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mechanical stimulation (including stretching, bending, 
pressure and torsion) [16,17]. Unfortunately, the currently 
existing commercial products for strain sensors are main-
ly manufactured by unwieldy technologies and can only 
detect low strains due to their very limited stretchability 
of metal and semiconductors [18]. The utilization of flex-
ible substrates (such as polyethylene terephthalate, poly-
urethane and polydimethylsiloxane (PDMS)) replacing of 
rigid substrates (such as Si-based) has promoted the devel-
opment of flexible electronic devices, especially for the me-
chanical property of strain sensors, which can stretch and 
bend to a large extent under strain. 

Strain sensor is mainly divided into resistance- type, ca-
pacitance-type and piezoelectric-type strain sensors with 
their own unique features [12,16,19]. Among them, resis-
tance-type devices which translate mechanical deforma-
tions into corresponding electrical resistance changes have 
attracted great attention due to the merits of inherent flexi-
bility, chemical stability, high-sensitivity and ease of synthe-
sis [20,21]. Up to now, resistance-type strain sensors based 
on a variety of materials [22–26] have been developed rap-
idly such as metal nanowires/nanoparticles, graphene, car-
bon nanotubes and carbon blacks that can be recombined 
with elastomeric matrix to generate a percolating network 
which can serve as the conducting channel. Even though 
the previously reported strain sensors exhibit a superhigh 
sensitivity to strain, it could only detect low strains with-
in a few percent (less than 2% strain) [27,28]. Therefore, it 
is necessary to develop high performance resistance-t  ype 
strain sensors based on other materials such as organic/
inorganic composites that can detect large strains. In fact, 
strain sensors built on organic/inorganic composites can 
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INTRODUCTION
Rapid pr     ogress in flexible electronic has attracted wide-
spread attention over the recent years due to the continu-
ous performance improvement and special potential appli-
cations in flexible displays [1], artificial skins [2], flexible 
energy storage devices [3–5] and electric detectors [6–9], 
etc. Especially, much attention has been paid to the hot spot 
of flexible strain sensors because of their expansive appli-
cation fields such as electronic skin [10], soft robotics [11], 
wearable devices [12] and other multifunctional devices 
[13–15]. The flexible strain sensor is required to possess 
excellent performance to achieve various functions such 
as high sensitivity, high deformability and stability, more 
importantly, the ability to detect and distinguish multiple 



174      March 2016 | Vol.59 No.3          

© Science China Press and Springer-Verlag Berlin Heidelberg 2016

ARTICLES SCIENCE CHINA Materials

remain the excellent flexibility of organic polymers and the 
nanostructure scaffold and electroconductibility of semi-
conductors as the active layer simultaneously. 

In this work, we demonstrate a superb flexible strain 
sensor based on the composite nanostructures of poly(vi-
nylidene fluoride–trifluoroethylene) (P(VDF-TrFE)) fibers 
and ZnO nanowires (PVDF@ZnO, for short) on a micro-
structure PDMS substrate. The fabricated device can with-
stand ultimate stretch ratio up to 30%, with a high sensi-
tivity and fast response (≈ 0.4 s). The device also exhibits 
an excellent performance with variations of bending angle 
up to 150°. It is noteworthy that the strain sensor can be 
transferred on the fingers of human body to achieve mo-
tion measurements or real-time monitoring. 

EXPERIMENTAL DETAILS

Materials

Hexam  ethylenetetramine (HMT, 99.5%), potassium hy-
droxide (KOH, 99.99%), N,N-dimethylformamide (DMF, 
99.9%), acetone (AR, 99.5%), anhydrous methyl alcohol 
(AR, 99.5%), zinc acetate dihydrate (AR, 99%) and zinc ni-
trate hexahydrate (AR, 99%) were purchased from Aladdin 
Industrial Inc. P(VDF-TrFE) (80/20 wt.%) was provided by 
Solvay Solexis and the PDMS used was SYLGARD 184 sili-
cone elastomer base and curing agent. All the reagents were 
used without further purification. 

Fabrication of microstructured PDMS substrate 

The metal filter mesh (mesh size: 10 μm) was used to fab-
ricate microstructured PDMS substrate. Firstly, the metal 
filter mesh was fixed on a glass sheet, and the PDMS mix-
ture (prepared by mixing the PDMS base and curing agent 
with a weight ratio of 10:1) was casted on the filter mesh 
with following standing for 10 min at room temperature 
and curing for 2 h at 80°C. Then, the PDMS layer could 
be peeled off and the microstructured substrate with the 
length of the side about 10 μm and height about 5 μm was 
fabricated.

Preparation of P(VDF-TrFE) nanofibers by electrospinning 

20 wt.% P(VDF-TrFe) floc was dissolved in DMF and ace-
tone with the weight ratio of 1:1. The solution was magnet-
ically stirred for 6 h until a homogeneous and transparent 
precursor solution was obtained which was used to prepare 
P(VDF-TrFE) nanofibers through electrospinning method. 
The applied voltage was 10 kV and the collecting distance 
between the needle tip of syringe and the collector was 10 
cm. The PDMS substrate was put on the collector to ensure 
the P(VDF-TrFE) nanofibers deposited on the PDMS mi-

crostructure substrate. The electrospinning process lasted 
for 5 min at room temperature. Then, the products were 
dried in oven at 60°C for 30 min. 

In-situ growth of ZnO nanowires on P(VDF-TrFE) 

nanofibers

Firstly, 0.0439 g zinc acetate dihydrate was dissolved in 
20 ml anhydrous methanol and stirred magnetically for 
10 min at 60°C (Solution 1). 0.0336 g KOH was dissolved 
in 20 ml anhydrous methanol with magnetic stirring for 
10 min at room temperature (Solution 2). Then, Solution 
2 was added dropwise into Solution 1 at 60°C with a vig-
orous stirring. The mixed solution was stirred at 60°C for 
2 h to ensure a sufficient reaction. Then, the PDMS sub-
strate with PVDF nanofibers was immersed in the mixture 
solution for 100 s. Finally, the substrate was taken into a 
reaction kettle with a mixture aqueous solution of HMT 
(32 mmol L−1) and zinc nitrate hexahydrate (32 mmol L−1). 
The hydrothermal reaction proceeded under 100°C for 12 
h. When the reaction was completed, the composite prod-
ucts were cleaned with deionized water mildly and dried at 
60°C in air. 

Assembly of PVDF@ZnO strain device

Both ends of PVDF@ZnO on PDMS substrate were coated 
with silver paste and linked to copper wires. Finally, a blank 
PDMS sheet with the thickness about 0.5 mm was covered 
on the device to make an encapsulation.

Measurements of PVDF@ZnO strain sensor

The electrical measurements of the fabricated devices were 
recorded in real time by a semiconductor characterization 
system (Keithley 4200-SCS). The cyclic response curves 
were performed on an electrochemical workstation (CHI 
760D, CH Instruments Inc., Shanghai). The morphology 
of the PVDF@ZnO was characterized by scanning electron 
microscopy (SEM, Sirion 200). The elemental analysis was 
carried out with X-ray diffractometer (XRD, X’ Pert PRO, 
PANalytical B. V.) with radiation from a Cu target (Kα, λ= 
0.15406 nm). 

RESULTS AND DISCUSSION

The overall preparation procedure of the PVDF@ZnO-
based strain sensor is schematically illustrated in Fig. 1. 
First, to make sure a better contact and improve the de-
formability, it is useful to make microstructured PDMS 
sheet by using of metal filter mesh with mesh size of 10 
μm. Then, P(VDF-TrFE) nanofibers were electrospun on 
the microstructured PDMS substrate to form fiber mem-
branes with a suitable thickness (about 20 μm). After that, 
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ZnO seeds were adsorbed on the surface of P(VDF-TrFE) 
nanofibers with the immersion process into ZnO nanopar-
ticles solution. Finally, ZnO nanowires were in-situ grown 
gradually on the surface of P(VDF-TrFE) nanofibers by hy-
drothermal process. For comparison, pure P(VDF-TrFE) 
strain sensor was also fabricated under the similar method 
with the following process of device fabrication and encap-
sulation.

The SEM image of the pure P(VDF-TrFE) nanofibers by 
electrospinning process is shown as Fig. 2a. The surface of 
the pure P(VDF-TrFE) nanofibers is very smooth and uni-
form with a diameter of about 1 μm before the growth of 
ZnO nanowires. Figs 2b–d show low- and high-magnifica-
tion SEM images of the PVDF@ZnO composite materials 
after hydrothermal process. As shown in Fig. 2b, the sur-
face of the obtained composite materials appears roughish 
due to the growth and interaction with ZnO nanowires and 
almost all of the P(VDF-TrFE) nanofibers in sight have nu-
merous ZnO nanowires grown on them successfully. From 
Fig. 2d, it can be observed that ZnO nanowires with the 
length of about 4 μm and the diameter of about 80 nm are 
grown densely on the surface of the P(VDF-TrFE) nanofi-
bers with a disorderly pattern. There is an uncertain angle 
between the P(VDF-TrFE) nanofiber and the ZnO nanow-
ires on it which results in the increasing of contact points 
between ZnO nanowires on the same nanofiber. Besides, 
the PVDF@ZnO composite structure shows a cross struc-
ture between the ZnO nanowires from two adjacent fibers 
which will also contributed to the transport of electrons. 
This kind of composite structure can not only maintain 
the long fiber structure of organic polymer nanofibers, 
but also can improve the conductivity by compounding 
with compact inorganic nanowires. The crystal structures 

of the ZnO nanowires and P(VDF-TrFE) nanofibers were 
investigated by XRD as shown in Fig. S1 (Supplementary 
information). For the pure P(VDF-TrFE) nanofibers, the 
XRD spectrum clearly contains the major peak at 2θ=20.3°, 
which clearly represents the diffraction in (110) plane of 
β-phase P(VDF-TrFE) that is more stable at room tempera-
ture [29]. For the PVDF@ZnO, all the diffraction peaks can 
be clearly corresponding to the ZnO with wurtzite structure 
(JCPDS 36-1451) except for the peak of pure P(VDF-Tr-
FE). From the XRD patterns, the α-phase of P(VDF-TrFE) 
and other crystalline phases of ZnO have not been detected 
which demonstrates that the obtained PVDF@ZnO is in 
high purity.

The investigation of the electrical and mechanical prop-
erties for PVDF@ZnO strain sensor was carried out in air 
at room temperature. The device could be stretched up to 
30% under the effect of tension with a high sensitivity up 
to 60%, whereby the sensitivity is defined as s = (Ion − Ioff)/
Ioff. Fig. 3a shows the cyclic response curves of the pure P(-
VDF-TrFE)   nanofibers and PVDF@ZnO composite mate-
rials at 20% strain state. The results demonstrate that after 
the in-situ growth of ZnO nanowires around P(VDF-TrFE) 
fibers, the initial current (Ioff) and sensitivity increase obvi-
ously. The response to the stretching strain becomes more 
steady compared with the pure P(VDF-TrFE) fibers. From 
Fig. 3b, it can be obtained that the response time (0.4 s) 
have a little increase compared with pure P(VDF-TrFE) 
nanofibers (0.3 s). This result appears possibly because that 
the high density of ZnO nanowires around the P(VDF-Tr-
FE) fibers lead to a delay in being separated of the ZnO 
nanowires contact points under tension, which will retard 
the response rate for PVDF@ZnO strain sensor. Whereas, 
when the device recovers to the initial state, ZnO nanow-

Metal filter mesh

on glass sheet
Casting PDMS Peel-off PDMS

Electrospun

P(VDF-TrFe) fibers
In-situ growth of ZnO nanowiresCoated with silver paste

Encapsulate by

blank PDMS sheet 

Microstructured 

PDMS sheet

Figure 1  Schematic illustration of the fabrication process for PVDF@ZnO strain sensor.
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ires can be contacted each other instantly to form conduc-
tive joint points and the recovery time (0.2 s) becomes a 
little shorter than that of the pure P(VDF-TrFE) nanofibers 
(0.3 s). 

As shown in Fig. 3c, we checked the current variation 
by stretching the PVDF@ZnO device from original state to 
5%, 10%, 15%, 20%, 25% strain states, respectively. The cy-
clic curve proves that increasing the applied strain leads to 
an increase in resistance monotonically and a higher sen-
sitivity. Moreover, the relative current change (sensitivity) 
is an approximately linear relation to the applied strain as 
shown in the inset of Fig. 3c. The data depicted in Fig. 3d 
shows the reversibility test of the current response under 
different strain states. The strain sensor was stretched from 
the initial condition to 30% strain state firstly and then re-
covered to the initial condition. The resulting current vari-
ation in the backward curve does not exhibit much devia-
tion in comparison to the forward curve for the PVDF@
ZnO strain sensor, which demonstrates excellent stability 
and reliability of the obtained device. Compared with the 
reversibility curve of the pure P(VDF-TrFE) nanofibers, 
the PVDF@ZnO strain sensor has a higher current vari-
ation which proves that the growth of ZnO nanowires can 

improve the electrical and tensile properties of the strain 
sensor distinctly.

The current-voltage (I-V) characteristic curves of the 
strain sensor at different strains are shown in Fig. 4a. The 
results demonstrate that the current decreases gradual-
ly when the PVDF@ZnO strain sensor is stretched under 
strain from 0% to 30%. Moreover, compared with the pure 
P(VDF-TrFE) device, the PVDF@ZnO strain sensor exhib-
its a much bigger relative changes in resistance as shown in 
the inset of Fig. 4b.

To assess the ability of the PVDF@ZnO strain sensor to 
function as a strain gauge sensor, we measured the gauge 
factor (GF), which is defined as the ratio of relative change 
in electrical resistance (ΔR/R0) to the mechanical strain (ε), 
GF=(ΔR/R0)/ε. The GF value can be derived from the slope 
of curves by linear fitting. From Fig. 4b, the GF below the 
strain of 30% shows a higher linear slope and can be ob-
tained to be 4.59 for the PVDF@ZnO strain sensor with 
the correlation coefficient 0.94 of the fitted line. Though, 
the value cannot reach to the GF (1000–1500) of sensors 
based on single nanowire/nanotube [28,30], it is compara-
ble to the GF (1–4) of traditional metal gauges and the GF 
(0.06–0.82) of carbon nanotube/polymer composites [31].

c d

ba

Figure 2  (a) SEM image of the pure P(VDF-TrFE) nanofibers. (b) SEM image of the ZnO nanowires/P(VDF-TrFE) nanofibers composite structure. (c 
and d) High-resolution SEM images of PVDF@ZnO composite structures.
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The schematic diagram is shown in Fig. 4c to help un-
derstand the mutual effects between the P(VDF-TrFE) 
nanofibers and ZnO nanowires. First of all, the P(VDF-Tr-
FE) fibers with a long length possess excellent mechanical 
property which could be stretched highly under strain. 
Moreover, the nanofibers are randomly distributed and a 
part of them exist as the state of being curled which will be 
straightened under strain without damage of fibers. In this 
way, the composite nanostructure between the P(VDF-Tr-
FE) nanofibers and ZnO nanowires plays a predominant 
role in the sensitivity properties of  the PVDF@ZnO de-
vice. As we know that ZnO nanowires are grown along 
the P(VDF-TrFE) nanofibers with a large bulk density, 
the close connection among the adjacent ZnO nanowires 
(called as contact points as shown in Fig. 4c) can enhance 
the conductivity due to the increasing of conducting path-
way compared with the pure P(VDF-TrFE) device. When 

the PVDF@ZnO strain sensor is stretched from initial 
state, some of these contact points will be separated and the 
electron transport will be restricted, leading to the increase 
in resistance of the device. Furthermore, when the sensor 
is stretched, the P(VDF-TrFE) nanofibers are transverse 
tensile along the drawing force and the distance between 
ZnO nanowires increase. However, no deformation occurs 
on the nanowires themselves, which will be conducive to 
the stability and reversibility for the PVDF@ZnO strain 
sensor. With the tensile increasing from 0% to 30% strain, 
the number of the contact points disconnected increases 
gradually which leads to a greater sensitivity. When the de-
vice releases to the initial state, the ZnO nanowires go back 
to contact again so that the current will return to initial 
current. Besides, the device becomes more slender under 
stretch so that the length of the PVDF@ZnO strain sen-
sor is increased and the cross sectional area reduced, which 
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also results in the increase of electrical resistance. 
We also investigated the PVDF@ZnO strain sensor as 

a folding-type sensing device, which can response effica-
ciously to the bend state of the sensor. The electromechani-
cal properties of the sensor were investigated by measuring 
the changes in current at the different bending angles (30°, 
60°, 90°, 120°, 150° as shown in Fig. 5a). The relative change 
in current increase with the bending angle from 0° to 150°, 
which can be explained by the mechanism of the compos-
ite nanostructure between P(VDF-TrFE) nanofibers and 
ZnO nanowires as shown in the bending state of Fig. 4c. 
Under the bending state, the number of contact points is 
decreased and the pathways for electron transport are cut 
down which result in the decrease of current. Furthermore, 

the device responses rapidly at each turning angle and the 
changes in current remain identical under the same angle 
as shown in Fig. 5b, which demonstrates the flexibility and 
stability. In comparison to the pure P(VDF-TrFE) device, 
the PVDF@ZnO device exhibits a higher sensitivity (Fig. 
S2, Supplementary information). Figs S3 and S4 (Supple-
mentary information) show the relative change in resis-
tance and I-V curves of PVDF@ZnO strain sensor under 
different bending states. It can be obtained that the resis-
tance increased gradually and the current increased mo-
notonously when the device was bended from 0° to 150°. 
The statistic data summarized in Fig. 5c shows the revers-
ibility test of the current response under different bending 
angles. The bending angel was first increased from the ini-
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tial condition (0°) to 150° bending state step by step and 
then decreased to the initial condition (0°). The resulting 
current variation curve in the recovery process does not 
exhibit much deviation compared with the curve of bend-
ing process for the PVDF@ZnO strain sensor. However, 
compared with the bending performance of the pure P(-
VDF-TrFE) device, the PVDF@ZnO strain sensor has a 
higher current variation for the separation and recovery 
of the contact points between ZnO nanowires. In other 
words, the PVDF@ZnO strain sensor with high sensitivi-
ty responses to the deformation more obviously even un-
der weak strain state compared with the pure P(VDF-Tr-
FE) device, and can withstand greater deformation which 
makes it detect a bigger strain range. These results imply 
that our strain sensors can make robots more agile and 
operate more subtlely. Therefore, we believe that the strain 
sensor has attractive utilization potentiality for robotics, 
wearable electronic equipments and such multifunctional 

flexible electronic devices. 
The electromechanical sensing of the flexible strain 

sensor on the fingers of human to demonstrate a huge ap-
plication prospects in the smart robots and wearable elec-
tronic devices are further investigated as shown in Fig. 5d. 
We connected two strain devices in series to measure their 
electromechanical performance with the fingers’ motions. 
Firstly, the PVDF@ZnO sensors are affixed to the index 
finger and middle finger to check the current variation 
through bending and straightening the fingers which will 
drive the motions and deformation of strain sensors. Un-
der the bending condition of each finger, the signal varia-
tion remains an almost same state with the same bending 
angle. When two fingers bending to the same angle simul-
taneously, the signal variation reaches to a larger change 
which is about twice as much as that of each finger. In ad-
dition, it can be observed that the strain device responses 
to the finger movements rapidly and the current recovers 
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to the original value when finger back to initial state. The-
se results demonstrate that our strain sensor have a giant 
application potential in the fields of integrated device and 
electronic skin.

CONCLUSIONS
In summary, we present a highly flexible strain sensor based 
on the P(VDF-TrFE) nanofibers and ZnO nanowires fabri-
cated by electrospinning and hydrothermal process, which 
possesses excellent performance of rapid response and re-
covery speed (0.4 and 0.2 s, respectively), high sensitivity 
(60% under 30% strain state), high gauge factor (4.59) and 
the capability for multifunctional sensing including the de-
formations of stretching (up to 30%) and bending (up to 
150°). In addition, the strain sensor also exhibits remarkab- 
le stability and reversibility compared with device based on 
pure P(VDF-TrFE) nanofibers. It is especially interesting 
that the PVDF@ZnO device can also work normally when 
transfered to the fingers of human body with fingers ben-
ding and straightening. The results demonstrated in this 
work indicate that such strain sensors have wide potential 
applications in the fields of soft robotics, strain gauges, es-
pecially in the field of wearable electronic devices for the 
detection of animal and human motions.
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基于ZnO纳米线与P(VDF-TrFE)纤维的高柔性应变传感器在可穿戴电子器件方面的应用
陈帅, 娄正, 陈娣, 陈照军, 姜凯, 沈国震

摘要    优异的柔性、快速的响应能力和高的灵敏度为应变传感器提供了能够承受和检测拉伸、弯曲和扭曲等多种形变的能力. 利用有机-无机   

复合材料来提高应变传感器的机电性能依然面临着很大的挑战, 主要是由于无机材料的脆性以及与有机材料复合时的结构不稳定性. 本文利用
静电纺丝与水热技术制备了一种基于P(VDF-TrFE)纳米纤维和ZnO纳米线的复合结构的新型应变传感器. 所研制的应变器件表现出极高的柔韧
性, 超快的响应速度和极高的灵敏度(其应变系数高达4.59). 特别是它还具备能够检测多种力学形变如拉伸、弯曲的能力. 此外本文所研制的传
感器还能够轻易地探测肌肉运动, 如手指的弯曲与伸直等.
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