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ABSTRACT

Stretchable and sensitive fiber-shaped strain sensor with stable sensing perfor-

mance is highly desirable for wearable electronics. However, it is still a chal-

lenge to simply and economically fabricate such strain sensors in large scale for

practical applications. Herein, we report a strain sensor based on a thermo-

plastic polyurethane (TPU) layer encapsulated core–sheath single-walled carbon

nanotube (SWCNT)-reduced graphene oxide (RGO)/PU composite fiber

through a dip-coating process. The synergistic effect between SWCNT and RGO

contributes to the formation of a highly sensitive and conductive layer on elastic

PU core, while the outmost TPU layer protects the conductive layer against

abrasion or delamination. The results demonstrate that the fiber sensor with 50

wt% RGO in the conductive layer simultaneously exhibits a wide sensing range

of 465%, a high gauge factor (GF) up to 114.7, and good cyclic stability for more

than 1000 stretching cycles. Importantly, the fiber sensor shows high stability

with little change in conductivity even by harsh treatment in ultrasonic bath for

250 min. The applications of our fiber sensor in monitoring human motions like

elbow bending, phonation, pulse, and underwater sensing are also demon-

strated. The reported fiber strain sensor provides a good candidate for next-

generation intelligent wearable devices.
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GRAPHIC ABSTRACT

Introduction

Next-generation intelligent wearable electronic devi-

ces put forward increasingly stringent demands, such

as small size, lightweight, flexible, and skin-mount-

able [1, 2]. Therefore, flexible batteries [3, 4], superca-

pacitors [5–7], strain sensors [8, 9], and other wearable

electronic devices with high flexibility, which can be

folded into any shape andwoven or sewn onto clothes,

have recently attracted tremendous attention. Among

these devices, soft and stretchable strain sensors are

widely studied, especially resistive sensors with sim-

ple structures that are easy to collect signals and con-

vert stress/strain into resistance changes. To date,

combining conductive nanomaterials with a flexible

and stretchable matrix is the main strategy for

obtaining such strain sensors. Among all the conduc-

tive fillers, carbon nanomaterials, including carbon

nanotube (CNT) [10, 11], graphene [12–15], and carbon

black (CB) [16, 17], are probably the most frequently

used fillers to fabricate strain sensors. It is recently

reported that the combination of fillers with different

dimensions is more efficient in the construction of

homogeneous conductive networks than single filler,

because the synergistic effect between different fillers

could effectively prevent aggregations of nanosized

fillers [18–20]. However, fewworks have exploited the

synergistic effect of different carbon nanomaterials for

sensor applications. By physical blending of CNT and

RGO with polyurethane, Liu et al. obtained a strain

sensorwithworking range of 30% andGF of 152.9 [21].

Zheng et al. fabricated a strain sensor with carbon

nanofiber (CNF) and CB as fillers in elastomer, and

showed a high strain range of 300% andGF of 13.1 [22].

Likewise, Yang et al. reported a strain sensor with a

good stretchability of 700%andmaximumGFof 182 by

incorporating carbon fiber andCB into a rubbermatrix

[23]. Shi et al. reported a strain sensor with high con-

ductivity and GF by hybridizing graphene into CNT
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network, but the working range was limited to 20%

due to the lack of elastic component [24]. Other strain

sensors based on synergistic effect of carbon nano-

materials have also been reported by various approa-

ches [25–28], but rare works have achieved high

stability, stretchability, and sensitivity.

At present, planar structures are commonly used to

fabricate strain sensors [29–32]. However, these

structures limit their applications in flexible textiles or

complex nonplanar substrates, which has largely hin-

dered their use in flexible and sensitive strain sensors.

To this end, high-performance fibrous strain sensors

have promising applicationprospects due to their high

flexibility, stretchability, and rebound elasticity

[33–36]. Techniques like doping or coating conductive

materials were reported to manufacture fibrous sens-

ing devices [37–40]. For example, by incorporating

CNT into cotton roving, a sensor based on CNT/cot-

ton/spandex composite yarn was manufactured and

showed high performance in wearable electronic

device [41]. Conductive cotton [14, 42] or polyester

fabrics [43] preparedby simply coatingwithRGOhave

also been reported for wearable strain sensors. Nev-

ertheless, by using the doping or coating tech-

nique, the conductive layers are prone to flake off due

to repeatedwashing and long-term use. Moreover, the

conductive layers of these sensors are often exposed,

which may lead to a short circuit, thus hindering their

practical applications. Therefore, it is necessary to

develop a practical, cost-effective, and scalable

method to fabricate sensitive, highly stretchable, and

durable fiber strain sensors.

We have recently reported a spirally layered strain

sensor based on SWCNT-RGO/PU composite yarn

[44]. The synergistic effect of SWCNT-RGO in the

conductive layer and the special structure enables the

strain sensor a combined performance of high

strength, conductivity, sensitivity, and durability.

However, the complex manufacturing process limits

its large-area and facile production. Therefore, herewe

report anewstable and sensitive strain sensor basedon

a core–sheath SWCNT-RGO/PU composite fiber

encapsulated in a protective TPU layer by a simple and

scalable dip-coating method. We used PU multifila-

ment as an elastic scaffold and applied SWCNT-RGO

mixed network as conductive layer. The SWCNT-

RGO/PU core–sheath fiber was then embedded into a

stretchable TPU protective layer to prevent the con-

ductive layer from wearing or delaminating. The

synergistic effect of SWCNT and RGO endowed our

strain sensor with good sensing performance. The

results show that the sensing range of our sensor with

50 wt% RGO in conductive layer can be up to 465%

with a high GF of 114.7. Increasing the RGO content

results in even higher GF at the same strain. Impor-

tantly, our sensor shows high stability against rigorous

ultrasonic washing because of the encapsulated

structure. On the basis of these advantages, the fiber

strain sensor can be applied for long-term use in

monitoring human motions like phonation, elbow

bending, and even pulse. The ability of our sensor for

underwater sensing is also demonstrated. The repor-

ted technology is expected to provide a new way to

next-generation intelligent wearable technology.

Experimental section

Materials

Graphite powder (300 lm) was provided by Qingdao

ChenyangGraphite Co., Ltd. PUmultifilament (140 D)

was provided by LDZ New Aoshen Soandex Co., Ltd.

Potassium permanganate (KMnO4) was purchased

from Jiangsu Yonghua Fine Chemical Co., Ltd. Con-

centrated sulfuric acid, sodium nitrate (NaNO3),

hydrogen peroxide (H2O2, 30%), and hydrazine

hydrate were purchased from Sinopharm Pharma-

ceutical Co., Ltd. Thermoplastic polyurethane (TPU,

Elastollan 1180A) was purchased from BASF Co., Ltd.

Single-walled carbon nanotubes (SWCNTs) were

obtained from Chengdu Organic Chemicals Co., Ltd.,

Chinese Academy of Science. Poly(3,4-ethylene-

dioxythiophene) polystyrene sulfonate

(PEDOT:PSS, Clevios PH1000) was obtained from

Heraeus GmbH. Ammonia water and N,N-dimethyl-

formamide (DMF) were purchased from Shanghai

Lingfeng Chemical Reagent Co., Ltd.

Preparation of SWCNT-RGO dispersion

RGO was prepared according to our previous work

with PEDOT:PSS as stabilizing agent, and the prepa-

ration process and characterizations of RGO can be

found in our previous paper [44]. For the preparation

of SWCNT-RGO dispersion, SWCNT (30 mg) and

PEDOT:PSS (30 mg) were added into 30 mL of water,

followed by bath sonication for 1 h and tip sonication

for 20 min to obtain a uniform SWCNT dispersion.

RGOwas also dispersed in water with a concentration
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of 1 mg/mL in parallel. After that, SWCNT and RGO

dispersionweremixed to obtainmixturewithdifferent

contents of RGO (0, 5, 10, 30, 50, and 70 wt%).

Preparation of TPU/SWCNT-RGO/PU strain
sensor

A solution of TPU (30 wt%) was prepared using DMF

as the solvent under heating and stirring. The PU

multifilament was immersed into the SWCNT-RGO

dispersion for 2 s and subsequently dried at 60 �C.
After repeating this process 15 times, the as-prepared

SWCNT-RGO/PU core–sheath fiber was dipped into

the TPU solution, immediately taken out, and dried

to obtain the TPU/SWCNT-RGO/PU composite

fiber. Finally, both ends of the fiber were connected

with copper wires and fixed with label paper to

obtain TPU/SWCNT-RGO/PU strain sensor.

Characterizations

The structure and morphology of the samples were

observed by hot stage polarizing light microscopy

(BX51-P, Japan), field emission scanning electron

microscope (FESEM, S-4800, Japan), and transmission

electron microscopy (TEM, JEM-2100F, Japan). To

investigate the cross-sectional morphology, the sam-

ples were wrapped with epoxy resin, immersed in

liquid nitrogen, and then fractured in liquid nitrogen.

Subsequently, FESEM was employed to observe

fracture surface of the samples. The washability

measurement was conducted in an ultrasonic bath

(SK1200H, China, ultrasonic power: 50 W). For sen-

sor performance evaluation, the stretching speed was

adjusted over different strain ranges to obtain a

stable electrical signal. The current signal of the

sensor was measured in real time by using a two-

point measurement of the electrochemical worksta-

tion (Autolab PGSTAT204, Switzerland) and the

copper clamp.

Results and discussion

Preparation of TPU/SWCNT-RGO/PU strain
sensor

As shown in Fig. 1a, the preparation of the TPU/

SWCNT-RGO/PU composite fiber is mainly divided

into two steps: SWCNT-RGO suspension was dip-

coated onto the elastic PU multifilament, and then, a

TPU sheath was applied as a protective layer. First,

we used PEDOT:PSS as a stabilizer, and RGO was

prepared by reducing GO in hydrazine hydrate. TEM

image shows the typical wrinkled and transparent

appearance of RGO (Fig. 1b). Second, different vol-

umes of SWCNT and RGO dispersion were mixed to

obtain different concentrations of SWCNT and RGO

with the PEDOT:PSS as a dispersant. This is due to

the p–p interaction between the aromatic moieties of

the PEDOT:PSS, RGO, and SWCNT, contributing to

improved wetting and infiltration of the RGO and

SWCNT agglomerates. The resulted lower interfacial

tension is conducive for the well dispersion of con-

ductive fillers. TEM image shows (Fig. 1c) that

SWCNT are disassembled and homogeneously dis-

tributed on RGO, suggesting the efficient dispersion

of SWCNT and RGO by PEDOT:PSS. By repeating

the dip-coating of SWCNT-RGO on PU multifila-

ment, a stable conductive layer was formed, resulting

in the SWCNT-RGO/PU core–sheath fiber. Finally,

TPU/SWCNT-RGO/PU strain sensor was fabricated

by a quick dip of the as-prepared core–sheath fiber

into the TPU solution and drying. As shown in

Fig. 1d–f, the color of composite fiber changed from

white to black, and finally bright black, suggesting

the coating of conductive layer in fiber sensor.

The morphology of TPU/SWCNT-RGO/PU com-

posite fiber was observed by using the SEM. In

Fig. 2a and b, a multifilament structure of pure PU

with a uniform diameter (* 150 lm) can be observed

clearly. After dipping and drying, a tulle-like

SWCNT-RGO conductive layer can be observed on

the surface of the PU multifilament. (The content of

RGO in conductive layer is 50 wt%.) In addition, after

repeated dip-coating, the surface of the fiber com-

posite is rough and dense (Fig. 2c and d), confirming

a stable conductive layer was deposited. In contrast,

after a quick dip into the TPU solution, a relatively

smooth surface is shown in Fig. 2e and f, suggesting

the successful formation of the TPU protective layer.

In order to observe the structure of the composite

fiber more clearly, we further investigated the cross-

sectional morphology. Figure 2g and h shows an

obvious sandwiched structure of the PU multifila-

ment, SWCNT-RGO conductive layer, and the TPU

protective layer (the outermost layer is epoxy resin).

Meanwhile, the enlarged view manifests that the

SWCNT-RGO layer (* 0.75 lm) was wrapped in the

middle. During stretching, the presence of the
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protective layer could ensure the simultaneous

deformation of the PU multifilament and SWCNT-

RGO conductive layer, which makes the fiber sensor

stable and durable. Due to the ultrathin characteristic

of RGO, conductive layers with different weight

ratios of RGO show similar morphologies.

Electromechanical performance of TPU/
SWCNT-RGO/PU strain sensor

The mechanical and electrical properties of SWCNT-

RGO/TPU strain sensor were studied in detail, as

shown in Fig. 3. The uniaxial tensile speed was con-

trolled at 5% s-1 to measure relative resistance

change (DR/R0). Figure 3a shows that DR/R0 of

strain sensors with different RGO weight ratios gen-

erally increased with the tensile strain. In contrast to

TPU/SWCNT/PU sensor, with the increasing weight

ratio of RGO, DR/R0 increases more significantly

with the increasing strain. The sensing range of the

strain sensor with 50 wt% and 70 wt% RGO can reach

up to 465%, and DR/R0 at this point is, respectively,

269.9 and 471.8, which is much higher than that of the

TPU/SWCNT/PU sensor (DR/R0 = 46.4). This is

because the network of 1D SWCNT could maintain

the interconnection under external strain, resulting in

inconspicuous resistance change. The addition of 2D

RGO into 1D SWCNT network could increase the

contact area, which can be more effectively disrupted

under strain and lead to more significant resistance

change. As shown in Fig. 3b, three linear regions can

be observed during the stretching process in fiber

sensor with 50 wt% RGO in conductive layer: 1–

150%, 150–300%, and 300–465%. The corresponding

GFs [GF = (DR/R0)/e� for these regions are 8.76, 43.8,

and 114.7, respectively. In addition, the sensor

exhibited GFs of 11.5, 57.7, and 215.0 in these strain

regions with 70 wt% RGO in conductive layer

(Fig. 3c). These data suggest that the sensibility is

tunable by adjusting the concentration of RGO. In

comparison, the GFs of TPU/SWCNT/PU sensor in

these regions are just 2.1, 7.7, and 17.3, respectively,

demonstrating the advantageous of RGO in improv-

ing the sensitivity of sensor. However, it is found that

further increasing content of RGO would result in

brittle fiber and limited sensing range.

To demonstrate the washability of TPU/SWCNT-

RGO/PU strain sensor, both SWCNT-RGO/PU and

TPU/SWCNT-RGO/PU composite fibers were

placed in an ultrasonic bath (ultrasonic power: 50 W).

The curves of DR/R0 versus time are plotted in

Fig. 3d. Notably, with the TPU sheath, the DR/R0 of

TPU/SWCNT-RGO/PU composite fiber only

increased by 10 after ultrasonication for 60 min and

then remained stable for the next 190 min. In con-

trast, the DR/R0 of the SWCNT-RGO/PU sensor

increased significantly with increasing ultrasound

time, and the DR/R0 even reached 690 at 60 min,

which indicates the serious destruction of the con-

ductive layer. Therefore, compared with SWCNT-

RGO/PU sensor, the protective layer endows TPU/

SWCNT-RGO/PU strain sensor with excellent sta-

bility in water, which is critical for wearable sensing

textiles.

Notably, when the fiber was drawn to 350% with

different strain rates, little difference in the DR/R0

Figure 1 a Synthetic

procedure of TPU/SWCNT-

RGO/PU strain sensor. b TEM

image of RGO. c TEM image

of SWCNT-RGO with 50 wt%

RGO. d Photograph of TPU/

SWCNT-RGO/PU strain

sensor. e Photographs of PU,

SWCNT-RGO/PU, and TPU/

SWCNT-RGO/PU strain

sensor. f Cross-sectional

optical micrograph of TPU/

SWCNT-RGO/PU strain

sensor.
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Figure 2 a, b SEM images of PU multifilament in different

magnifications. c, d SEM images of SWCNT-RGO/PU fiber in

different magnifications. e, f SEM images of TPU/SWCNT-RGO/

PU fiber in different magnifications. g, h Cross-sectional SEM

images of TPU/SWCNT-RGO/PU fiber in different

magnifications.
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change can be observed (Fig. 3e), indicating the high

stability of our strain sensor, and its conductivity is

not affected by the strain rate. However, the amount

of conductive fillers has a significant impact on the

electromechanical performance of strain sensors. In

general, higher DR/R0 was observed for the com-

posite fiber with a larger amount of SWCNT-RGO

(Fig. 3f). Notably, when the suspension concentration

increased to 3 mg/ml, a higher DR/R0 of 379.9 can be

attained, while resulting in a limited sensing range

Figure 3 a DR/R0 of fiber strain sensors with different RGO

contents as a function of applied strain. b DR/R0 and GF of the

fiber strain sensor with 50 wt% RGO as a function of applied

strain. c DR/R0 and GF of the fiber strain sensor with 70 wt%

RGO as a function of applied strain. d DR/R0 of the fiber strain

sensor with 50 wt% RGO as a function of ultrasonic time. e DR/R0

of the fiber strain sensor with 50% RGO under different strain rates

(1–100% s-1) as a function of applied strain. f DR/R0 of fiber

strain sensors with different amounts of conductive fillers as a

function of applied strain.
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from 0 to 216%. The trade-off relationship between

the DR/R0 and stretchability of sensors can be

attributed to the intrinsic rigidness of the inorganic

component, which leads to plastic deformation under

large strains. Or the result may be due to the inho-

mogeneous distribution of SWCNT-RGO in large

concentrations. Therefore, strain sensors with differ-

ent sensitivities and sensing ranges can also be fab-

ricated by adjusting the concentration of SWCNT-

RGO besides the weight ratio of SWCNT to RGO.

We further compared the sensitivity and stretcha-

bility of our strain sensor with other recently reported

fiber sensors [2, 9, 28, 45–54]. As shown in Fig. 4, the

core–sheath NTTF5@fibers [54] have the largest

working range (* 1135%) among the selected

reported strain sensors, but the GF is only 34.2. The

CSF fiber sensor [46] shows the highest GF, but the

working range limits to 330%. In addition, using the

same dip-coating method, the sensing range of the

spandex yarns coated graphene nanoplatelets (GnP)

as a conductive filler is 104%, and the GF is only 13.2

[50]. Thus, achieving both high working strain and

high GF is still a challenge as exemplified by these

reported fiber sensors. In comparison with these fiber

sensors, our TPU/SWCNT-RGO/PU strain sensor

presents a combined high gauge factor of 114.7 and

215.0, and high maximum working strain of 465%,

which is attribute to the combination of the syner-

gistic effect of SWCNT and RGO and the encapsula-

tion of TPU protective layer.

Hysteresis is an important factor for strain sensors

under dynamic load, especially for wearable devices.

Elastic recovery tests were thus carried out to eval-

uate the irreversible deformation. As shown in

Fig. 5a, a similar hysteresis pattern was observed

regardless of strain range, and an obvious hysteresis

phenomenon occurred when larger strains applied,

indicating the rearrangement or even damage of the

SWCNT-RGO network and the irreversible defor-

mation of elastic TPU and PU substrates under large

strains. In the repeating cycles of loading/unloading

tests (Fig. 5b), both the mechanical hysteresis and

stress softening decreased for the initial two cycles

and remained stable for the next cycles, demonstrat-

ing the pretrained sensor has a high stability and

elasticity, which can be attributed to the Mullins

effect [39, 55, 56].

Furthermore, we demonstrated the stability and

repeatability of TPU/SWCNT-RGO/PU strain sen-

sor, by measuring the change of DR/R0 with repeated

stretching–releasing cycles under different strains.

Figure 6a and b shows the change of resistance of the

sensor under a small strain of 1–50% and a larger

strain of 100–300%, respectively. Apparently, under

both small strains (10–50%) and relatively higher

strains (100–300%), the DR/R0 remained stable with

little changes. This phenomenon indicates that dur-

ing the repeated stretching–releasing cycles under

different strains, the conductive network sensitively

broken and restored to build effective conduction

paths, which contributed to the excellent flexibility

and repeatability of TPU/SWCNT-RGO/PU strain

sensor. The high durability of the strain sensor was

further demonstrated with 1000 stretching–releasing

cycles, as shown in Fig. 6c. The resistance increased

at the initial 20 cycles and tended to be stable after

several stretching–releasing cycles. This is attributed

to the additional breakdown of the conductive net-

work at the beginning and the stabilization of the

network under repeated loading cycles [21]. The

Figure 4 Comparison of the

maximum working range and

maximum GF of recently

reported fiber sensors.
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enlarged versions in Fig. 6c show that DR/R0 was

stable in around 100 and 1000 cycles, revealing

remarkable mechanical durability and repeatability

of TPU/SWCNT-RGO/PU strain sensor.

In addition, we also monitored the surface mor-

phology of the TPU/SWCNT-RGO/PU composite

fiber under different strains (Fig. 7a). During the

stretching process, besides the decreasing of the fiber

diameter, no obvious change can be observed on the

surface of the fiber, which indicates the TPU layer

effectively protects the internal conductive layer from

breaking or even flaking off under strains. In contrast,

Figure 5 a Stretching–

releasing stress–strain curves

for the fiber strain sensor with

50 wt% RGO at strains of

10%, 20%, 30%, 40%, 50%,

100%, 200%, and 300%.

b Stress–strain curves of initial

five cycles of the fiber strain

sensor at strains of 10%, 20%,

30%, 40%, 50%, 100%, 200%,

and 300%.

Figure 6 a, b DR/R0 of the fiber strain sensor in stretching–

releasing cycles toward different strains. c DR/R0 of the fiber strain

sensor in over 1000 stretching–releasing cycles toward a strain of

50% and a strain rate of 10% s-1. The insets represent the sensing

behaviors in 100–120 and 991–1013 cycles.
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obvious cracks exhibited on SWCNT-RGO/PU com-

posite fiber without the protective layer, which

gradually expanded with increasing strains (Fig. 7b).

Furthermore, after stretching to 300%, obvious signs

of flaking off can be observed on SWCNT-RGO/PU

composite fiber. In addition, when the strain was

unloaded, the cracks on the fiber cannot restore in

SWCNT-RGO/PU fiber.

Applications of TPU/SWCNT-RGO/PU
strain sensor

Due to the high sensitivity, wide sensing range,

durability, and fibrous one-dimensional structure of

TPU/SWCNT-RGO/PU strain sensor, it has great

potential in wearable electronic devices. Figure 8a–g

shows small human motions detected with the strain

sensor. The as-prepared strain sensor (with 50 wt%

RGO in conductive layer) was firstly adhered on to

Adam’s apple to monitor the vibration of the vocal

cord, as shown in Fig. 8a. When the volunteer spoke

different words, such as ‘‘First,’’ ‘‘Second,’’ and

‘‘Carbon,’’ obvious differences can be distinguished

from the response curves (Fig. 8b, c). To demonstrate

the capability of monitoring the muscle movements,

the strain sensor was further placed on the neck,

finger, and wrist. As shown in Fig. 8d–f, obvious

current fluctuation can be observed when the vol-

unteer was looking down, opening and closing fin-

gers or bending the wrist. Notably, when the sensor

was firmly fixed to the arteries, subtle current fluc-

tuations can be observed, indicating the potential of

the sensors in the real-time monitor of the pulse

(Fig. 8g). Based on this result, an intelligent wearable

device can be developed for continuous health

Figure 7 SEM images of a TPU/SWCNT-RGO/PU fiber and b SWCNT-RGO/PU fiber under a stretching–releasing cycle (e = 0–300%)

in different magnifications.

cFigure 8 Monitoring of different human activities: a–c phonation

when the volunteer pronounced different words ‘‘First,’’ ‘‘Second,’’

and ‘‘Carbon,’’ d neck bending, e fingers opening and closing,

f wrist bending, g arteries pulse, h drinking water, and i click and

double click of the mouse.
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monitor, revealing timely information on the state of

the human body. In addition, the sensor can be used

for monitoring the behavior of drinking water

(Fig. 8h). Moreover, from the frequency and magni-

tude of the signal caused by the sensor attached to the

hand, the click and double click of the mouse can be

monitored (Fig. 8i).

Apart from small motions, our sensor is able to

detect large body movements due to the high work-

ing strain. As shown in Fig. 9a and b, when bending

the elbow, the lower muscle stretched and the upper

muscle contracted; thus, different current fluctuations

were generated to distinguish these two motions.

Similarly, it is easy to recognize movements during

walking and jumping with different current changes

(Fig. 9c).

It is interesting to note that our strain sensor can be

used to detect strains underwater. For example, we

attached the sensor on a balloon and pressed the

balloon in water, as shown in Fig. 9d. The current

mode indicates that our sensor is able to accomplish

underwater work. It is worth noting that the out-

standing underwater work performance of the sensor

is achieved by coating the TPU protective layer.

These results reveal that TPU/SWCNT-RGO/PU

strain sensor shows great potential for smart wear-

able systems, textile electronics, and stretchable

electronics.

Conclusion

In summary, using the PU multifilament as a scaf-

fold, SWCNT-RGO as the conductive layer, and TPU

as a protective layer, we have developed a simple,

cost-effective, and scalable method to fabricate fiber

strain sensors with high sensitivity, wide sensing

range, durability, and flexibility. The sensor featured

a wide sensing range of up to 465%, a high GF of

114.7 at 465% strain, and good cyclic stability for over

1000 stretching cycles. In addition, by adjusting the

RGO addition to 70 wt%, a higher gauge factor of

Figure 9 Detection of large body movements using the fiber strain

sensors. Response to the motions of a, b wrist bending (up and

down) and c walking and jogging. d Monitoring of pressing the

balloon underwater; the insert is the photograph of the fiber strain

sensor attached on an expanded balloon.
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215.0 at the same strain can be attained. The experi-

mental observations indicated that the synergistic

effect between SWCNTs and RGO contributes to the

formation of effective conductive networks and

results in the high sensitivity of the strain sensor. In

addition, the TPU sheath enables the fiber strain

sensor with outstanding durability and excellent

underwater work performance. We demonstrated

that TPU/SWCNT-RGO/PU strain sensor is greatly

promising for wearable electronics by the monitor of

various human movements from tiny motions like

pulse to large motions like jumping and running.

Moreover, the fiber strain sensor can even perform

underwater detection. Based on the high perfor-

mance of our fiber strain sensor, we believe that it

paves a new way to next-generation intelligent

wearable technology.
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