Journal of Materials Science

Fabrication of high-performance wearable strain sensors by using CNTs coated
electrospun polyurethane nanofibers

Manuscript Number:

Full Title:

Article Type:
Keywords:

Corresponding Author:

Corresponding Author Secondary
Information:

Corresponding Author's Institution:

Corresponding Author's Secondary
Institution:

First Author:
First Author Secondary Information:

Order of Authors:

--Manuscript Draft--

JMSC-D-20-03280R2

Fabrication of high-performance wearable strain sensors by using CNTs coated
electrospun polyurethane nanofibers

Manuscript (Regular Article)

thermoplastic polyurethane; carbon nanotubes; electrospinning; Aligned; Strain
sensor

Liang Jiang
Qingdao University
Qingdao, -- Please Select -- CHINA

Qingdao University

Yuhao Wang

Yuhao Wang
Wenyue Li
Yanfen Zhou
Liang Jiang
Jianwei Ma
Shaojuan Chen
Stephen Jerrams

Fenglei Zhou

Order of Authors Secondary Information:

Abstract:

Funding Information:

Powered by Editorial

In this work, a new kind of composite nanofiber-based strain sensor with superior
electromechanical properties was fabricated by using aligned thermal plastic
polyurethane (TPU) nanofibers coated with multi-wall carbon nanotubes (CNTSs). In
order to improve the deposition efficiency and the fastness of CNTs coating on TPU
nanofibers, bio-inspired dopamine (DA) was employed to modify the surface of the
TPU nanofiber via a fast deposition method (the composite nanofibers obtained were
denoted as DATPU). The electromechanical tests showed that DATPU/CNTs nanofiber
membrane had a wide linear working range of 370% in the direction parallel to the
nanofibers (P-DATPU/CNTSs), a high gauge factor of 22.0 and a high linear coefficient
of determination ( r 2 ) of 0.997. P-DATPU/CNTs nanofibers also exhibited excellent
durability during stretching-releasing test for 5000 cycles. The P-DATPU/CNTs
composite nanofibers demonstrated high sensing performance in detecting human
motions of finger and elbow bendings.

National Natural Science Foundation of D, Liang Jiang

China
(51703108)

Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript Click here to access/download;Manuscript;Manuscript
20200516.docx

Click here to view linked References

Fabrication of high-performance wearable strain sensors by using CNTs coated

electrospun polyurethane nanofibers

Yuhao Wang &, Wenyue Li 2, Yanfen Zhou 2, Liang Jiang * *, Jianwei Ma 2, Shaojuan

©CO~NOOOTA~AWNPE

10 Chen &, Stephen Jerrams °, Fenglei Zhou ® ¢

12 3 College of Textiles and Clothing, Qingdao University, Qingdao 266071, PR China
15 b Centre for Elastomer Research, Focas Research Institute, Dublin Institute of

17 Technology, Dublin D08 NF82, Ireland

20 ¢ Centre for Medical Image Computing, University College London, London, WC1V

22 6LJ, UK

27 Abstract: In this work, a new kind of composite nanofiber-based strain sensor with
29 superior electromechanical properties was fabricated by using aligned thermal plastic
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34 order to improve the deposition efficiency and the fastness of CNTs coating on TPU
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motions of finger and elbow bendings.
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1 Introduction

In recent years, various wearable flexible electronic strain sensors, having the ability of
monitoring the physiological state of the human body, such as limb movement,
heartbeat and breathing, have attracted considerable interests [1-5]. Nanofiber-based
flexible strain sensors have considered to be an excellent candidate to develop the next
generation of wearable electronic products due to their advantages of large specific
surface area, softness, lightness and ease of processing into complex structures.
Generally, high-performance strain sensors should possess high sensitivity (suggested
by gauge factor, GF), large working range and high stability [6-8]. Therefore, in order
to obtain an excellent nanofiber-based strain sensor, ultra-high stretchable substrates
with excellent electrically conductive media must be considered. To date, flexible
polymers, such as thermoplastic polyurethane (TPU) [9,10], styrene butadiene styrene
(SBS) [11,12] or polyvinylidene fluoride (PVDF) [13], etc., functionalized with
conductive carbon materials, such as grapheme [14], carbon black [15] and carbon
nanotubes (CNTSs) [16,17], have been widely utilized in the preparation of nanofiber-
based strain sensors.

Compared with traditional polymer film substrates, electrospun fibers have the
advantages of large specific surface area, fine diameter and commendable mechanical
flexibility, which could be used as ideal base materials for fabricating functional
composites [18]. Especially, TPU could be easily electrospun into fibrous membrane,
which displayed outstanding stretchability, flexibility and mechanical strength [19,20].

Lu et al. [21] prepared a sandwich-structure strain sensor by depositing silver nanowires
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(AgNWs) on a TPU electrospun membrane and then spin-coated the composite with
liquid polydimethylsiloxane (PDMS). This strain sensor exhibited a high sensitivity of
gauge factor of 12.9 and an excellent reliability of 1600 cycles, while it had a low
working range of 50% and low tensile strength of 2.8 MPa. Tong et al. [22] prepared a
strain sensor by in situ polymerization of polyaniline (PANI) on an electrospun TPU
nanofibrous membrane, which showed a high gauge factor of 6.7252 in a strain range
from 0 to 120% and about 49.5060 among the strain ranging from 120 to 150% with a
low working range of 160% and low tensile strength of 1.93 MPa. Yang et al. [23]
fabricated a flexible strain sensor by coating an electrospun TPU mat with 2D transition
metal carbides and nitrides (MXene) sheets, the strain sensor possessed the excellent
properties of high gauge factor of 228, low detection limits of 0.1%, but the working
range was only 150%. Therefore, the strain sensors based on conventional random
electrospun nanofibers have relatively narrow working range and/or a low mechanical
strength, which have limited the practical application of strain sensors. In order to
improve the mechanical strength of electrospun nanofibers, novel electrospinning
technologies have been explored to obtain aligned nanofibers by employing a high
speed rotating collector [24], applying two pairs of copper (Cu) electrodes as the
collector [25], using magnetic-field-assisted electrospinning [26] or using near-field
electrospinning [27]. Owing to the highly aligned structure, the membranes prepared
exhibited superior mechanical properties [28-30]. In addition, it has been reported that
one-dimensional structured multi-wall CNTs possessing high electrical conductivity
and superior mechanical [16,31] composited with SBS fibers has been used for
fabricating strain sensors with improved working range and durability [32].

This study aims to fabricate a kind of flexible strain sensors with large working range,

excellent sensitivity and high mechanical strength by using highly aligned
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electrospinning TPU nanofibers coated with CNTSs. In order to improve the deposition
efficiency and fastness of CNTs coating, dopamine, which has been used widely for the
surface modification of various organic/inorganic materials with improved interfacial
strength [33-35], was used to modify electrospun TPU nanofibers. The dopamine
depositing rate on TPU nanofibers was drastically accelerated by using NalO4. The
sensing behavior of composite nanofiber membranes stretching on the direction parallel
to the nanofiber and vertical to the nanofiber was investigated in this study, respectively.
The sensing stability, durability and washing fastness of the composite nanofibers were
also studied. Finally, a prototype of strain sensor was constructed from DATPU/CNTSs

composite nanofibers and used to detect finger and elbow bendings.
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Figure 1. lllustration of the procedure for preparing composite nanofibers: (a) The
schematic of fabricating aligned TPU nanofibers; (b) The schematic of DA modifying aligned
TPU nanofibers; (c) The schematic of CNTs coating DA modified aligned TPU nanofibers; (d)

The morphology of a DATPU/CNTSs nanofibers.

2 Experimentation

2.1 Materials
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Polyester-based polyurethane (TPU) was purchased from Shandong INOV New
Materials Co., Ltd. (Zibo, Shandong, China). Tetrahydrofuran (THF), N, N-
dimethylformamide (DMF) and sodium hydroxide (NaOH) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dopamine hydrochloride
(DA-HCI) and Sodium periodate (NalO4) were produced from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). Tris (hydroxymethyl) aminomethane (Tris)
was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China)
and multi-wall carbon nanotubes (CNTs) were acquired from Cnano Technology
(Beijing China).

2.2 Preparation of aligned electrospun TPU nanofibers

The procedure for preparing aligned electrospun TPU nanofibers is depicted in Figure
1(a). TPU pellets were dried in a vacuum oven at 80 °C for 24 h to remove the absorbed
moisture before use. Firstly, the pellets with a weight concentration of 18% were
dissolved in a mixed solvent of DMF and THF having the volume ratio of 1:3. The
mixture was magnetically stirred at 60 °C for 1 h to accelerate the dissolving and then
stirred for another 6 h at room temperature to ensure complete dissolving. In order to
fabricate the electrospun TPU nanofibers, the TPU solution was loaded in a plastic
syringe (10 mL) connected to a 22 gauge blunt end needle and the syringe was mounted
on a digital syringe pump (Longer Precision Pump Co., Ltd., Baoding, Hebei, China).
The electrospinning procedure was carried out under the temperature of 20 °C and the
humidity of 25% using the following process parameters: applied voltage of 20 kV,
working distance of 20 cm between the capillary tip and the collector and solution flow
rate of 4 mL h't. The TPU nanofibers with different degree of alignment were obtained
by changing the rotating drum collector speed. Finally, the resultant TPU nanofiber

membranes were left in a fume hood overnight at room temperature to remove the
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remaining solvent. TPU nanofibers, parallel and vertical to the nanofiber direction, are
defined as P-TPU and V-TPU respectively.

2.3 Dopamine modification of electrospun TPU nanofibers

For surface modification of electrospun TPU nanofibers, a 2.0 g L™ aqueous solution
of dopamine (DA) was initially prepared by dissolving DA-HCI powder in distilled
water and the pH of the solution was buffered to 8.5 by adding Tris and NaOH; NalOg
solution with a concentration of 30 mM was added to the above dopamine solution to
form a mixed solution of DA/NalOs. The mixture was immediately sprayed onto the
TPU nanofibers, and then the color of the solution quickly changed from light pink to
dark brown with the spontaneous deposition of an adherent polydopamine (PDA) layer
(Figure 1(b)). After 2 h, the TPU nanofibers were washed with deionized water and
dried at 60 °C in a vacuum. The resultant TPU nanofibers were denoted as DATPU.
2.4 Preparation of CNTs coated TPU nanofibers

Firstly, CNTs suspension was prepared by adding 40 mg CNTs in 40 mL deionized
water. Both pristine TPU and DATPU nanofiber membranes with size of 40 mm x 10
mm were immersed into the above CNTs suspension. After treatment under
ultrasonication for 60 min, the CNTs coated pristine TPU and DATPU nanofiber
membranes were taken out from the beaker, washed with deionized water three times
and dried in a vacuum oven at 60 °C for 24 h. The CNTs coated pristine TPU and
DATPU nanofibers were termed as TPU/CNTs and DATPU/CNTSs, respectively.

2.5 Characterization

The morphology of aligned TPU nanofibers and composite nanofibers were observed
using a Scanning Electron Microscope (SEM) (Tescan Vega3, Brno, Czech Republic).
The samples were coated with a thin layer of gold prior to the observation and SEM

images with different magnifications were taken at an accelerated voltage of 10 kV. The
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angle distribution (relative to longitudinal axis) was determined and the average
nanofiber diameter was measured with ImageJ software from 100 random nanofibers
in the SEM images.

Tensile tests were carried out on a tensile testing machine (Instron-3300 Tensile
Machine, Glenview, US) under standard conditions (25 °C/65% RH) with an uniaxial
tensile force applied at a speed of 100 mm min™. The size of each specimen was 10 mm
in width and 20 mm in length. The elastic modulus (Y) was calculated from the slope
of the stress-strain curve in the strain range of 0-10%. Each sample was tested three
times under the same conditions, and the average value from the three tests was used.
The water contact angle (WCA) of electrospun TPU and DATPU nanofiber membranes
was measured by employing a water contact angle meter from Kriss DSA100
(Germany) with a drop volume of 2 pL.. Each sample was tested at least three times in
different positions and the average WCA was used.

The surface chemical structure of aligned TPU and DATPU nanofibers was determined
using Fourier transform infrared spectroscopy (FTIR) (Nicolet 5700, Massachusetts,
US). The spectrum was collected in the wave number range from 4000 cm™ to 400 cm-
1 at scanning times of 32 and resolution of 4 cm™.

Thermogravimetric analysis was carried out using a DSC/TG synchronous thermal
analyzer (STA449 F3 Jupiter, Bavaria, Germany). The measurements were conducted
under a nitrogen atmosphere. The sample, with a weight of about 5 mg, was heated
from ambient temperature to 800 °C with a heating rate of 20 °C min™,

The resistance of TPU/CNTs and DATPU/CNTs composite nanofibers was investigated
by using a digital multimeter (KEYSIGHT B2901A, US) which was equipped with a
stepper motor to induce various deformations in the tested samples. The nanofiber

membrane with a size of 20 mm x 10 mm was connected with the copper tapes, which
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served as electrodes during the testing. To ensure good contact between the copper tape
and the sample under test, both ends of the TPU/CNTs and DATPU/CNTS strips were
coated with silver paste.

Sheet resistance of TPU/CNTs and DATPU/CNTs composite nanofibers was
measured by employing a multifunction digital four-probe tester (ST-2258C, Jiangsu,
China) with the current of 1 mA. The experimental data point of sheet resistance was
the average of the results obtained from at least five samples tested under the same
condition.

3 Results and Discussion
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Figure 2. SEM photographs of electrospun TPU nanofibers collected with different collector
rotation speeds: (a) 250 rev mint; (b) 1500 rev min't; (c) 2500 rev mint; (d) 3500 rev mint; (e)
4500 rev min“t; Angular distribution of electrospun TPU nanofibers and fit by a Gaussian curve:
(a’) 250 rev min'l; (b’) 1500 rev min'l; (¢’) 2500 rev min'l; (d’) 3500 rev min'l; (e’) 4500 rev min~
l; Nanofiber diameter distribution and fit by a Gaussian curve: (a”) 250 rev min'l; (b**) 1500 rev
minL; (¢) 2500 rev min%; (d’’) 3500 rev min%; (€’) 4500 rev min L.
The surface morphology of electrospun TPU nanofibers collected with different

rotation speeds is shown in Figure 2. It can be seen from Figure 2(a) and (a’) that when
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the rotating speed of the drum collector was 250 rev min, the nanofibers distributed in
a random manner in the membrane. As shown in Figure 2(b), (b’), (c), (¢’), (d), (d’),
(e), and (¢’), the angles of the nanofibers relative to longitudinal axis for all obtained
electrospun TPU nanofibers were almost formed within an angle range from -18 ° to
18 ° with increasing drum speed from 1500 rev min™ to 4500 rev min, indicating a
highly aligned distribution. Additionally, it was found that the average nanofiber
diameter was decreased with increasing in rotating speed of the collector as shown in
Figures 2(a”), (b™), (¢), (d”) and (e”’). For example, the nanofibers obtained at a
collector speed of 250 rev min? had an average diameter of 1033 + 380 nm, while
nanofiber diameter reduced from 972 + 480 nm to 726 + 416 nm when the collector
speed was increased from 1500 rev min™ to 4500 rev mint. This is primarily because
when the nanofibers reached the high-speed rotating collector, they attached to the
collector by an electrostatic force and were further stretched, finally resulting in a
reduction in diameter and the formation of aligned nanofibers from the induced
spiraling path [36-38]. The higher the collector speed, the greater the stretching force

received by the nanofibers and the higher the degree of alignment [39].
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Figure 3. Stress-strain curves of: (a) TPU nanofiber membranes subjected to tensile tests in a
direction vertical to the nanofibers and (b) TPU nanofiber membranes subjected to tensile tests

in a direction parallel to the nanofibers at different collector rotating speeds.
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Table 1 Mechanical properties of P-TPU nanofibers and V-TPU nanofibers: elastic modulus (E),

tensile strength (¢) and elongation at break (gat break)

P-TPU nanofibers V-TPU nanofibers

E (MPa) o (MPa) €at break (%0) E (MPa) o (MPa) €at break (%0)

2500 rev mint 858 £0.73 1218+1.22 247+83 057+0.02 3.45+0.25

250 rev mint 3.70 £ 0.22 11.21+0.10 592+26 3.67+025 11.07+0.16 612%22

1500 rev mint  4.31+0.13 1209+0.35 293+13 057+0.04 3.65+0.22 671+ 78

611+ 6

3500 rev mint  10.08 £0.09 13.32+1.07 194+11 056+0.06 242+0.47 941 + 67

4500 rev min?  10.29+0.16 1460+051 192+15 050+0.10 1.80+0.26 940 + 85

As is well known, the mechanical performance is of vital importance for engineering
materials to realize various applications. Figure 3 shows the typical stress-strain curves
of electrospun TPU nanofiber membranes obtained at various collector rotating speeds.
The corresponding tensile strength, elongation at break and elastic modulus for each
material were summarized in Table 1. As can be seen from Figure 3 and Table 1, for
random TPU nanofiber membranes, which were collected at 250 rev min, the tensile
strength and elongation at break showed slight difference when stretched in vertical and
parallel directions. For aligned TPU nanofiber membranes with the drum rotating speed
of 1500 rev min* and above 1500 rev min, the tensile strength of P-TPU was higher
while the elongation at break of V-TPU was higher. Furthermore, mechanical properties

changed regularly with the collected speed increasing, for example, when the collector
10
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speed increased from 1500 rev min! to 4500 rev min™, the tensile strength of V-TPU
decreased from 3.65 = 0.22 MPa to 1.80 = 0.26 MPa, the elastic modulus decreased
from 0.57 + 0.04 MPa to 0.50 £ 0.10 MPa and the elongation at break increased from
611 £ 6% to 941 + 67%. However, for P-TPU, when the collector speed increased from
1500 rev mint to 4500 rev min, there was a pronounced increase in tensile strength
from 12.09 + 0.35 MPa to 14.60 = 0.51 MPa, the elastic modulus from 4.31 + 0.13 MPa
to 10.29 + 0.16 MPa, and the elongation at break from 192 + 15% to 293 £ 13%. It is
attributed that the high-speed rotating drum collector imparted a large stretching force
to the nanofibers, which increased the degree of molecular chain alignment in the
nanofibers and consequently enhanced their tensile strength [40,41]. Moreover, TPU
nanofibers collected at low rotating speeds were expected to exhibit irregularly
distributed hard segments, whereas hard segments of stretched nanofibers collected at
high collector speeds exhibited periodic changes in structure along the stretching

direction [42], leading to an increase in elastic modulus.
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Figure 4. (a) The curves of water contact angle (WCA) versus rotating speed for TPU and
DATPU nanofiber membranes; (b) FTIR spectra of reagent sample of DA, TPU and DATPU

nanofiber membranes; (c) Stress-strain curves of TPU and DATPU nanofiber membranes

prepared at a speed of 1500 rev minL.

Since the decoration of TPU nanofiber membranes with CNTs was performed in an
aqueous solution, the hydrophilic properties of the nanofiber membranes would have a
non-negligible effect on the deposition of CNTs. More CNTs in the suspension could
infiltrate into the aperture in the electrospun membranes with good hydrophilicity,
ensuring a high deposition efficiency. Taking this into consideration, the hydrophilic
property of TPU and DATPU nanofiber membranes obtained at different drum collector
speed was investigated in Figure 4(a). It can be seen from Figure 4(a) that the WCA of
all TPU nanofiber membranes exceeded 117 °, indicating the hydrophobic behavior for
these materials. Specifically, TPU nanofiber membranes obtained at a collector rotating
speed of 1500 rev min™ had the lowest WCA of 117 + 4 ° while the membrane obtained
at a collector rotating speed of 4500 rev min™* showed the highest WCA of 136 + 5 °.
Generally, for thinner nanofibers, the wicking effect, acting to absorb or draw off liquid
by capillary action, could become significant, which contributed to the decrease of
WCA [43]. However, with a decrease in the nanofiber diameter, the specific surface
area became larger, leading an increase WCA of nanofiber membrane [44]. Therefore,
when the nanofibers were collected at a rotating speed below 1500 rev min™, the
wicking effect dominated, resulting in relatively higher hydrophobicity. When the
nanofibers were collected at rotating speeds above 1500 rev min, the effect of specific
surface area dominated and hydrophilicity gradually decreased as increasing collector
rotating speeds.

In order to improve the hydrophilicity of electrospun TPU nanofiber membranes, rapid

polydopamine deposition with the assistance of oxidant NalO4 was employed to modify
12
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the surface of the TPU nanofiber membranes. The WCA of all TPU nanofiber
membranes obtained at different collector speeds remarkably decreased after
polydopamine modification shown in Figure 4(a). This is because the hydroxyl and
amino groups in the PDA molecule improved the hydrophilicity of the TPU nanofiber
membranes. Particularly, the WCA of the TPU nanofiber membranes obtained at a
collector rotating speed of 1500 rev min™ decreased from 117 + 4 ° to 51 + 3 ° after
polydopamine modification. This was expected to greatly benefit for the efficient
deposition of CNTs on TPU nanofiber membranes.

Due to the fact that both TPU and dopamine contain amide group, it is unlikely to
determine the source of this group by using FTIR analysis. Thus, TPU and DATPU
nanofibers were firstly washed with sodium hydroxide ethanol solution to get reagent
samples, respectively. Then, the FTIR analysis for the reagent samples was carried out
to confirm whether dopamine successfully modified the TPU nanofibers. As shown in
the FTIR spectrum of the reagent samples in Figure 4(b), a new peak at 1610 cm™
represented the C=C stretching vibration of the aromatic ring and the bending vibration
of N-H, indicating that the surface of DATPU nanofibers was introduced a hydrophilic
group of -NH [45]. In addition, compared with the washing solution of TPU nanofibers,
anew peak at 1930 cm, which was ascribed to the C=C stretching vibration of benzene
derivative, emerged in the FTIR spectrum of reagent sample of both DATPU and DA.
The above results confirmed the successful deposition of PDA on the TPU nanofibers.
As shown in Figure 4(c), the tensile strength and elongation at break of TPU nanofiber

membranes scarcely changed after dopamine modification.

13
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Figure 5. (a-b) Surface morphology of TPU/CNTSs; (c-d) Surface morphology of DATPU/CNTS;
(e) TGA curves of TPU and TPU/CNTSs; (f) TGA curves of DATPU and DATPU/CNTS; (g)

Stress-strain curves of P-TPU, P-DATPU, P-TPU/CNTs and P-DATPU/CNTSs nanofiber

membranes at a stretch rate of 10 mm min™t; (h) Stress-strain curves of V-TPU, V-DATPU, V-
TPU/CNTs and V-DATPU/CNTSs nanofiber membranes at a stretch rate of 10 mm min.
Because the electrospun TPU membrane prepared at 1500 rev min had highly aligned

structure, reliable tensile strength in both directions and good hydrophilicity after
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dopamine modification, it was selected to be used as the substrate for constructing
CNTs coated conductive nanofiber membranes. Figure 5(a-d) shows the surface
morphology of TPU/CNTSs and DATPU/CNTSs respectively. It can be seen that for both
TPU/CNTs and DATPU/CNTSs composites, CNTs were successfully deposited on the
surface of the nanofibers. This is because CNTs were rapidly pushed towards to the
surface of outer nanofibers and through the pores to the surface of inner nanofibers with
high energy during ultrasonication and subsequently interfacial collision occurred. As
a result, the nanofibers might become softened or even partially melt leading to CNTs
tightly anchored onto the nanofibers surface [46]. Besides, because of the stretching
force induced by high rotating collector, nanofibers exhibited straighten stage during
the electrospinning procedure, after releasing from the collector, the nanofibers became
curved.

TGA was employed to analyze the amount of CNTs coated on both the pristine TPU
nanofibers and the DATPU nanofibers. As seen from Figure 5(e) and (f), when the
temperature reached 800 °C, the weight loss of the pristine TPU nanofibers was 91.1%,
while the TPU/CNTSs was 88.0%); the weight loss rate of DATPU nanofibers was 90.4%
and after coated with CNTSs, the weight loss rate of DATPU/CNTs was 86.0%. Thus,
the content of CNTs on the pristine TPU nanofibers and DATPU nanofibers was 3.1%
and 4.4%, respectively, revealing the effect of polydopamine modification.

The mechanical properties of TPU, DATPU, TPU/CNT and DATPU/CNT were
investigated. It can be seen in Figure 5(g) that after CNTs coated on the substrate, both
the tensile strength and the elongation at break in the nanofiber direction were reduced.
The tensile strength and elongation at break of P-TPU were 7.76 + 0.21 MPa and 478
+ 30% respectively, while those of P-TPU/CNTs were 6.04 £ 0.13 MPa and 394 + 7%

respectively. After polydopamine modification, the tensile strength and elongation at
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break of P-DATPU were 7.84 £ 0.17 MPa and 484 + 25% respectively, while those of
P-DATPU/CNTSs were 5.23 + 0.26 MPa and 406 + 19% respectively. The reason why
after coated with CNTSs, the tensile strength of P-TPU/CNTs and P-DATPU/CNTSs
decreased is probably that the ultrasonic power damaged the nanofibers [47]. However,
the elongation at break and tensile strength in the vertical nanofiber direction were
mostly improved compared with those in the nanofiber direction. As is illustrated in
Figure 5(h), the elongation at break and tensile strength of V-TPU were 992 + 28% and
1.70 = 0.07 MPa respectively, while those of V-DATPU were 1399 + 38% and 1.67 +
0.12 MPa. With the deposition of CNTs, the elongation at break and tensile strength of
V-TPU/CNTSs were 1206 £ 26% and 1.98 + 0.14 MPa, while those of V-DATPU/CNTSs
were 1491 + 34% and 2.34 £ 0.10 MPa. The probable reason behind the improvement
in mechanical properties is that well coated CNTs had a strong interaction with

nanofibers, bridging the neighboring nanofibers [48].
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Figure 6. The relative resistance (AR/Ro) and gauge factor (GF) versus applied strain of
composite nanofibers during ultimate tensile tests at a 10 mm min™® stretch rate: (a) P-

TPU/CNTs; (b) V-TPU/CNTs; (c) P-DATPU/CNTSs; (d) V-DATPU/CNTSs. Insets show the gauge
factor; (e) Schematic of the structure change of the composite nanofibers stretched vertical to the

nanofiber direction and parallel to the nanofiber direction.

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

electromechanical experiments were carried out at a stretch rate of 10 mm min™.

Generally, the relative resistance (AR/Ro, /AR = R-Ro, Where Ry is the initial resistance
and R represents the real-time resistance) and gauge factor (GF = (AR/Ro)/e, where &

is the strain in the samples) were used for evaluating the electromechanical properties
of conductive composite nanofibers. The high linearity is also significant because it
simplifies the calibration processes and enhances the accuracy of measurements [8]. In
this study, the coefficient of determination (r?) was used to characterize the linearity of
strain sensors and the maximum working range of the strain sensor was determined as
the strain at which the resistance reached the limit to be measured by the digital
multimeter [11]. It is well known that when the value of r? is larger than 0.9, the data
has an excellent correlation with the linear model [49]. It can be seen from Figure 6(a)
that the maximum working range of P-TPU/CNTs was 365%, with a GF of 47.1. In
addition, P-TPU/CNTs had good linearity in the strain range from 0% to 220%. As
demonstrated in Figure 6(b) that the maximum working range (295%) of V-TPU/CNTs
was much narrower compared to that of P-TPU/CNTSs, while the GF (1053.7) was larger
than that of P-TPU/CNTSs. A linear working range with r? > 0.9 for V-TPU/CNTs was
observed in the strain range from 0% to 90%. The sensing behavior of P-DATPU/CNTSs
is shown in Figure 6(c). The maximum working range of P-DATPU/CNTs was 370%
with excellent linearity (r?> = 0.997) and a GF of 22.0. As shown in Figure 6(d), the

maximum working range of V-DATPU/CNTSs was in a strain range of 0% to 305% with
17
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a linearity working range of 0% to 120%, and GF was 276.5. By analyzing the above
results, it can be concluded that conductive composite nanofibers stretched in the
direction vertical to nanofiber alignment had higher sensitivity, while stretched in a
parallel direction had wider and more stable linear working range. The explanation for
the phenomenon might be that as the substrates deformed in different forms, the
conductive network of CNTs also presented different types of changes. As
schematically shown in Figure 6(e), during the stretching process in the direction
vertical to the nanofiber, wider “gaps” appeared and led to an increase in the distance
between CNTs adsorbed on the surface of nanofibers, consequently resulting in a
decrease in conductivity [14]. Owing to the large changes in resistance caused by small
strain in the vertical direction, high GF was produced. Conversely, when the membrane
was stretched along the nanofiber direction, the nanofibers were straightened and
became compact, forming stable and excellent conductive paths which would induce
smaller change in electrical resistance and as a consequence, a lower sensitivity was
obtained. Based on the evaluation above, conductive composite nanofibers applied in

the parallel direction were more reliable in keeping with the work requirements of strain

Sensors.
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Figure 7. (a) Curves of sheet resistance with washing time of TPU/CNTs and DATPU/CNTSs;
Sensing behavior of composite nanofibers for 250% strain after washing for different periods of
time: (b) TPU/CNTs; (c) DATPU/CNTSs; (d) Curves of linearity with washing time of TPU/CNTs

and DATPU/CNTs.
In order to investigate the washing fastness of P-TPU/CNTs and P-DATPU/CNTSs
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nanofibers, they were washed in a high-power ultrasonic cleaner filled with water for
different time periods of 5 min, 10 min, 20 min and 40 min. The corresponding strain
sensing behavior after washing is shown in Figure 7. As the washing time increased

from 5 min to 40 min, the sheet resistance of P-TPU/CNTSs exhibited a remarkable

©CO~NOOOTA~AWNPE

increase from 37.1 £ 3.4 kQ sq™ to 138.5 + 13.8 kQ sq (Figure 7(a)) and r? showed an

extremely unstable trend (Figure 7(b) and 7(d)). In the case of P-DATPU/CNTSs, after

being washed for 40 min, sheet resistance increased from 8.44 = 2.2 kQ sq! to 23.5 +

2.8 kQ sqt with the r? always changed in the range of 0.975-0.997, exhibiting a

relatively stable trend (Figure 7(a), 7(c) and 7(d)). It can be concluded that the

dopamine modification can greatly improve the washing fastness of conductive

composite nanofibers.
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Figure 8. (a) Curves of relative resistance related to 10 stretching/releasing tests applied over

different strain ranges: 0%-50%, 0%-100%, 0%-200%, and 0%-300% with a constant stretch

rate of 10 mm minL; (b) Curves of relative resistance under 50% strain at the stretch rate of 5

19



©CO~NOOOTA~AWNPE

mm min%, 10 mm min, 50 mm min%, 200 mm min*, 200 mm min™! for 10 cycles of

stretching/releasing test; (c) Performance of a P-DATPU/CNTSs during 5000 stretching-releasing
tests over a strain range of 0% to 100%, indicating durability, insets are the sensing behavior in

the ranges 1500-1510 and 3500-3510 cycles.

The working stability of P-DATPU/CNTSs at different levels of strain and stretch rate
were also studied. As shown in Figure 8(a), P-DATPU/CNTs exhibited excellent
reproducibility and stability in different strain levels, indicating excellent adaptability
in practical applications. Figure 8(b) shows the sensing behavior of P-DATPU/CNTs
under 50% strain at different stretching/releasing rates of 5 mm min*, 10 mm min, 50
mm min*, 100 mm min, and 200 mm min for 10 stretching-releasing test cycles. It
can be seen that the P-DATPU/CNTSs exhibited similar relative resistance changes under
different stretch rates, confirming their ability to detect different external stimuli. The
long-term sensing behavior of P-DATPU/CNTSs is shown in Figure 8(c). Under a strain
of 100% and a stretch rate of 10 mm min™ for 5000 cycles, P-DATPU/CNTSs still
exhibited good stability during the stretching-releasing tests. For example, the relative
resistance of P-DATPU/CNTSs in 1500-1510 cycles was about 2500%, while that in

3500-3510 cycles was about 2650%, indicating excellent durability of CNT conductive

network.
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bending for 5 cycles at different angles of 45 °, 90 °, 135 °; (b) Elbow bending for 5 cycles at

different angles of 45 °, 90 °.

With the outstanding stretchability, sensitivity and reliability, P-DATPU/CNTs
conductive composite nanofibers prepared in this work were used for the human
motions detecting of the finger and elbow bendings. In this section, the participants
were informed what they were asked to do in this experiment, then read and signed a
consent form. As expected, the bendings of the finger and elbow were accurately
detected by the P-DATPU/CNTSs. It can be clearly seen from Figure 9 that as the bending
degree of the finger increased from 0 ° to 45 °, 0 ° to 90 ° and 0 ° to 135 °, the relative
resistance changed accordingly with the value of 632% , 2513% and 4135%,
respectively. Similarly, with elbow bendings at two different angles of 45 ° and 90 °,
the signals of relative resistance obtained were about 2822% and 5254%, corresponding
to the detection angles.

4 Conclusions

In this paper, aligned electrospun TPU nanofibers based stain sensors were prepared by
integrating with CNTs. The deposition amount of CNTs and the binding between CNTs
and the TPU nanofibers were improved by employing a rapid dopamine modification
method assisted with NalOs. The CNTs coated TPU nanofiber membrane with
dopamine modification (DATPU/CNTSs) had a 370% linear working range with r? of
0.997 together with excellent working stability in the direction parallel to the nanofibers.
Additionally, it maintained good electrical properties even after 40 min ultrasonic
washing and presented excellent durability with 5000 cycles of stretching-releasing test
for sensing behavior. Both human finger and elbow bendings were accurately
monitored by P-DATPU/CNTSs based strain sensors. The developed P-DATPU/CNTSs
composite nanofibers have clearly demonstrated the great potential to be used for

developing wearable strain sensors.
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