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Here reports a lastex yarn-silver nanowires-magnetic polymer based magnetic-conductive composite
fibre (MCF) prepared by a simple dropping-drying process. The magnetic-mechanic-electric coupling
properties of the multifunctional fibre are systematically investigated. It’s found that the electrical resis-
tance increases by 44% when the tensile strain reaches 8%. Meanwhile, the relative resistance meets a
dramatically variation by applying the external magnetic field. For instance, a 1.5% relative resistance
increment is achieved by bending the MCF to 44 deg under a 400 mT magnetic field, in which the mag-
netic induced force is equivalent to 15 mN. Afterwards, a potential mechanism is proposed to investigate
the magnetic-mechanic-electric coupling behavior. The results show that the MCF can be applied both as
strain sensors and magnetic field sensors. Furthermore, a magnetic-sensing on-off switch and a flexible
gripper are subsequently developed, demonstrating that the MCF possesses high potential in the imple-
ment of intelligent soft sensors and actuators.

� 2017 Published by Elsevier Ltd.
1. Introduction

Multifunctional composites have been verified as an enticing
candidate for various applications including wearable electronics
and actuating devices. During the past decades, various efforts
have been done to tailor novel multifunctional composites via tact-
fully integrating desirable properties such as physical, electrical,
and mechanical properties, together. Multifunctional composites
integrated by nanosized units usually exhibited unique character-
istics such as electrical [1,2], magnetic [3,4], biological [5,6], optical
[7,8], mechanical [9,10], and mechanical/electrical coupling prop-
erties [11,12]. As one of the most promising next-generation mate-
rials, multifunctional nanocomposites have exhibited great
potential in sensing systems [13,14], soft robotics [15,16], biomed-
ical therapy [5,8], energy storage [17,18], drug delivery [19,20], etc.

Typically, the mechanical/electrical coupling nanocomposites
have been developed for strain sensor due to their strain depen-
dent conductivity. Conductive fillers such as graphene, graphene
oxide, carbon black, carbon nanotubes, metal nanoparticles, metal-
lic nanowires, semiconducting nanowires were usually introduced
into the polymer matrix to form the hybrid sensing system
[21–25]. Wei et al. reported that the resistivity of waterborne
polyurethane conductive nanocomposites embedded with silver
nanowires (AgNWs) and nano-SiO2 decreased about 5000 times
due to the hybrids nanostructure [24]. Lin et al. fabricated
graphene-based elastomer with an effective segregated nanostruc-
tured graphene network. As a multifunctional stretchable sensing
material, it possesses good sensitive reproducibility even the strain
reached up to 60% [22]. Recently, the sensitive stretchable and
durable strain sensors have attracted increasing interests due to
their wide potential in health monitoring and motion capturing
[26–28]. Till now, the easy-to-manufacture flexible strain sensors
have become the most desirable candidate.

During the past decade, varieties of high-performance flexible
sensors have been successfully constructed. Strain sensors with
thin/bulk film structure, multilayer structure, fibrous structure,
porous structure, and 3D geometry structure were developed for
applications [1,11,12,24,29]. Among them, the fibrous structures
are highly desirable [17,30,31] due to their flexibility, comfortable-
ness, softness, and light weight. Recently, various fibre-based sen-
sors and sensing networks have been assembled for electronic
wearable systems including strain, pressure, chemistry, optics
and humidity sensors [32–37] etc. Lee et al. fabricated highly
stretchable conductive fibres composed of silver nanowires and
silver nanoparticles embedded in a styrene-butadienestyrene
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elastomeric matrix [32]. Qu et al. created hollow reduced graphene
oxide/conducting polymer composite fibres and hollow bare
reduced graphene oxide fibres with good flexibility and electrical
conductivity [17].

Moreover, magnetic nanocomposites are widely applied in arti-
ficial muscle, dampers, robotics and drug delivery because of their
easy controllability, non-contact actuation and quick response
[15,16,38]. Recently, researches on the combination of magnetism
and other functions have drawn increasing attention [32,35–37].
Nguyen et al. added silicone and graphite into magnetic polymer
actuation to achieve the self-sensing performance [15]. Wei et al.
designed an intelligent flowerlike platform which could be con-
trolled with external magnetic field [16]. More important, the mag-
netically dependent conductivity enables the hybrid materials to
be applied as magnetic field sensors. For example, Mietta et al. dis-
persed silver-covered magnetite particles (Fe3O4@Ag) within poly-
dimethylsiloxane (PDMS) to fabricate a magnetic field sensor.
Typically, the electrical resistance of the sensor decreased mono-
tonically with the applied magnetic field (negative magnetoresis-
tance). By combining the carbon nanotube (CNT) with sponge
skeleton, Ge et al. developed a novel magnetorheological elastomer
which could be applied as a magnetic field sensor [39]. Obviously,
the magnetic/conductive coupling composite will be favorable for
both strain and magnetic field sensor, while it also possesses the
magnetically driven characteristics. In consideration of the facility
of the fibre-like structure, the magnetic-conductive composite
fibres are important for not only the fundamental studies but also
the practical applications.

In this work, a novel coaxial composite fibre with both sensing
and magnetically driven properties is fabricated via a simple
dropping-drying process. The composite is based on intertwined
excellent flexible and stretchable lastex yarn with helical AgNWs
network as conductive core and magnetic polymer as the protec-
tive shell. The electrical and mechanical properties under tensile
and flexuous conditions are systematically investigated. The com-
posite fibres exhibits ideal flexibility, large deformation, appropri-
ate elasticity and sensing properties, which possesses high
potential in tensile and bending sensor. Specially, their deforma-
tion and electrical resistance could be changed by magnetic field,
demonstrating that they can be also applied as magnetic field sen-
sor. Moreover, the influencing factors of electrical conductivity are
systematically analyzed and a possible mechanism is proposed.
Finally, a magnetic on-off switch and a gripper based on the com-
posite fibres are developed.
2. Experiment section

2.1. Materials

Lastex yarns (outer diameter of about 0.5 mm) were supplied
from Danyang Elastic Yarn Factory, China. Reagents (analytical
grade purity) for fabrication of AgNWs were purchased from Sino-
pharm Chemical Reagent Co. Ltd., Shanghai, China and were used
without further purification. The PDMS precursor and curing agent
(Sylgard 184) were purchased from Dow Corning GmbH, USA. The
carbonyl iron particles (CIPs) with an average diameter of 7 lm
were purchased by BASF in Germany.
2.2. Fabrication of magnetic-conductive composite fibre

The lastex yarn (LY) was immersed into the mixed solution of
100 mL ethanol and 1 mL 3-Triethocysilylpropylamine (APTES)
for 24 h. After that, the treated lastex yarn was fixed perpendicular
to the ground and stretched to 150% of the tensile strain. Then it
was coated with AgNWs dispersion (fabricated by a facile synthetic
method [40]) and dried in the air for 30 s. The intermolecular
hydrogen bonds form between �C@O of polyvinyl pyrrolidone
(PVP) on the surface of AgNWs and ANH2 of APTES on the surface
of lastex yarn, which can help to immobilize AgNWs on the surface
of lastex yarn tightly. This coating operation was repeated for sev-
eral times to form an AgNWs network within the lastex yarn. After
the above dropping-drying process, a stretchable conductive fibre
based on helical AgNWs networks was obtained (defined as Ag
shell, LY@Ag). Finally, another shell material, PDMS/CIPs, was syn-
thesized by mixing CIPs with PDMS (PDMS curing ratio of 10:1,
CIPs and PDMS mass ratio of 2:3). The magnetic polymer precursor
(liquid PDMS/CIPs) was also coated onto the surface of LY@Ag by
the dropping-drying process. After being dried in a hot plate for
30 min (90 �C), the magnetic-conductive composite fibre (MCF,
LY@Ag@PDMS/CIPs) was obtained.

In addition, the mass fractions of AgNWs in MCFs were
maintained at 0.15, 0.20, 0.25, 0.30, and 0.35 wt%, respectively.
For convenience, MCFs with different mass fractions of AgNWs
were defined as X wt% MCF, where X was the mass fraction of
AgNWs.
2.3. Characterization

The microstructures of LY, LY@Ag, LY@Ag@PDMS/CIPs were
characterized by scanning electron microscopy (SEM, Sirion 200).
The rheological properties of PDMS/CIPs were measured by a
rheometer (Physica MCR 301, Anton Paar Co., Austria) with a par-
alleled rotor. Magnetic flux density ranged from 0 mT to 960 mT
was achieved by adjusting the electromagnetic coil current from
0 A to 4 A. The test was undertaken in shear oscillation mode at
25 �C. The tensile properties of the samples were tested with the
Material Test System (MTS) (MTS criterion 43, MTS System Co.,
America) and a dynamic mechanical analyzer (DMA, Q800, TA).
Modulab� material test system (Solartron analytical, AMETEK
advanced measurement technology, Inc., United Kingdom) was
used to measure the electrical properties. Magnetic field in flexu-
ous tests was afforded by commercial permanents or Magnetic
Power System (IGLF-150, Beijing saidi new electromechanical
technology Co., China).
3. Results and discussion

3.1. Structural characterization of the MCFs

Fig. 1a schematically illustrates the fabrication processes of the
magnetic-conductive composite fibre. The procedure involves
three main steps: (i) the modification of commercial lastex yarn,
in which the inner spandex fibre is the core and acrylic fibre is heli-
cally wounded around their surface, (ii) coating of the lastex yarn
with AgNWs, (iii) coating of the LY@Ag with magnetic polymer
(PDMS/CIPs). For simplicity, the final LY@Ag@PDMS/CIPs product
is named as MCF (magnetic-conductive composite fibre). The scan-
ning electron microscopy images of MCF are shown in
Fig. 1b and 1c, which exhibit the coaxial structure and the close
contacted interface between acrylic fibres and PDMS/CIPs. The final
MCF shows the clear core@shell@shell coaxial structure, with the
spandex fibres inner core, the helical AgNWs network and acrylic
fibres middle shell, and the PDMS/CIPs outer shell. The tight con-
nection between LY@Ag and PDMS/CIPs guarantees MCF’s stable
mechanical properties under various kinds of excitations (includ-
ing large deformation loading). The MCF can be stretched to
100% of tensile strain (Fig. 1d) and bent into various shapes
(Fig. 1e), which shows the excellent stretchability and flexibility.
Fig. 1f shows that MCFs can be mass-produced because of its con-
venient manufacturing process.



Fig. 1. (a) Schematic illustration for fabrication process of MCF. (b) SEM image of MCF. (c) SEM images of the cross section of MCF. (d) Optical images of the original and
stretched MCF. (e) Optical images of MCF being deformed into different shapes. (f) A photograph of the fabrication process.
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The SEM images of chemically modified LY, LY@Ag and MCF are
shown in Fig. 2a, c and e, respectively. The pristine LY exhibits the
typical core/helical shell structure (Fig. 2b), which is comprised of a
bundle of elastic spandex fibres and the helical acrylic fibres skin.
After the immobilization of the AgNWs, the surface of acrylic fibres
in the LY becomes rather rough (Fig. 2d). The inset shows that
AgNWs are well adhered to the acrylic fibres (Fig. S1). After the fur-
ther coating with PDMS/CIPs, the AgNWs are completely sealed by
Fig. 2. SEM images with different magnifications of the chemically-modified LY (a
the magnetic polymer, which can prevent their falling off under the
external stimuli (Fig. 2e, f and S2–4). Here, the density of AgNWs
network and thickness of PDMS/CIPs can be controlled in the
dropping-drying process (Fig. S5 and S6).

PDMS/CIPs and MCF present unique magnetic properties since
CIPs are the soft magnetic material whose magnetic remanence
and coercivity are very low. Fig 3a shows the hysteresis loops of
PDMS/CIPs and MCF. The saturation magnetization (Ms) of
and b), LY@Ag (c and d) and MCF (LY@Ag@PDMS/CIPs) (e and f), respectively.



Fig. 3. (a) Vibrating sample magnetometer (VSM) data for PDMS/CIPs and MCF. (b) Dynamic storage modulus of PDMS/CIPs under various magnetic flux densities. (c) Tensile
strength-tensile strain curves for LY, LY@Ag and MCF. (d) I–V curves of MCFs with different mass fraction of AgNWs.
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PDMS/CIPs and MCF are 126.83 emu/g and 115.03 emu/g, respec-
tively. The lower Ms of MCF is attributed to the smaller mass frac-
tion of CIPs in MCF than that in PDMS/CIPs. Additionally, the
residual magnetization and coercivity of PDMS/CIPs and MCF are
3.14 emu/g, 2.44 emu/g and 6.66 KA/m, 6.50 KA/m, respectively,
showing an ideal and quick magnetic response performance. Due
to the presence of the CIPs, the PDMS/CIPs and MCF are magne-
torheological materials, whose storage modulus can increase under
applying the magnetic field [41–44]. The CIPs can be saturated
under 750 KA/m magnetic field, thus both the PDMS/CIPs and
MCF can reach to a large storage modulus when a relatively small
magnetic field is applied. Here, the storage modulus of PDMS/CIPs
increases with magnetic flux density and it can reach to as high as
350 kPa (Fig. 3b). Similarly, the MCF exhibits the typical magne-
torheological behavior. Due to the fibrous structure of the MCF, it
is very difficult to test the magnetorheological effect under our
present instrument.

Due to the unique hierarchical structure of lastex yarn, the
stress would be mainly focused on the inner spandex fibres other
than the acrylic fibres when the lastex yarn is stretched in a certain
strain range. As shown in Fig. 3c, the force-strain curves of LY@Ag
and LY are similar and exhibit linear characteristic when the strain
is smaller than 150%. The first damaging strain and corresponding
tensile force of LY and LY@Ag are 258%, 216% and 3.00 N, 2.34 N,
respectively. Moreover, the tensile force is 0.94 N while LY is
applied to 216%, indicating that AgNWs network reduces the flex-
ibility and increases the elastic modulus when applied strain
>150%. Additionally, when 100% strain is applied, the force of
MCF is 1.14 N, about four times larger than that of LY or LY@Ag,
demonstrating that MCF is more robust. Similarly, the tensile force
of MCF is proportional to the strain.

Due to the presence of AgNWs, the MCFs are conductive and
their conductivities are dependent on mass fraction of AgNWs. It
is observed that a linear relationship between the current and volt-
age of the specimens (Fig. 3d). Moreover, it is calculated from the
linear I–V curves that the resistivity of MCFs with 0.15 wt%,
0.20 wt%, 0.25 wt%, 0.30 wt%, and 0.35 wt% AgNWs, are
4.3 � 10�2 Xm, 2.1 � 10�2Xm, 1.1 � 10�2Xm, 4 � 10�3 Xm,
and 2.3 � 10�3 Xm, respectively, indicating the decreasing trend
with increasing of the AgNWs weight fraction. Consequently, it is
highlighted that the density of AgNWs network determines electri-
cal conductivity of MCF. In conclusion, the final MCF possesses
appropriate toughness, linear elasticity, good electrical perfor-
mance as well as magnetically driven property. More importantly,
the conductivity of the MCF is highly dependent on the external
applied stress/strain and magnetic field, thus it possesses high
potential in force sensor or magnetic field sensor.
3.2. Tensile strain responsive properties of the MCFs

The conductivity of MCFs is highly dependent on the dispersing
state of AgNWs, therefore, the MCF can be employed as a tensile
strain sensor due to the AgNWs networks varied under the stress.
Here, the two ends of magnetic-conductive composite fibre were
mounted with Cu electrodes by using conductive silver paste.
Then, the electromechanical properties of the MCF tensile strain
sensor under different stress can be studied. We measure the nor-
malized resistance change DR ¼ ðR0 � RÞ=R, where R0 and R are the
electrical resistances at strain and initial state, respectively, in syn-
chrony with the tensile strain of the sensor. In this work, the 0.2 wt
% AgNWs MCF tensile strain sensor is selected to be tested and the
relative resistance and tensile force variations are measured with
the strain varied from 1% to 8% (Fig. 4a and b). It is observed that
the relative resistance increases about 43.6% when the strain is
8%. Additionally, the MCF tensile strain sensor exhibits a linear
dependency on the applied strain. The stability of the MCF tensile
strain sensor is further evaluated by periodic stretch and release
cycles. More details of electrical properties with different tensile
strain are shown in (supporting information (Figs. S7 and S8).
Under applying 10% strain on the 0.35 wt% MCF tensile strain sen-
sor, the relative resistance is nearly kept as a constant at 12% after
80 cycles, demonstrating the excellent stability (Fig. 4c). Addition-
ally, the relative resistance variation presents good linear relation-



Fig. 4. (a) Relative resistance variation under gradually increasing step strain from 1% to 8% strain. (b) Tensile force variation of the sensor under gradually increasing step
strain from 1% to 8% strain. (c) Change in the resistance with no strain and 10% applied strain during 80 stretch-release cycles. Insets: Close-up of the selected areas. (d) Curve
for the relative resistance changing with the strain. The inset shows the linear-change part.
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ships with the tensile strain (Figs. 3c and 4d), which has the linear-
ity of R2 ¼ 0:997 for the fitting curve. MCF tensile strain sensor also
had good sensitivity. With the strain varying from 0 to 50%, the rel-
ative resistance of 0.25 wt% MCF tensile strain sensor changed
about 100%. In summary, the electrical and mechanical properties
of MCF tensile strain sensor showed good sensitivity, linearity and
stability in tensile tests (Fig. S9).

3.3. Flexuous deformation responsive properties of the MCFs

As the relative resistance of the present composite fibre is
dependent on the bending angle, MCF can be also used as a bend-
ing sensor. The MCF is fixed onto a plastic film substrate and the
electrical properties are measured under manual bending tests
(Fig. S10). Fig. 5a shows the relative resistance variation as a func-
tion of bending angle, which is defined as the central angle corre-
sponding to the arc length. The DR=R increases from 0 to 3.56%
along with the bending angle varies from 0� to 180�. In addition,
the MCF bending sensor has a 3% increment in resistance from 0�
to 150� (Fig. 5b) and shows good mechanical stability and
repeatability for at least five cycles. The electrical responses are
Fig. 5. (a) Relative resistance variation along with the change of bending angle (red point
Relative resistance variation during cyclic bend-relax deformation at 150�. (For interpreta
version of this article.)
maintained well for different bending angles and are reproducible
under multiple tests. Consequently, the MCF is a potential bending
sensor.

In comparison to the previously reported strain sensors based
on flexible polymer, MCF sensors are not limited by the weak adhe-
sion of conductive materials and the buckling/wrinkling of the film
[45]. Compared with the fully encapsulated sensors, MCF sensors
have higher softness, higher flexibility and smaller size. Therefore,
they are easier to be mounted on the skin and attached to complex
surfaces. Furthermore, most sensors with desirable properties (i.e.,
high sensitivity) are only single functional whereas MCFs have
demonstrated varies of promising applications, which will be
shown as the following.

3.4. Magnetic responsive performance of the MCFs

Due to the magnetic characteristic, the MCF also can be used as
a low-cost portable magnetic field sensor (Fig. 3). The influence of
the magnetic field on the relative resistance is investigated in two
different ways. In the first method, with one end being fixed like a
cantilever beam, MCF is subject to magnetic field force. Here, the
s will be mentioned in Section 3.4). Inset: the digital photograph of bending tests. (b)
tion of the references to colour in this figure legend, the reader is referred to the web
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MCF is fixed on a conventional 0.1 mm thick plastic film with both
ends glued by conductive tapes, and then it is clamped by a small
aluminum fixture (Fig. 6a and S12). Fig. 6b indicates that the rela-
tive resistance increases obviously with magnetic flux density from
150 mT to 400 mT. The larger the magnetic field strength, the
stronger the magnetic force and the bigger the deformation. Addi-
tionally, the peak value of relative resistance variation keeps at
around 1.2% during cycling loadings of 350 mT magnetic field, thus
demonstrating the good electrical property and mechanical defor-
mation stability (Fig. 6c).

The weight loading tests are carried out to investigate the influ-
ence of mechanical force on magnetic field sensor (Fig. 6d and
S12b). The beam-end deflections at different loaded weights are
measured, thus the force-deflection fitting curve is obtained. The
equivalent force under magnetic field is evaluated via interpolating
the foregoing testing data under magnetic field into the fitting
curve (Fig. 6e). Afterwards, the corresponding bending angles of
the cantilever beam structure under magnetic field are analyzed.
Fig. 6f depicts the curves of bending angle-magnetic field and
equivalent force-magnetic field. Here, the influence of the mag-
netic field force can be estimated by calculating the equivalent
force through the loading weights test (Fig. 6f).
Fig. 6. (a) The schematic illustration of magnetic field sensor as a cantilever beam under
strength. (c) Relative resistance variation at 350 mT for several cycles. (d) The schematic
The bending angle-magnet curve and bending force-magnetic flux density curve. (g) Opt
resistance variation with magnetic strength increasing from 80 mT to 240 mT. (i) Relati
The second testing method for the magnetic sensor is depicted
in Fig. 6g. With both ends being fixed, magnetic field sensor arched
like invertebrates crawling under the magnetic field afforded by a
permanent magnet. The difference of relative resistance changes
under different magnetic field is clearly distinguished (Fig. 6h).
The resistance variation under the 240 mT magnetic field is 7.6%,
about 4.5 times of that under 80 mT. And the deformation and
the resistance variation of magnetic field sensor exhibit consider-
able stability under the same magnetic field strength (Fig. 6i).
Unfortunately, the hysteresis behavior appears due to the inherent
hysteresis associated with magnetic loading.

In comparison to the previously reported microfiber/ferrofluid-
assisted magnetic field sensors [46,47], the preparation of the MCF
sensors are very easy to manufacture and the sensitivity is good.
Therefore, they are attractive in the future applications.

3.5. Sensing mechanism of the MCFs

The sensing properties of MCF sensors are essentially based on
the microstructure change of AgNWs network. Apparently, the
total resistance of MCF (R) consists of the contact resistance of
AgNWs joints (Rc) and their inherent resistance (Rw). When the
magnetic field. (b) Relative resistance variation of the fibre under different magnetic
illustration of MCF in weight loading test. (e) The force-deflection fitting curve. (f)
ical images of MCF with both ends fixed under different magnetic field. (h) Relative
ve resistance variation from 40 to 100 mT for three cycles.
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strain is applied, the AgNWs embedded in the magnetic polymer
are stretched and slide. Simultaneously, the number of AgNWs
joints decreases and the distance between NWs (d, defined as the
distance between the mid-points of adjacent NWs) increases,
resulting in the growth of the resistance generated by the applied
strain (Fig. 7a). The contact resistance can be approximately esti-
mated as

R0
c ¼ Cd0 ¼ Cdð1þ eÞ ¼ Rcð1þ eÞ ð1Þ

where C is a constant related to the contact state between the
AgNWs network, e is the applied strain, d0 and R0

c are the distance
between AgNWs and the contact resistance at a strain of e respec-
tively. Another influencing factor of the resistance is the change of
the length of the AgNWs. According to the law of resistance, the
inherent resistance can be described as

R0
w ¼ qAg

l0

A
¼ qAg

ð1þ BeÞl
A

¼ Rwð1þ BeÞ ð2Þ

where qAg is the silver resistivity, l0and l are the length of the
AgNWs at the tensile state and the initial state respectively, A is
the cross-sectional area of the AgNWs (as a constant under small
strain), R0

w is the inherent resistance at strain of e, B is a constant
related to the orientational distribution of the AgNWs (the angle
to the stretching direction, such as vertical or parallel to the stretch-
ing direction). Obviously, B < 1. Therefore, the relative resistance
variation at strain of e can be determined as

DR
R

¼ R0 � R
R

¼ ðR0
c þ R0

wÞ � ðRc þ RwÞ
Rc þ Rw

¼ ðRc þ BRwÞe
Rc þ Rw

ð3Þ

It is quite clear that DR=R is nearly proportional to e, which is
consistent with the response curve of MCF tensile sensor. However,
when a large strain is applied, the distance between AgNWs
exceeds the threshold value, and some joints disconnect, resulting
in the remarkable increase in the resistance.

To better explain the mechanism for relative resistance varia-
tion, the total resistance R of MCF can be considered as two parts
of equivalent resistance R0 in parallel, which are bisected along
with neutral surface. Therefore, R can be calculated as R ¼ R0=2.
When stretched or bent, both sides of the neutral surface are
stretched, resulting in the increase of resistance. According to the
theorem of parallel circuit, the resistance of tensile sensor should
Fig. 7. (a) Schematic illustrations of the MCF tensile sensing mechanism and the accom
mechanism and the accompanying circuit variations.
be describled as R0 ¼ ðR0 þ R1Þ=2. And the resistance of bending
sensor R0, can be depicted as

R0 ¼ ðR0 þ R2ÞðR0 þ R3Þ
ðR0 þ R2 þ R0 þ R3Þ ; whereby; R2 > R3 ð4Þ

where R2 is the increasing resistance of outer half part, R3 is the
increasing resistance of inner half part (Fig. 7b).

Under the magnetic field force, the MCFs are considered to be a
tensile/bending hybrid sensor. The total resistance variation comes
from both bending and stretching. For the magnetic field sensor
with one end fixed, the results are similar to those of bending sen-
sor (Fig. 5a), demonstrating the magnetic field sensor with one end
fixed can be essentially considered to be a bending sensor. That is
also why the bending angles are adopted to characterize the defor-
mation of magnetic field sensor. When both ends of MCF are fixed,
the magnetic force not only bends but also stretches the MCF. In
comparison to the influence of tension, the effect of flexion is too
smaller to be ignored, thus the relative resistance variations can
be considered to be fully caused by the tension. Therefore, under
applying the external magnetic field, the MCF should be roughly
taken as tensile sensor instead of bending sensor.
3.6. Other applications such as MCF-based smart switch and gripper

MCF exhibits good stretchabililty, flexibility as well as mechan-
ical properties. It attracted extraordinary interesting because its
electrical-mechanical coupling behavior can be easily controlled
by an external magnetic field. The magnetic materials can be
greatly influenced by the external magnetic field, particularly
under non-contact conditions [48]. Hereby, a magnetism-sensing
switch which is able to work in a confined space is fabricated by
the MCF. Fig. 8a shows the schematic illustration of the electric cir-
cuit of the magnetism-sensing switch system. When the magnet is
close to the glass tube, the magnetism-sensing switch in the tube is
contacted with the metal electrode to connect the circuit (the
relevant lamp is lit). Afterward, when the magnet is moved away,
the switch separates away immediately and the circuit is
disconnected (Fig. 8b). By controlling the external magnetic field,
the magnetism-sensing switch is able to be turned on and off
(Movie S1).
panying circuit variations. (b) Schematic illustrations of the MCF bending sensing



Fig. 8. (a) The schematic illustration and (b) the working process of magnetism-sensing switch. (c) Demonstration of MCFs assembled as a gripper to transport soft cotton ball
and (d) irregular PDMS plate (the magnet is fixed under the breaker).
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Moreover, the MCFs can also be used as a flexible gripper. For
flexible grippers based on whether shape memory alloys or pneu-
matic elastomers, the complex manufacturing/operation and bulky
dimensions are two major limitations [49,50]. Nevertheless, these
two restrictions were resolved in the MCF gripper. We fixed three
MCFs (2 cm in length and 0.07 g in weight) on the PVC rod to fab-
ricate a triangular gripper. The gripper arms would bend to the
field direction with a certain holding force under the external mag-
net. Fig. 8c and 8d represent the entire process (gripping, catching
up and moving) of manipulating different objects from the bottom
to the top of the water filled container (Movie S2–5). The transport
height and the corresponding approximate magnetic field density
are marked in graphs, respectively. The first object is a cotton ball
(4 cm in diameter) and the other one is a PDMS plate with irregular
surface (5.0 mm in thickness and 2.0 g in weight). Owing to the
super flexibility and deformability of the composite fibre, the grip-
per can adaptively change its shape to grab the cotton ball and a
flat object with irregular shape without damaging the surface tex-
ture of the material, which must be responded for the super flexi-
bility and deformability of the MCF. Due to the protection of outer
PDMS layer, the composite has good acid resistance and heat resis-
tance [16]. Also, this triangular gripper with alterable shape and
simple actuating system (a stick support and an external magnet
merely) can be widely used in some special conditions, for exam-
ple, going through the channel with a smaller operation space.
Ulteriorly, the devices can realize the real-time motion detection,
which can be applied to get the extent of its stretching or bending
and determine the next operations for pre-judgment.
4. Conclusions

In summary, we developed a multifunctional MCF sensor by
combining commercial lastex yarn, AgNWs and PDMS/CIPs into a
coaxial structure. Typically, the MCFs demonstrate exceptional
electrical and mechanical properties with excellent flexibility and
elasticity, providing the realization of tensile strain, bending defor-
mation, and magnetic field sensing. As a tensile strain sensor, its
relative resistance changes linearly with strain in the range of
50% and keeps very good stability and repeatability. The variation
of the electric properties is distinctly dependent on the bending
angle indicating that it can be employed as a bending sensor. Nota-
bly, due to the magnetic characteristic, the multifunctional MCF
sensor can detect the magnetic field via monitoring the relative
resistance change and thus can be applied in diverse smart sensing
or actuating applications. Available applications such as magnetic
switch and gripper are also developed to verify the active actuating
property. Therefore, we believe that the design concept for such
multifunctional composite can be extended to fabricate other com-
posites with integrated and enhanced properties towards various
advanced applications, such as electronics system and soft
actuators.
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