200. Due to the dopamine layer, DATPU/CNTs represented an excellent 

washing fastness. In addition, under different stretching rate and strain level, the 

DATPU/CNTs membrane displayed a good working stability. An excellent durability 

and a good reproducibility were observed during 15000 cycles of stretching-releasing 

test. Finally, DATPU/CNTs can accurately sense different degrees of human movement, 

such as finger bending, swallow, wrist bending and knee bending, indicating great 

promising for application in wearable devices. 
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Abstract 

Fiber-based strain sensors have attracted widespread concern of researchers due to large 

specific surface area, good stretchability and remarkable flexibility. In this work, a 

stretchable strain sensor with ultra-high working range was developed by using 

electrospun thermal plastic polyurethane (TPU) nanofibrous membrane coated with 

carboxyl multi-walled carbon nanotubes (CNTs). In order to obtain an even distribution 

and an improved fastness of carboxyl CNTs on TPU fibers, dopamine (DA) was 

employed to modify the TPU nanofibrous membrane (labelled DATPU) via a fast 

ultrasonication-assisted deposition approach. DATPU/CNTs exhibited an ultra-high 

working range of about 710% with high gauge factor up to 1200. Furthermore, 

DATPU/CNTs were found to have stronger washing fastness than TPU/CNTs owing 

to the introduction of DA onto the surface of TPU nanofibers. DATPU/CNTs also 

maintained good electrical conductivity during 15000 cycles of stretching-releasing test. 
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Finally, a prototype of strain sensor based on DATPU/CNTs membrane demonstrated 

remarkable flexibility and sensitivity to human body motions such as elbow bending, 

finger bending and swallowing.  

Keywords: Polyurethane nanofibers; electrospinning; dopamine modification; carbon 

nanotubes; strain sensor 

Introduction 

Recently, the demand of smart wearable electronics with the advantages of intelligence, 

compact size and portability has soared sharply [1-3], because they could provide great 

potential in human motion detection and health monitoring, etc [4-7]. One important 

category is strain sensors, which possess the ability of transforming the physical 

deformation into electrical signals [8]. An excellent strain sensor should have a wide 

working range, high sensitivity and good durability [9-11]. However, conventional 

metal-based and semiconductor-based strain sensors are subject to the stiffness, poor 

working range (< 5%) and low sensitivity, and therefore cannot meet the requirement 

of wearable device [12, 13].  

Flexible strain sensors based on electrically conductive polymer fiber composites, 

which are composed of stretchable polymer fibers and conductive fillers or conductive 

layers, have been the focus of an increasing number of scientific publications because 

of its lightness, flexibility and stretchability [14, 15]. Stretchable polymer fibers 

elastomers, such as thermoplastic polyurethane (TPU) [16, 17], Ecoflex [18] and 

styrene butadiene styrene (SBS) [19], are generally fabricated by wet spinning [20], 

melt spinning [21] and electrospinning, etc. Among these, electrospinning as a simple 

and easy approach is usually utilized to manufacture micro/nano fibrous membrane, 

which possesses superiorities of large specific surface area and commendable 

mechanical flexibility [22]. Flexible strain sensors prepared by coating electrospun 
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fibrous membranes with carbon black (CB) [23], reduced graphene oxide (RGO) [24] 

and carbon nanotubes (CNTs) [25] have attracted increasing attention. For example, 

Zhao [9] et al. prepared a strain sensor by depositing CB particles onto electrospun TPU 

fibrous membrane assisted by ultrasonication. In order to improve the working stability 

of strain sensor, CB/TPU membrane was encapsulated into Ecoflex layer. The obtained 

CB/TPU/Ecoflex strain sensor exhibited an ultrahigh sensitivity, (i.e. the maximum 

gauge factor was up to 3186.4 at strain of 225%) while the working range was low 

(225%). In addition, Lu [26] et al. fabricated a silver nanowires 

(AgNWs)/TPU/polydimethylsiloxane (PDMS) sandwich structured strain sensor via 

sequential coating the electrospun TPU membrane with AgNWs and PDMS by 

filtration. The resultant strain sensor presented good stability and reliability, but was 

subject to low working range (about 80%) and low sensitivity (gauge factor, which 

refers to the sensitivity of conductive fibrous membranes to tension, was about 12). 

Gong [27] et al. incorporated the electrospun carbon sponge (CS) into PDMS to obtain 

a flexible and wearable strain sensor, which showed high piezoresistive sensibility and 

high-speed response. However, the working range and gauge factor (GF) of CS/PDMS 

strain senor was just up to 60% and 130.5, respectively. As pointed out in previous 

studies [28-31], a high working range could result in the reduction of materials service 

life in detecting high strain levels movement. Hence, there is a high-demand of 

electrospun fibrous membrane-based strain sensors with improved working range. 

In this work, TPU electrospun fibrous membrane with excellent elasticity and 

toughness was selected as substrate. CNTs were selected as the conductive medium 

because of its very high mechanical strength and electrical conductivity. A highly 

stretchable strain sensor was fabricated by coating CNTs on TPU fibrous membrane 

assisted by ultrasonication. In order to further improve the electrical stability of the 
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membrane and the fastness of CNTs coated on the membrane, dopamine (DA), which 

was widely used to modify the surface of materials to improve the interfacial strength 

[32], was utilized to modify the TPU fibrous membrane (DATPU) to enhance the 

interfacial interactions between CNTs and TPU membrane. The influence of DA 

modification and the concentration of the CNTs suspension on the performance of 

conductive fibrous membrane were investigated. The ability of an optimized 

conductive fibrous membrane to detect various human body motions, such as swallow, 

finger bending, wrist bending and knee bending, was evaluated. Finally, a prototype 

strain sensor was assembled together with Bluetooth device and battery and its 

performance was demonstrated via detecting human kneecap motions. 

Experimentation 

Materials 

TPU was acquired from Shandong INOV New Materials Co., Ltd. (Zibo, Shandong, 

China). CNTs were purchased from Cnano Technology (Beijing China). 

Tetrahydrofuran (THF), N, N-dimethylformamide (DMF) were bought from 

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dopamine hydrochloride 

(DA·HCl) and Sodium periodate (NaIO4) were obtained from Shanghai Macklin 

Biochemical Co., Ltd. (Shanghai, China). Tris (hydroxymethyl) aminomethane (Tris) 

was produced from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). . 

Preparation of electrospun TPU fibrous membrane 

Figure 1(a) shows the procedure for fabricating electrospun TPU nanofibers. TPU 

pellets were initially desiccated in a vacuum oven at 80 °C for 24 h. Then, they were 

dissolved with concentration of 18 wt% in a mixed solvent of THF and DMF with a 

volume ratio of 3:1. The mixture was magnetically stirred at 60 °C for 8 h for complete 

dissolving. In order to obtain electrospun TPU fibrous membrane, TPU solution was 
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loaded in a plastic syringe (10 mL) connected to a 22-gauge blunt end needle which 

was fixed on a digital syringe pump (Longer Precision Pump Co., Ltd., Baoding, Hebei, 

China). Electrospinning was carried out under the room temperature, humidity of 25%, 

the applied voltage of 20 kV, the work distance of 20 cm between the capillary tip and 

the collector, and the solution supply rate of 4 mL/h. Finally, the resultant TPU fibrous 

membranes were placed in a fume hood overnight at room temperature to remove the 

remaining solvent as much as possible. 

 

Figure 1 Schematic diagram of preparing conductive fibrous membrane: illustration 

of (a) fabricating TPU nanofibers and (b) DA modifying TPU nanofibers; (c) photo of 

DATPU/CNTs fibrous membrane. 

Dopamine modification of electrospun TPU fibrous membrane 

For the surface modification of electrospun TPU fibrous membrane, a 2.0 g/L aqueous 

solution of DA was prepared by dissolving the DA∙HCl powder in distilled water and 

the pH of the solution was adjusted to 8.5 by adding Tris (the DA solution was termed 

as solution A). NaIO4 aqueous solution with a concentration of 30 mM was noted as 

solution B. Solution A and solution B was mixed immediately and sprayed onto the 

TPU fibrous membrane. With the spontaneous deposition of an adherent poly-
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dopamine (PDA) layer, the color of the mixture quickly changed from light pink to dark 

brown (Figure 1(b)). After 2 h, the TPU fibrous membrane was washed using distilled 

water and dried at 60 °C in a vacuum. The resultant TPU fibrous membranes were 

termed as DATPU. 

Preparation of carboxyl CNTs 

CNTs were treated by ultrasonicating in H2SO4/HNO3 (3:1) mixed acid with a 

concentration of 10 g/L for 12 h, then stirring for 8 h at 65 °C. The mixture of carboxyl 

CNTs was centrifuged at 6000 r/min for 20 min and filtered through 0.22 μm filter paper. 

The modified CNTs were then washed to neutral with distilled water and dried in a 

vacuum at 40 °C. Detailed description of CNTs and carboxyl CNTs characterization 

was presented in the previous work [3]. Carboxyl CNTs were employed in the following 

work, which is also called CNTs in convenience.  

Preparation of CNTs coated TPU fibrous membrane 

Firstly, CNTs was added into distilled water to prepare the CNTs suspension with the 

concentration of 0.2 g/L, 0.4 g/L, 0.6 g/L, 0.8 g/L and 1.0 g/L. Both pure TPU and 

DATPU fibrous membranes with the size of 40 mm×10 mm were soaked into the above 

CNTs suspension. After ultrasonication for 60 min, the CNTs coated pure TPU and 

DATPU fibrous membrane were removed from the beaker, washed with distilled water 

for three times and placed in a vacuum oven at 60 °C for 24 h. The CNTs coated pure 

TPU and DATPU fibrous membranes were termed as TPU/CNTs-X and DATPU/CNTs-

X, respectively (X means the concentration of CNTs suspension). 

Characterization 

The morphology of the samples was observed by using a scanning electron microscope 

(SEM) (Hitachi Regulus 8100, Tokyo, Japan).  

Electrical sheet resistance of TPU/CNTs and DATPU/CNTs conductive fibrous 
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membrane was measured by using a multifunction digital four-probe tester (ST-2258C, 

Jiangsu, China).  

Tensile tests were carried out by using a tensile testing machine (Instron-5965 Tensile 

Machine, Glenview, US) with the stretch rate of 100 mm/min. Rectangular specimens 

with the size of 40 mm×10 mm were used, and the clamping distance was 20 mm.  

The surface chemical structure of the sample was carried out using X-ray photoelectron 

spectroscopy (XPS) (Thermo ESCALAB 250XI system Thermo Electron Corporation, 

USA) with an Al Kα X-ray source.  

Thermogravimetric analysis (TGA) was performed using a DSC/TG synchronous 

thermal analyzer (STA449 F3 Jupiter, Bavaria, Germany) under nitrogen atmosphere. 

The sample, with a weight of 5-10 mg, was heated from room temperature to 800 °C 

with a heating rate of 20 °C/min. 

The resistance of TPU/CNTs and DATPU/CNTs conductive fibrous membrane was 

measured with a digital multimeter (KEYSIGHT B2901A, US) which was equipped 

with a stepper motor to induce various tensile deformations in the tested samples.  

Results and discussion 

In this work, concentration of the CNTs suspension is a key factor in fabricating a 

conductive fibrous membrane with excellent conductivity. Therefore, CNTs suspension 

concentration was varied from 0.2 g/L, 0.4 g/L, 0.6 g/L, 0.8 g/L to 1.0 g/L to investigate 

its effect on the morphology, thermal properties and mechanical properties of 

conductive fibrous membrane. The morphology of resultant conductive fibrous 

membranes is depicted in Figure 2. As shown in Figure 2(a-f), the TPU fibers exhibited 

relatively smooth surface before ultrasonicating. As the concentration of CNTs 

suspension increased, there were more CNTs coated on the TPU fibers. However, by 

comparison with the pure TPU fibers, DATPU fibers possessed rougher surface, which 
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should be ascribed to the self-polymerization of DA on the surface of the TPU fiber, 

forming a poly-dopamine layer. Besides, DATPU fibrous membranes appeared to bind 

with more CNTs than TPU fibrous membrane for the same concentration of CNTs 

suspension.  
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Figure 2 Morphology of (a) pure TPU; (b) TPU/CNTs-0.2; (c) TPU/CNTs-0.4; (d) 

TPU/CNTs-0.6; (e) TPU/CNTs-0.8; (f) TPU/CNTs-1.0; (g) DATPU; (h) 

DATPU/CNTs-0.2; (i) DATPU/CNTs-0.4; (j) DATPU/CNTs-0.6; (k) DATPU/CNTs-

0.8; (l) DATPU/CNTs-1.0. 

TGA was performed to determine the amount of CNTs coated on the fibrous membrane. 

As is shown in the Figure 3(a) and (c), when the temperature reached 800 °C, mass 

residue of pure TPU was about 8.93%, and the mass residues of TPU/CNTs-0.2, 

TPU/CNTs-0.4, TPU/CNTs-0.6, TPU/CNTs-0.8 and TPU/CNTs-1.0 were about 

10.36%, 12.08%, 12.90%, 14.53% and 16.43%, which indicated that the content of 

CNTs coated on the TPU fibrous membranes were 1.57% (TPU/CNTs-0.2), 3.46% 

(TPU/CNTs-0.4), 4.36% (TPU/CNTs-0.6), 6.15% (TPU/CNTs-0.8) and 8.24% 

(TPU/CNTs-1.0), respectively. In contrast, for the TPU fibrous membranes modified 

with DA, the amount of CNTs on the DATPU fibrous membranes were about 3.31%, 

5.67%, 7.13%, 8.76% and 9.79%, correspondingly. As is shown in Figure 3(b) and (d), 

the sheet resistance of the conductive membranes was inversely proportional to the 

content of CNTs coated. The sheet resistance of TPU/CNTs membranes decreased from 

151.66±45.44 kΩ/sq to 0.65±0.14 kΩ/sq when the concentration of CNTs suspension 

increased from 0.2 g/L to 1.0 g/L. After being modified by DA, DATPU/CNTs offered 

a decrease of sheet resistance from 14.38±2.56 kΩ/sq to 0.32±0.11 kΩ/sq when the 

concentration of CNTs suspension increased from 0.2 g/L to 1.0 g/L. Notably, 

DATPU/CNTs exhibited lower sheet resistance than TPU/CNTs for the same 

concentration of CNTs suspension used. The results of the morphology proved that 

DATPU had a better ability to bind with CNTs, and the resultant conductive membranes 

possessed higher electrical conductivity. The relative higher amount of CNTs on 
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DATPU than TPU fibres should be responsible for the increase in electrical 

conductivity of DATPU/CNTs composites. 

 

Figure 3 (a) TGA curves of pure TPU and TPU/CNTs fabricated using different 

CNTs suspension; (b) Histogram of sheet resistance of the TPU/CNTs fabricated 

using CNTs suspension with different concentration; (c) TGA curves of DATPU and 

DATPU/CNTs fabricated using CNTs suspension with different concentration; (d) 

Histogram of sheet resistance of the DATPU/CNTs fabricated using CNTs suspension 

with different concentration. 

XPS spectra are demonstrated in Figure 4. As seen from the wide scan spectra of pure 

TPU and DATPU (Figure 4(a) and (b)), the peaks of C 1s, O 1s and N 1s were at 284.8 

eV, 530.9 eV and 400.5 eV, respectively. From the C 1s core level spectrum of TPU 

shown in the Figure 4(c), one peak at 284.8 eV referred to the C-H/C-C groups, one 
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peak at 286.5 eV was related to C-O groups and another peak at 288.9 eV was attributed 

to NH-COO groups [33]. After coated with CNTs, there was a peak emerging at 283.6 

eV referred to CNTs together with the other three peaks of C-H/C-C, C-O and NH-

COO curve-fitting the C 1s core level spectrum of TPU/CNTs, as shown in Figure 4(d). 

As can been observed from Figure 4(e), a new peak of C-N at 285.3 eV in C 1s core 

level spectrum of DATPU appeared in comparison with pure TPU, indicating that the 

TPU fibrous membrane was modified by dopamine successfully [34]. The C 1s core 

level spectrum of DATPU/CNTs is exhibited in Figure 4(f), from which it can be seen 

that the peak of CNTs shifted to higher binding energy of 284.2 eV compared to that of 

TPU/CNTs. This is mainly due to the strong hydrogen bond between hydroxyl group 

and amino group on dopamine and the carboxyl group on the CNTs, resulting in that 

the carboxyl group becomes more electropositive [35]. Furthermore, because the 

dopamine and the -COOH group existed as cations and anions, respectively, it led to 

strong interactions between the CNTs and DATPU fibrous membrane [36]. In summary, 

the experimental results mentioned above confirmed that DA layer could bond the TPU 

fibers with CNTs tightly, resulting in an improved quantity of the CNTs coated on the 

DATPU and thus the conductivity of DATPU/CNTs remarkably. 
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Figure 4 XPS wide scan spectra of (a) pure TPU and (b) DATPU; C 1s core level 

spectrum of (c) pure TPU; (d) TPU/CNTs; (e) DATPU; (f) DATPU/CNTs. 

Mechanical properties are the crucial indicators for evaluating materials in practical 

applications. The typical stress-strain curves of conductive composite fibrous 

membranes are shown in Figure 5. It can be seen from the Figure 5 and Table 1 that the 

tensile strength of the conductive fibrous membrane increased with increasing 

concentration of CNTs suspension for both TPU and DATPU nanofibers. For example, 

the TPU/CNTs-1.0 possessed a tensile strength of 11.15±0.12 MPa, which was about 

2.80 MPa higher than pure TPU, while the tensile strength of DATPU/CNTs-1.0 was 

11.75±0.15 MPa, which was about 3.19 MPa higher than DATPU. This obviously 

enhanced tensile strength might benefit from the significant reinforce effect of CNTs 

[37]. In addition, as mentioned previously in this study, DA coating layer, which has a 

strong interaction with TPU fibers, could led to a higher tensile strength of DATPU 

(8.56±0.33 MPa) than that of pure TPU (8.35±0.21 MPa) [38]. Owing to the amount of 

CNTs coated on DATPU was higher than that of TPU, DATPU/CNTs fibrous 

membranes exhibited higher tensile strength than TPU/CNTs. However, the elongation 
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at break slightly decreased from 1043±39% to 934±30% after the TPU fibrous 

membranes were modified via DA, as shown in Figure 5b. This might be because that 

DA layer as well as the CNTs interconnected the fibers, facilitating a decreasing 

slippage of between fibers [11]. Due to the excellent electrical conductivity and 

mechanical property, the conductive DATPU/CNTs fibrous membrane- prepared using 

1.0 g/L of CNTs suspension were chosen for further investigation on the 

electromechanical properties. For convenience of reading, TPU/CNTs-1.0 and 

DATPU/CNTs-1.0 are abbreviated as TPU/CNTs and DATPU/CNTs respectively in 

the following.  

 

Figure 5 Strain-stress curves of (a) pure TPU and TPU/CNTs fabricated using 

different CNTs suspension; (b) DATPU and DATPU/CNTs fabricated using different 

CNTs suspension. 
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Table 1 Mechanical properties: tensile strength (σ) and elongation at break (εat break) 

 

In this work, the electrical properties such as relative resistance (ΔR/R0, ΔR=R-R0, R is 

the real-time resistance, R0 represents the original resistance) and gauge factor (GF) 

((ΔR/R0)/ɛ, ɛ is the strain) were characterized. The gauge factor was defined as the ratio 

of the change of relative resistance to the change of strain. As shown in Figure 6(a) and 

(b), the TPU/CNTs membrane exhibited a wide working range of 560% with a high GF 

of 130. In contrast, DATPU/CNTs possessed a larger working range of 710% (as shown 

in Figure 6 (d)), which was 1.5 times larger than that of TPU/CNTs. For the sensitivity, 

the DATPU/CNTs exhibited a GF as high as 1200, which was 9 times higher than that 

of TPU/CNTs (Figure 6(e)). The I-V curves of the TPU/CNTs and DATPU/CNTs 

acquired under the strain of 0%, 50%, 100%, 200%, 400% and 600%, are shown in 

Figure 6(c) and (f). The I-V curves for TPU/CNTs membranes and DATPU/CNTs 

membranes in the strain range from 0% to 400% were linear, indicating an excellent 

conductivity. When the strain exceeded 600%, the nonlinear I-V curve of TPU/CNTs 

indicated poor conductivity, while the linear I-V curve of DATPU/CNTs proved good 

conductivity.  

Sample σ (MPa) εat break (%) Sample σ (MPa) εat break (%) 

Pure TPU 8.35±0.21 1043±39 DATPU 8.56±0.33 934±30 

TPU/CNTs-0.2 8.63±0.17 1025±18 DATPU/CNTs-0.2 8.75±0.11 889±25 

TPU/CNTs-0.4 8.96±0.20 1014±16 DATPU/CNTs-0.4 9.37±0.16 866±34 

TPU/CNTs-0.6 9.25±0.23 982±18 DATPU/CNTs-0.6 10.16±0.16 852±40 

TPU/CNTs-0.8 10.62±0.19 934±33 DATPU/CNTs-0.8 11.38±0.35 832±27 

TPU/CNTs-1.0 11.15±0.12 903±29 DATPU/CNTs-1.0 11.75±0.15 807±27 
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Figure 6 (a) The relative resistance-strain fitting curve of TPU/CNTs; (b) The guage 

factor (GF) versus strain curve of TPU/CNTs; (c) I-V curves under different applied 

strain of TPU/CNTs; (d) The relative resistance-strain fitting curve of DATPU/CNTs; 

(e) The gauge factor (GF) versus strain curve of DATPU/CNTs; (f) I-V curves under 

different applied strain of DATPU/CNTs; (g) comparison of the GF and the maximum 

working range reported between the references and our work. 

As shown in Figure 6(a) and (d), the experimental data of relative resistance related to 

strain was fitted theoretically according to the “tunnel effect” [39, 40], whose model 

reported that the total electrical resistance R of the conductive polymer can be 

determined by Equation (1) and (2) below [41, 42]. 
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 2 2

8π
exp γ

3γ

L hs
R s

N a e

  
   
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                                            (1) 

4π 2 φ
γ

m

h
                                                        (2) 

where N refers to the number of conductive paths, L is related to the number of particles 

forming a conductive path, h is the Plank constant, s represents the smallest distance 

between the CNTs, a2 represents the effective cross section and e is about the electron 

change, respectively. Besides, in the Equation (2), m is the electron mass and φ is related 

to the height of potential barrier between adjacent CNTs. 

As the strain is applied to the conductive fibrous membranes, the resistance would 

increase owing to the damage of CNTs conductive networks. It can be assumed that the 

distance between CNTs varies from s0 (original distance between CNTs) to s under the 

external force and the quantity of conductive paths decreased from N0 (the quantity of 

conductive paths in the original state) to N, s and N can be calculated according 

Equation (3) and (4) [43]. 

0 (1 ε)s s b                                                          (3) 

 
0

2 3 4exp ε ε ε ε

N
N

A B C D


  
                                         (4) 

where b, A, B, C, D are constant. Substituting Equation (3) and (4) into Equation (1), it 

can be obtained that: 

      2 3 40 0
0 0

0 0 0

Δ
exp γ 1 1 ε exp γ ε ε ε ε 1

R R sNR
s s b A bs B C D

R R Ns

 
                 

 
   (5) 

As presented in Figure 6(a) and (d), the experimental data of both TPU/CNTs and 

DATPU/CNTs are in good agreement with the theoretical values calculated from 

Equations (5) with R2 value of 0.99815 and 0.99911, respectively. As shown in the 

Figure 6(g), compared with the strain sensors reported in previous work [1, 4, 9-11, 14-
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16, 19, 20, 24, 27, 31, 44-49], the integration of ultra-high working range and high GF 

leads DATPU/CNTs strain sensor to stand out, indicating a feasibility of its application 

in monitoring large strains. 

In order to determine the fastness of CNTs coated on the fibrous membranes, 

DATPU/CNTs were immersed in distilled water and ultrasonicated for 20 min, 40 min, 

60 min and 80 min. The morphology, TG analysis and sheet resistance of the samples 

after washing are shown in Figure 7. It can be seen from the SEM image that after 

washing for 80 min, the quantity of CNTs coating on TPU decreased considerably 

(Figure 7(a)), which could be caused by the removal of some CNTs during 

ultrasonication. In contrast, there were still a large amount of CNTs adhering to the 

DATPU fibrous membrane after washing for 80 min, which should be due to the strong 

binding between CNTs and DATPU fibers. The weight loss determined from TG 

analysis of TPU/CNTs after washing for 20 min, 40 min, 60 min and 80 min (as shown 

in Figure 7 (c)) was 86.58%, 87.62%, 88.86% and 89.47%, corresponding to the loss 

content of CNTs after washing of 3.31%, 4.45%, 5.81% and 6.48%, respectively. In the 

case of the DATPU/CNTs, the content of CNTs washed away after ultrasonicating for 

20 min, 40 min, 60 min and 80 min was 1.66%, 2.47%, 3.31% and 4.04%, which were 

about 50% less than those TPU/CNTs samples washed the same time. Besides, the sheet 

resistance of TPU/CNTs increased from 5.36±0.95 kΩ/sq to 102.83±7.51kΩ/sq, while 

the sheet resistance of DATPU/CNTs only increased from 1.25±0.36 kΩ/sq to 

15.67±3.66 kΩ/sq after washing for 80 min. These results revealed that the adhesion 

between DATPU fibrous membranes and CNTs was stronger than TPU fibrous 

membranes and CNTs.  
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Figure 7 Morphology of (a) TPU/CNTs and (b) DATPU/CNTs after washing for 80 

min; TGA curves of (c) TPU/CNTs and (d) DATPU/CNTs after washing for different 

time; Histogram of the sheet resistance of (e) TPU/CNTs and (f) DATPU/CNTs after 

washing for different time. 

Figure 8 displays the sensing behavior of DATPU/CNTs at different strain ranging from 

0 to 50%, 100%, 200%, 400% and 600%. It can be seen that the DATPU/CNTs 

conductive fibrous membrane exhibited the ability to maintain its electrical 

conductivity across all strain ranges. However, it should be noted that during the first 

four stretching-releasing cycles, the values of relative resistance did not reach a steady 

state, and then became constant gradually with the increasing stretching-releasing cycle 

number. The reason behind this can be explained from the following two aspects: the 

hysteresis and changes of conductive path [28] in the stretching-releasing process. As 

shown in Figure 8(b) and (c), when applying 50%, 100%, 200%, 400% and 600% strain 

of stretching-releasing to the DATPU/CNTs fibrous membranes, the mechanical 
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hysteresis, which was calculated according to the integration of stretching-releasing 

curve in each cycle, decreased obviously at the first cycle for all of the strain degrees, 

when the cycle number exceeded 3, the mechanical hysteresis kept stable basically. For 

example, under the stretching-releasing test in the strain range from 0 to 600%, the 

mechanical hysteresis at the first cycle was 31.87 MJ/m3 and then decreased sharply to 

4.85 MJ/m3 at the 2nd cycle and eventually remained at around 3.00 MJ/m3 from the 3rd 

cycle. This should be ascribed to the Mullins effect, the broken of some weak polymer 

chains led to a decreased number of polymer chains maintained stress. Besides, DATPU 

fibers macromolecular network and DATPU fibrous network rearranged, conducting to 

stress decreasing [50, 51]. 
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Figure 8 (a) curves of relative resistance related to 20 cycles of stretching-releasing 

test applied over different strain ranges: 0-50%, 0-100%, 0-200%, 0-400% and 0-

600% with a constant stretching rate of 10 mm/min; (b) elastic recovery curves for 

five cycles stretching-releasing test of DATPU/CNTs with strain of 0-50%, 0-100%, 

0-200%, 0-400% and 0-600%; (c) mechanical hysteresis of elastic recovery for 

DATPU/CNTs with strains of 50%-600%; schematic of the CNTs conductive network 

in the (i) original stage; (ii) stretching stage; (iii) releasing stage.  
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The schematic describing the change in CNTs conductive network in one cycle of 

stretching-releasing test is shown in Figure 8(i-iii). Figure 8(i) exhibits the original 

CNTs conductive network before stretching, which was relatively compact. Then, some 

of the conductive pathways were broken after stretching was applied to DATPU/CNTs 

(shown in Figure 8(ii)), leading to an increasing electrical resistance. However, when 

the stretching was released (shown in Figure 8(iii)), the conductive network could 

reconstruct. Therefore, the proposed break-connection of the conductive pathways 

upon stretching-releasing could result in relatively large variations in the value of 

relative resistance observed in the first few stretching-releasing tests, while once the 

conductive pathways were adapted to the applied stretching-releasing process, the 

variation in the value of relative resistance became constant with increasing the number 

of stretching-releasing cycles. 

 

Figure 9 (a-b) curves of relative resistance under 50% strain at the stretch rate of 5 

mm/min, 10 mm/min, 50 mm/min, 100 mm/min, 200 mm/min, 400 mm/min, 600 

mm/min, 800 mm/min and 1000 mm/min for 20 cycles of stretching-releasing test; (c) 

response time for 50% abrupt strain; (d) working durability under 100% of strain for 
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15000 cycles of stretching-releasing test. (i-iv) show the sensing behavior in 0-5, 

4995-5000, 9995-10000 and 14995-15000 cycles, respectively. 

The sensing behavior of DATPU/CNTs under the stretching rates of 5 mm/min, 10 

mm/min, 50 mm/min, 100 mm/min, 200 mm/min, 400 mm/min, 600 mm/min, 800 

mm/min and 1000 mm/min was performed and illustrated in Figure 9(a) and (b). As 

can be seen from these two figures, no obvious changes in relative resistance were 

presented at each stretching rate, indicating that DATPU/CNTs had excellent ability to 

sense different external stimuli across all stretching rates. In particular, as can be seen 

from Figure 9(c), the strain sensor had a rapid response time of 300 ms to the abrupt 

strain sweep up to 50% by applying a stretch rate of 1000 mm/min. Moreover, as shown 

in Figure 9(d), 15000 cycles of stretching-releasing test were performed under 100% of 

strain and 100 mm/min of stretch rate, revealing a good durability of electrical 

resistance. For instance, the relative resistance was about 300% in the first 5 cycles, 

about 240% in 4995-5000 cycles, and remained about 240% in the following 9995-

10000 and 14995-15000 cycles, revealing a good working stability of DATPU/CNTs 

based strain sensor. 

The DATPU/CNTs composite conductive fibrous membrane was used for human 

motions detection in this work due to the advantages of high working range, good 

sensitivity, excellent stability and outstanding durability. DATPU/CNTs was fixed on 

the Adam's apple, fingers, wrist and knee of a volunteer, who had read and signed the 

consent form. As shown in Figure 10(a-d), from a tiny swallow movement (Figure 

10(a)), a small finger bending movement (Figure 10(b)), through a middle wrist 

bending movement (Figure 10(c)) to a large knee bending movement (Figure 10(d)), 

the DATPU/CNTs showed high and repeatable sensitivity to these motions in the 

testing cycles. Besides, the response of DATPU/CNTs was found to vary the degree of 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



bending. For example, as the finger bending changed from 0° through 45° to 90°, the 

value of relative resistance changed by about 2000% and 3500%, respectively. Figure 

10(i-iv) exhibits the gradual decrease in brightness of a light emitting diode (LED) with 

the increasing stretching up to 200% of the DATPU/CNTs membrane that was 

connected into an electric circuit (see Movie S1), revealing that the electrical resistance 

of DATPU/CNTs increased with increasing strain. 

 

Figure 10 (a) Relative resistance obtain in real time from the human motion (a) figure 

bending; (b) wrist bending; (c) swallow; (d) knee bending; The brightness of LED 

changed with the DATPU/CNTs strain sensor stretched from (i) 0% to (ii) 50%; (iii) 

100%; (iv) 200%. 

A smart motion detection prototype kneecap was constructed by integrating the 

DATPU/CNTs strain sensor, Bluetooth device and battery. The diagram of the smart 

kneecap device and its main hardware components and photo are shown in Figure 11(a-

b). The current signals generated from the volunteer’s knee motions could be 

transmitted to the smart phone in real time by the Bluetooth device in the smart kneecap. 

The practical working condition of the smart motion detection kneecap is shown in 

Figure 11(c-h) and the supplementary Movie S2. At the original stage (Figure 11 (c)), 

a constant current signal (80 mA) was detected on the right knee of the standing-straight 
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volunteer, while a regularly variable current signal (about -20 mA) was seen on the 

right knee with a fixed bending of about 100° (Figure 11(d)). As shown in Figure 11(e 

and f), when the volunteer was walking (40 steps/min) and running (80 steps/min), the 

frequency of current signal changed corresponding to the changes in the variable knee 

bending frequency. In addition, as shown in Figure 11(g), the smart motion detection 

kneecap had a good response to human squatting movement (100° bending angle for -

20 mA current change). Finally, when the human movement stopped (ending stage 

shown in Figure (h)), the current signal value (77 mA) returned to the same current 

value to the initial stage, which further confirmed the stability of the smart motion 

detection kneepad. These results indicated that the developed smart motion detection 

kneecap can sensitively and repeatedly respond to the different movements of human 

body. 
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Figure 11 (a) diagram of main hardware circuit of the smart motion detection 

kneecap; (b) smart motion detection kneecap; detecting the human motion of (c) 

original state; (d) knees bending; (e) walking; (f) running; (g) squatting; (h) ending 

state using smart motion detection kneecap. 

 

Conclusion 

In this work, a strain sensor with ultra-high working range was fabricated by coating 

CNTs on the TPU electrospun fibrous membrane via ultrasonication. The amount and 

fastness of CNTs coated on the TPU fibrous membrane was enhanced by utilizing the 

rapid dopamine modification assisted with NaIO4. As demonstrated in the results, 

DATPU/CNTs exhibited ultra-high working range of 710% with a good sensitivity of 

GF up to 1200. Due to the dopamine layer, DATPU/CNTs represented an excellent 

washing fastness. In addition, under different stretching rate and strain level, the 

DATPU/CNTs membrane displayed a good working stability. An excellent durability 

and a good reproducibility were observed during 15000 cycles of stretching-releasing 

test. Finally, DATPU/CNTs can accurately sense different degrees of human movement, 

such as finger bending, swallow, wrist bending and knee bending, indicating great 

promising for application in wearable devices. 
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