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Design of a wearable and shape-memory
fibriform sensor for the detection of multimodal
deformation†
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A wearable and shape-memory strain sensor with a coaxial

configuration is designed, comprising a thermoplastic poly-

urethane fiber as the core support, well-aligned and intercon-

nected carbon nanotubes (CNTs) as conductive filaments, and

polypyrrole (PPy) coating as the cladding layer. In this design, the

stress relaxation between CNTs is well confined by the outer PPy

cladding layer, which endows the fibriform sensor with good

reliability and repeatability. The microcracks generated when the

coaxial fiber is under strain guarantee the superior sensitivity of

this fibriform sensor with a gauge factor of 12 at 0.1% strain, a

wide detectable range (from 0.1% to 50% tensile strain), and the

ability to detect multimodal deformation (tension, bending, and

torsion) and human motions (finger bending, breathing, and

phonation). In addition, due to its shape-memory characteristic,

the sensing performance of the fibriform sensor is well retained

after its shape recovers from 50% deformation and the fabric

woven from the shape-memory coaxial fibers can be worn on

the elbow joints in a reversible manner (original-enlarged-

recovered) and fitted tightly. Thus, this sensor shows promising

applications in wearable electronics.

Introduction

As an important subfield of smart textiles, wearable strain
sensors with high sensitivity, wide detection range, and ability
to detect multimodal deformations have attracted significant
interest due to their potential applications in electronic skins,
motion capture, personal protection, and health care.1–4

Although conventional strain gauges based on metallic
materials exhibit high sensitivity due to the micro/nano-cracks
generated under tiny strain, they severely suffer from poor
mechanical compliance and a narrow sensing range (normally
less than 5% strain), making them incompetent for use in
wearable electronics.5

To overcome the aforementioned drawbacks, alternative
nanostructures such as metal nanowires,6,7 graphene,8–11 and
carbon nanotubes (CNTs)12–14 have been adopted as newly
developed sensing materials. Among these candidates, CNTs
are preferred for the fabrication of high-performance strain
sensors due to their one-dimensional structure, superior
mechanical strength, low electrical resistivity, and ability to
form conductive networks.15 Moreover, one of the widely uti-
lized approaches is to incorporate CNTs into a rubbery matrix
through a solution blending method.16 When the sensor is
subjected to mechanical deformation, the interconnection
between CNTs in the matrix changes; this provides a respon-
sive signal with respect to electrical conductance. However,
one unresolvable issue lies in obtaining a good dispersion of
CNTs, which determines the sensing performance of the
resulting devices.17 Besides, the incorporation of CNTs into
the polymer matrix inevitably increases the stiffness of the
composite and thereby narrows the sensing range of the
device.18–20 Another strategy is to deposit pre-formed CNT net-
works, e.g., interconnected CNT sheets, on top of an elastomer
substrate.21 The interconnection between CNTs in such sheets
primarily arises from weak van der Waals forces.22–25 However,
under conditions of large strain or repetitive loading-unload-
ing cycles, the as-fabricated sensors exhibit poor stability and
repeatability, as well as inferior sensitivity to small defor-
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mation, due to the sliding between CNTs as a result of stress
relaxation.21 In addition, the majority of precedent strain
sensors are incapable of sensing multimodal deformations
(e.g., stretching, bending and twisting) simultaneously, which
hinders their application in the detection of complex body
movements.26 Furthermore, most of the reported strain
sensors are built on planar substrates, which make them
unable to be tightly fitted onto complex/irregular three dimen-
sional (3D) architectures, such as elbow joints and knee joints.
This poses problems in electronic sensing of the dynamic
motions of the human body.26

Herein, for the first time, we develop a shape-memory
fiber sensor with a coaxial configuration consisting of thermo-
plastic polyurethane (TPU) fiber as the core-support, well-
aligned CNTs as conductive filaments, and polypyrrole (PPy)
coating as the cladding layer. In this design, the stress relax-
ation between CNTs is well confined by the outer PPy layer,
which endows the fibriform sensor with good reliability and
repeatability. On the other hand, the microcracks generated
when the coaxial fiber is under strain guarantee the fibriform
sensor high sensitivity, superior detection limit and wide
detectable range for multimodal deformations (tension,
bending, and torsion) and human motions (finger bending,
breathing and phonation). Owing to its shape-memory
characteristic, the fibriform sensor maintains good sensing
properties after its shape recovers from 50% deformation to
the original state. As a proof-of-concept application, a fabric is
further woven from the shape-memory coaxial fibers, which
is worn and fitted tightly on the elbow joints in a reversible
manner (original-enlarged-recovered).

Results and discussion

The fabrication of the shape-memory fibriform sensor is
schematically illustrated in Fig. 1. The spinnable vertically-
aligned CNT array with a thickness of ∼300 μm (Fig. S1†) was
prepared through chemical vapor deposition (CVD) according

to our previous studies.27–33 The TEM image (Fig. S2†) shows
that the CNTs have a mean diameter of 10 nm with multi-
walls. In the Raman spectrum of the CNTs (Fig. S3†), there are
two characteristic peaks at 1350 cm−1 and 1580 cm−1, which
correspond to the D and G band, respectively. The G/D radio is
about 1.05, which indicates high-quality CNTs.28 Due to the
unique interconnection between the CNTs in the array,22–25 a
well-aligned CNT sheet (Fig. S1b†) was continuously pulled
out and cross-stacked on TPU fiber at an angle of 80° between
the pulling direction of the CNT sheet and the axis of the TPU
fiber (Fig. S4†) to obtain the TPU@CNT fiber (Step 1).
Subsequently, a thin layer of PPy was electrochemically de-
posited on the outer surface of the TPU@CNT fiber to form
the TPU@CNT@PPy (TCP) fiber (Step 2).

The conductance of the TPU@CNT fiber and TCP fiber can
be facilely tuned by the number of CNT layers and electro-
chemical deposition time. The well-aligned characteristic of
the CNT sheet gives it high conductivity.32 As the number of
cross-stacked CNT layers increases, the specific length resis-
tance decreases from 9.4 kΩ cm−1 for the TPU@CNT fiber with
one CNT layer to 3.0 kΩ cm−1 for the TPU@CNT fiber with
four CNT layers (Fig. 2a). The outermost PPy coating was
achieved by electrochemical deposition at a constant potential
of 0.8 V. It is found that the resistance of the TCP fiber
decreases with the deposition of PPy in a time dependent
manner (Fig. 2b). The morphology change in the resultant

Fig. 1 Schematic showing the fabrication of the TCP fibriform sensor.

Fig. 2 (a) Resistance of the TPU@CNT fiber as a function of the
number of CNT layers. (b) Resistance of TCP fibers versus electro-
chemical deposition time. (c–f ) SEM images showing the morphology
change of the TCP fibers (with 4 layers of CNT sheets) with respect to
deposition time.
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hybrid fibers with respect to deposition time was characterized
using scanning electron microscopy (SEM). It can be clearly
observed that on the surface of the TPU@CNT fiber, the CNTs
are well-aligned in the same orientation (Fig. 2c). In compari-
son, the surface morphology of the TCP fiber changes gradu-
ally and the surface coating becomes thicker when the depo-
sition time increases from 0 to 2000 s (Fig. 2d–f ). Ultimately, a
coralline-like structure was formed on the surface of the TCP
fiber with 2000 s deposition of PPy (denoted as TCP2000 fiber,
as shown in Fig. 2f). In the cross-sectional SEM image
(Fig. S5†), the coaxial structure can be observed clearly.

The strain sensing performance of the TCP fiber was tested
by measuring its relative resistance variation (ΔR/R0, where
ΔR = R − R0, and R0 and R are the resistance of TCP fiber
before and after deformation, respectively) upon stretching.
Compared to the TPU@CNT fiber, the TCP fibers exhibited
higher sensitivity to tensile strain with a slightly compromised
detectable range (Fig. 3a). Specifically, the maximum sensi-
tivity was obtained with the TCP2000 fiber within the strain of
60%, over which ΔR/R0 increases dramatically. This phenom-
enon can be attributed to the peeling-off of the PPy layer
(Fig. S6†) which leads to a rapid increase in fiber resistance
and ultimate failure of the fiber sensor. Therefore, unless
otherwise specified, the TCP2000 fiber was used for the follow-
ing studies within the strain range of 0–50%. The sensing
capability of the TCP2000 fiber to stepwise tensile strain was
examined in Fig. 3b. The ΔR/R0 value of the TCP2000 fiber
upon stretching from 10% to 50% was measured to be 55% to
150%, respectively, which is much higher than that of the
TPU@CNT fiber. As a demonstration of direct visual obser-
vation, both the TPU@CNT and TCP2000 fibers were used as

conductive wire to light an LED. Compared to the that con-
nected to the TPU@CNT fiber, the LED connected to the
TCP2000 fiber exhibited a more obvious change in brightness
when the fiber was subjected to 50% strain (Fig. S7†), which
indicating its superior sensitivity to large tensile strain.
Besides, the TCP2000 fiber sensor also shows the capability for
the detection of tiny strain. The detection limit of the fiber
sensor was determined by applying a gradually diminishing
step strain (Fig. 3c). The ΔR/R0 value in response to the tiny
strain of 0.1% was measured to be 1.2%, giving a gauge factor
(GF) of 12, where GF is defined as (ΔR/R0)/ε (ε is the strain).
This high detection limit makes the TCP2000 fiber sensor
superior to the planar sensors devised using aligned single-
walled CNT films on poly(dimethylsiloxane) (PDMS),14 hybri-
dized films of CNT and graphene on PDMS,34 and highly-
oriented CNT fiber on PDMS.13 It is also comparable to that of
the sensor based on graphene woven fabrics on PDMS.35 In
addition, these stepwise tensile testing results within the
strain range of 0.1% to 50% (Fig. S8†) are in good agreement
with that shown in Fig. 3a, which suggest the good repeatabil-
ity of the TCP2000 fiber. Moreover, under cyclic tensile tests
within 50% strain, the TCP2000 fiber sensor shows good dura-
bility and stability with ΔR/R0 retention maintained above 90%
after 500 loading-unloading cycles (Fig. 3d), which is of critical
importance for practical applications.

The microstructures of the TPU@CNT fiber and TCP2000
fiber during the tensile test were characterized via SEM
(Fig. 4a–f ). In the case of the TPU@CNT fiber in its original
state, the CNTs are wound on TPU with good alignment
(Fig. 4a). When the TPU@CNT fiber was subjected to 50%
tensile strain, the CNTs became electrically disconnected
(Fig. 4b) leading to an increase in fiber resistance. Due to the

Fig. 3 (a) Electrical responses of the TPU@CNT, TCP500, TCP1000, and
TCP2000 fibers under tensile strain. (b) Resistance variations of the
TPU@CNT, TCP500, TCP1000, and TCP2000 fibers under stepwise tensile
test with strain ranging from 10% to 50%. (c) Resistance variation of the
TCP2000 fiber under the small tensile strain range of 0.1% to 2%. (d)
Cyclic stretching–releasing tensile test of the TCP2000 fiber.

Fig. 4 SEM images of (a–c) TPU@CNT fiber and (d–f ) TPC2000 fiber in
its original, 50% stretched, and released states, respectively. (g)
Schematic illustration of the sensing mechanism.
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irreversible sliding between CNTs under stretching,22 the
CNTs became wavy even when the TPU@CNT fiber was
released to its original state (Fig. 4c), which explains its poor
sensitivity and reliability. In comparison, with the presence of
the PPy coating on the CNT film as a cladding layer (Fig. 4d),
when the TCP2000 fiber is under tension, microcracks are gen-
erated and the conductive filaments (CNTs) are well confined
by the PPy layer (Fig. 4e). Once the applied strain is released,
the microcracks are closed and the electrical connection
between the CNTs is retained perfectly (Fig. 4f). Therefore, the
superior sensing performance of the TCP2000 fiber (compared
to that of the TPU@CNT fiber) can be attributed to the coaxial
design with the assistance of the PPy coating (Fig. 4g).

To demonstrate the potential of the TCP2000 fiber as a wear-
able sensor for the detection of human activity, the fiber
sensor was fixed onto the index finger and the electrical signal
of ΔR/R0 was recorded in real time when the finger was gradu-
ally bent (Fig. 5a). Apparently, the increased bending magni-
tude leads to a steadily increased electrical response. For cap-
turing subtle physiological signals, the wearable sensors were
attached to the chest and throat. The time interval and peak
amplitude in the electrical signals are presented in Fig. 5b,
which were measured in the relaxation and respiration states
and reflect the respiration rate and depth, respectively. Due to
the complicated vocal cord vibration and muscle movements
around the throat during phonation, when the tester spoke
different words, such as “Hi”, “Hello”, and “Sensor”, the
response curves exhibited remarkably different characteristics
with good repeatability (Fig. 5c). This indicates that the
TCP2000 fiber sensor has potential applications in speech reha-
bilitation training and intelligent speech recognition.36 For
sophisticated motion capture, torsion is another vital mechan-
ical deformation in human joints and artificial muscles.37

Benefitting from the symmetrical structure of the CNT@PPy
network, the TCP2000 fiber is capable of sensing torsion in
both counterclockwise and clockwise directions at different
angles with high reproducibility (Fig. 5d), which further broad-
ens its applications in wearable electronics.

Generally, strain sensors constructed on planar substrates
have only a simplex shape, which is difficult to be applied on a
subject with a complex structure.26 For instance, in practical
applications, sensing devices are normally required to be fixed
onto different parts of the body, e.g., finger, elbow joint, and
chest. Therefore, it is highly desirable to design a sensing
system that can readily and tightly accommodate its shape to
any complex structure in addition to the commonly used
planar surface in lab testing. Fortunately, the shape-memory
TCP fiber sensor developed in this study can be pro-
grammed into a variety of shapes to be adapted to different
working conditions. As shown in Fig. 6a, the TCP2000 fiber was
deformed and shaped with increased radii of curvature under
external bending stresses at a temperature above the glass tran-
sition temperature (Ttrans).

38 After cooling to room tempera-
ture, the polymeric network of the TPU core fiber was phys-
ically cross-linked to maintain the enlarged shape.39 Upon
heating at a temperature equal to or beyond Ttrans, the TCP2000
fiber fully recovered to its original state due to the cleavage of
the physical crosslinks in TPU. The sensing properties of the
TCP2000 fiber sensor and that after the shape-memory process
from 50% deformation remain almost the identical (Fig. 6b),
which suggests good reliability for potential practical appli-
cations. As a proof-of-concept demonstration, the textile woven
from TCP2000 fibers can be reversibly adapted into different
user-required shapes and sizes, and fitted tightly to the elbow
joint, as shown in Fig. 6c.

Fig. 5 Responsive signal of the TCP2000 fibriform sensor in situ moni-
toring (a) finger bending, (b) human breathing, (c) phonation, and (d)
torsion at different angles.

Fig. 6 (a) Images of the shape-memory TCP2000 fibriform sensor in the
original, enlarged, and recovered states. (b) Sensing behavior of the
TCP2000 fiber in the original and recovered states. (c) Photographs
showing the fabric woven by the shape-memory fibriform sensors,
which is tightly-fitted onto the elbow of a model.
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Conclusions

In summary, we developed a fibriform strain sensor that pos-
sesses the desirable integration of high sensitivity, broad
detection range in strain, superior detection limit, and the
capability of sensing multimodal mechanical deformations
(tension, bending, and torsion) and monitoring human
motions (finger bending, breathing and phonation). In
addition, the fibriform sensor shows shape-memory charac-
teristics enabling its fabric to be tightly-fitted to a nonplanar
irregular subject, which has not been achieved by the planar
strain sensors reported thus. The facile, low-cost, and dry-state
fabrication process, as well as the unique coaxial architecture
indicate that our fiber sensor is promising for practical appli-
cations in electronic skins, motion capture, personal protec-
tion, and healthcare.

Experimental
Preparation of vertically-aligned CNT arrays

Vertically-aligned CNT arrays were synthesized using a CVD
process in a tube furnace.27–33 Typically, the growth was
carried out at 750 °C for 10 min using an Fe thin film (1 nm
thick) deposited on an Si/SiO2 substrate as the catalyst, and
C2H4 and Ar as the carbon source and carrier gas, respectively.

Fabrication of TPU@CNT fiber

Commercial TPU fiber (diameter of 500 μm) was used as the
core substrate. Two ends of the TPU fiber were fixed to two
electric motors, and a CNT array was stabilized on a motorized
translation stage. A well-aligned CNT sheet was continuously
drawn from the CNT array and wound around the fixed TPU
fiber at an angle of 80° between the orientation of the CNT
sheet and the axis of the TPU fiber. The two electric motors
and the translation stage were operated simultaneously. The
winding velocity of the aligned CNT sheet was controlled to be
equal to the moving velocity of the translation stage so that the
helical angle of the aligned CNT sheet was maintained across
the fiber during wrapping.

Fabrication of TCP fiber

PPy was electrodeposited onto the TPU@CNT fiber via the elec-
tropolymerization of pyrrole at a constant potential of 0.8 V in
an aqueous solution containing pyrrole (0.05 M), KCl (0.02 M)
and HCl (0.001 M), with Ag/AgCl (saturated KCl) as the refer-
ence electrode and platinum plate as the counter electrode.

Fabrication of TCP fiber based wearable sensor

The TCP fiber (2 cm in length) was placed onto a PDMS
(a 10 : 1 mixture of PDMS prepolymer and curing agent,
Sylgrad-184, Dow Corning) thin film. Copper wires (0.2 mm in
diameter) were connected to the two ends of the TCP fiber
with the help of silver paste for in situ electrical tests.

Characterization and measurement

SEM (JEOL, JSM-7800F) was used to observe the microstructure
of the fiber during stretching and after testing. TEM
(JEOL-2010) and Raman Spectroscopy (WITEC, Alpha300M+)
with a 633 nm laser source were used to characterize the
CNTs. A microforce testing system (HY-0350, Shanghai Heng
Yi Precise Instrument Co., Ltd) was used to apply constant
stress, strain, and displacement to the strain sensor at a
loading speed of 20 mm min−1. A digital source meter
(Keithley 2400) was used to measure the relative resistance
change of the sensor, and the results were recorded on a com-
puter using LabVIEW.
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