
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 7

/2
2/

20
25

 6
:4

6:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Electrical anisotr
aTechnical Institute of Physics and Chemist

100190, China. E-mail: syfu@mail.ipc.ac.cn
bCollege of Aerospace Engineering, Chongqin
cUniversity of Chinese Academy of Sciences,

Cite this: RSC Adv., 2017, 7, 4260

Received 12th October 2016
Accepted 15th November 2016

DOI: 10.1039/c6ra25128e

www.rsc.org/advances

4260 | RSC Adv., 2017, 7, 4260–4268
opy and multidimensional
pressure sensor of aligned Fe3O4@silver nanowire/
polyaniline composite films under an extremely low
magnetic field

Fang Fang,ac Yuan-Qing Li,b Gui-Wen Huang,a Hong-Mei Xiao,a Qing-Ping Feng,a

Ning Hub and Shao-Yun Fu*ab

A low magnetic field is preferred in preparing aligned composites since a high magnetic field may be

harmful to human health. In this study, fine-sized Fe3O4 nanoparticles with diameters of several

nanometers are decorated on the surface of Ag-NWs (Fe3O4@Ag-NWs). Controllably aligned Fe3O4@Ag

nanowire (Ag-NW)/polyaniline (PANI) composite films are then prepared under an extremely low

magnetic field of 26–42 mT, which is much lower than those reported previously (0.1–10 T). As a result,

the as-prepared Fe3O4@Ag-NW/PANI composite films show an excellent electrical conductivity from

5.5 � 102 to 4.1 � 103 S cm�1 and a controllable electrical conductivity anisotropy from 1.1 to 6.7.

Furthermore, the anisotropic responsive behavior of the Fe3O4@Ag-NW/PANI composite film makes it an

ideal candidate for the fabrication of multidimensional pressure sensors. In most studies, conventional

strain sensors are fabricated because they are only capable of detecting strains in one single direction

due to a strongly coupled electrical conductance change. Finally, the fabrication of a multidimensional

pressure sensor based on the as-prepared Fe3O4@Ag-NW/PANI composite film is demonstrated for the

first time and a unique anisotropic pressure sensitivity is reported.
1. Introduction

Nowadays, one and two-dimensional nanomaterials, including
silver nanowires (Ag-NWs),1,2 carbon nanotubes (CNTs),3,4 gra-
phene,5,6 and graphene oxide (GO),7,8 have been extensively
studied not only due to their superior electrical conductivities,
but also their anisotropic nature. The anisotropic properties of
these nanomaterials are strongly dependent on the structure of
their assemblies. Various advanced functional materials such as
transparent lms,9,10 thermal conductive lms,11,12 ion-exchange
membranes13 and liquid-crystalline lms,14 have been fabricated
based on anisotropic nanostructures such as arrays, sheets and
ropes. These anisotropic nanostructures were constructed via
various methods, such as external electrical/magnetic eld-
assisted fabrication,3,7 chemical-vapor-deposition-grown
method,12,15 self-assembly,8,16 electro-synthesis,17 mechanical
shear4 like stretching,18 spinning19 and extrusion,20 thermal
press21 and annealing.22 Among these, a magnetic eld-assisted
process is attractive due to its ease in controlling anisotropic
nanostructures in the macro-range.23 Anisotropic nanomaterials
ry, Chinese Academy of Sciences, Beijing

; syfu@cqu.edu.cn

g University, Chongqing 400044, China

Beijing 100049, China
such as CNTs,24,25 graphene oxides,7,8 boron nitride platelets,26

and Ag–Ni micro-particles27 have been successfully aligned by
applying magnetic elds.

Polymer nanocomposites that are lightweight and fabricated
using simple techniques are highly attractive because their
properties are tunable by controlling ller type and content.
Recently, considerable attention has been paid to orientated
anisotropic nanomaterial/polymer composites.16,26,28 Youse
et al. prepared an aligned reduced GO (r-GO)/epoxy composite
as a high performance electromagnetic interference shielding
material.8 Wu et al. aligned GO in acryl monomers to yield
reduced GO hybridized hydrogels that possess anisotropic
electro-conductivity.7 Wang et al. transferred CNT arrays onto
exible epoxy composite lms with excellent thermal conduc-
tivity along the thickness direction.12 Owing to their unique
electrical, optical and thermal properties, oriented Ag-NWs
demonstrate wide applications in microelectronic and29,30

optoelectronic devices31–33 and electromechanical systems.34 Liu
et al. revealed that the effective eld-effect mobility of the thin-
lm transistors can be enhanced with the incorporation of Ag-
NW arrays.30 The anisotropy of the surface enhanced Raman
scattering spectra of aligned Ag-NW lms was reported by Zhou
et al.32 In previous reports, most of the Ag-NWs were orientated
with the assistance of templates.35–37 However, to the best of our
knowledge, the alignment of Ag-NWs with a magnetic eld
This journal is © The Royal Society of Chemistry 2017
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assisted process has been rarely reported, particularly under
a relatively low eld strength. Most alignments require enor-
mous eld strengths, of the order of 0.1–10 T,7,29,38–40 which
severely hinders their practical applications since high
magnetic elds may be harmful to human health.

Polyaniline (PANI) has been well accepted as a matrix for
preparing conducting polymer composites due to its ease of
fabrication, low cost, etc. Herein, layer-structured PANI
composite lms with aligned Ag-NWs were prepared via
a magnetic eld-assisted casting method. To easily tailor the
alignment of the Ag-NWs, Fe3O4 nanoparticles, used as
magnetic carriers with excellent magnetic characteristics, were
decorated on the surfaces of the Ag-NWs by a simple sol-
vothermal method. The effects of magnetic eld intensity,
structure and ller content of the Fe3O4@Ag-NWs on the
anisotropic behavior of the composite lms were systematically
evaluated. Finally, a strain sensor with signicant anisotropic
responsive behavior is demonstrated with the as-prepared
Fe3O4@Ag-NW/PANI composite lms as strain sensitive mate-
rials. It is well known that conventional strain sensors are only
capable of detecting strains in one single direction because they
usually show a strong coupled electrical conductance change in
the principal strain direction and the perpendicular direction
due to Poisson's ratio.41,42 The anisotropic responsive behavior
of the Fe3O4@Ag-NW/PANI composite lms make the decou-
pled electrical response possible, which is ideal for the fabri-
cation of multidimensional strain sensors with applications in
tactile skin, robotic control, etc.10,19,43,44
2. Experimental
2.1 Materials

Silver nitrate (AgNO3), poly(N-vinylpyrrolidone) (PVP, MW ¼ ca.
50 000), ethylene glycol (EG), hexahydrated ferric chloride
(FeCl3$6H2O), ferrous sulfate (FeSO4$7H2O), sodium hydroxide
(NaOH), aniline, ammonium persulfate (APS), HCl, n-butanol,
NH3$H2O, N-methyl-2-pyrrolidone (NMP), polydimethylsiloxane
(PDMS), acetone and ethanol were all of analytical grade and
purchased from Lan Yi Co. Ltd, Beijing, China. Except that
aniline was further treated with vacuum distillation, all chem-
icals were used as received.
2.2 Preparation of Ag-NWs and Fe3O4@Ag-NWs

Ag-NWs were prepared via a solvothermal method.1 In a typical
route, 16.65 g PVP was thoroughly dissolved in a 200 ml EG
solution of FeCl3 (0.01 mM). Then, the well-mixed solution was
dripped into a 200 ml EG solution of AgNO3 (0.1 M) under
continuous stirring. The obtained mixture was sealed in
a 500 ml Teon-lined stainless steel autoclave and allowed to
react for 3 h at 160 �C to form Ag-NWs. The as-synthesized Ag-
NWs were washed with acetone and ethanol, sequentially.
Finally, the Ag-NWs were re-dispersed in EG for further use.

Fe3O4@Ag-NWs were synthesized via a similar solvothermal
method described as follows: 0.07 g of FeCl3$6H2O and 0.036 g
of FeSO4$7H2O were dissolved in 43 ml of EG at 50 �C. Aer-
ward, 30 ml of EG dispersed with 0.3 g of Ag-NWs was added
This journal is © The Royal Society of Chemistry 2017
into the obtained solution. Themixture was stirred for 20min at
65 �C, and then 5 ml of a EG solution dissolved with 0.1 g NaOH
was added dropwise. Aer stirring for 20 min, the suspension
was transferred into a Teon-lined stainless steel autoclave and
heated at 200 �C for 4 h. The products obtained were washed
with ethanol several times. In this process, EG plays a critical
role as a reductant and solvent, simultaneously. Based on the
feeding ratio of the Fe3+/Fe2+ ions, the concentration of reactant
mixtures were controlled from 0.90 to 0.18 g l�1 for FeCl3 and
from 0.46 to 0.09 g l�1 for FeCl2. When the weight ratio of Fe3O4

to Ag-NWs is changed from 0.02 to 0.04, 0.06, 0.08, and 0.1, the
Fe3O4@Ag-NW is hereaer referred to as FA0.02, FA0.04, FA0.06,
FA0.08 and FA0.1, respectively.

2.3 Preparation of anisotropic Fe3O4@Ag-NW/PANI
conductive lms

PANI, a typical linear conducting polymer45 with low cost and
high anti-corrosion property,2,46 was prepared by oxidative
polymerization of aniline.46 A specic example was given as
follows: 20 ml of freshly distilled aniline monomer was
dispersed in an HCl solution (2.7 mol l�1, 100 ml) and APS
(2.2 mol l�1, 50 ml) was then slowly added dropwise under
vigorous stirring. The polymerization was carried out at 0–5 �C
under stirring for 24 h. The prepared emeraldine salt form of
PANI was washed with deionized water several times. To convert
the emeraldine salt form of PANI into the base form, the
prepared PANI was dispersed in 100 ml of ammonium
hydroxide (28%) and kept stirring for 24 h and then washed
with deionized water and ethanol several times. A PANI solution
was prepared by dissolving 0.4 g of PANI powder in 40 ml of
NMP, and the insoluble residues were removed by
centrifugation.

The composite lms of Fe3O4@Ag-NW/PANI were prepared
using a two-step casting method reported in our previous
report.47 It is depicted as follows: Fe3O4@Ag-NWs dispersed in
n-butanol (10 mg ml�1) with a calculated volume was dropped
onto a glass substrate with a tunable magnetic eld. Aer n-
butanol was evaporated completely, 2.5 ml of a PANI solution
was dropped onto the surface of the Fe3O4@Ag-NW layer and
then NMP was removed with an infrared light. The resultant
Fe3O4@Ag-NW/PANI composite lm was peeled off of the glass
substrate for further measurements.

2.4 Testing methods

The morphologies of the Fe3O4@Ag-NWs and Fe3O4@Ag-NW/
PANI composite lms were examined using a scanning elec-
tron microscope (SEM, Hitachi S-4300, Japan). The morphology
of the Fe3O4@Ag-NWs was also observed with a transmission
electron microscope (TEM, JEM2100, Japan). Nano Measurer
Soware was used to estimate the average diameter and length
of the nanomaterials. Magnetic hysteresis curves of Fe3O4@Ag-
NWs were measured using a vibrating sample magnetometer
(VSM, Lakeshore7307, USA). X-ray diffraction (XRD) of the
composite lm was performed on an X-ray diffractometer (D8
focus) with Cu Ka radiation (l ¼ 0.154 nm) with 2q values from
10� to 90�. Surface analysis of the Fe3O4@Ag-NWs was
RSC Adv., 2017, 7, 4260–4268 | 4261
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Fig. 1 Schematic of the magnetic device with tunable magnetic field
intensity.
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performed using X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Fisher) under 300 W Al Ka radiation.
Fourier transform infrared (FT-IR) spectra were recorded with
a Bruker Tensor 27 spectrometer using the attenuated total
reection technique. The electrical conductivities of the
Fe3O4@Ag-NWs and composite lms were measured with
a Keithley Source Meter 2400 by a standard four-probe method,
and average results were obtained from at least three samples.
The Fe3O4@Ag-NWs in the form of pressed laminates (20 MPa
of applied stress) with a thickness of 75 mm were used for the
electrical conductivity test. Tensile tests were performed on an
Instron 5882 with a loading speed of 1 mm min�1. The
dimensions of the specimens were 10 � 60 mm2, and at least
four specimens for each formulation were measured. As dis-
played in Fig. 1, the intensity of the magnetic eld was
controlled by adjusting the distance between the two magnets.
A Teslameter (SG-3-A, Beijing Zhuo Sheng Jia Co. Ltd.) was used
to measure the magnetic eld strength. The composite lm was
sealed with 20 g of PDMS to examine its tactile sensing behavior
with copper wires adhered onto the composite lm as
electrodes.
3. Results and discussion
3.1 Morphology and characteristics

As shown in Fig. 2, the as-synthesized Ag-NWs have a typical
wire like structure. The average diameter and length of the
Fig. 2 (a) SEM image of Ag-NWs and (b) histogram for the length and
diameter of Ag-NWs.

4262 | RSC Adv., 2017, 7, 4260–4268
pristine Ag-NWs are 910 nm and 31.2 mm, respectively, which is
measured based on 100 nanowires. The microstructure of the
Ag-NWs decorated with ne-sized Fe3O4 with a diameter of
a few nm is presented in Fig. 3. It can be seen that the Fe3O4

nanoparticles were randomly distributed on the surface of the
Ag-NWs as patches of aggregated clusters. In addition, the size
of the Fe3O4 clusters on the surface of the Ag-NWs increased
with an increasing amount of iron salt, indicating that the
structure of the Fe3O4@Ag-NWs is tunable by controlling the
volume of reacting agents added.

To analyze the crystal structure, the XRD pattern of the as-
synthesized Fe3O4@Ag-NW/PANI composite lm is presented
in Fig. 4. The broad peak at 19.85� is attributed to the period-
icities parallel to the amorphous polymer chain.48 The diffrac-
tion peaks at 38.1�, 44.3�, 64.4�, 77.4� and 81.5� correspond to
the (111), (200), (220), (311) and (222) planes, respectively, of the
Ag-NWs. The reection peaks appearing at 30.1�, 35.5�, 53.6�,
57.1�, 62.7� and 74.9� are indexed to the (220), (311), (422),
(511), (440) and (533) planes of Fe3O4, respectively, which
conrms the formation of Fe3O4 nanoparticles. Furthermore,
the lattice spacing “d” for the (311) plane was calculated using
the Bragg equation and is about 2.53 Å, whichmatches well with
the standard value of 2.532 Å.26

XPS was performed to examine the chemical composition of
the prepared Fe3O4@Ag-NWs (Fig. 5). In Fig. 5b, two peaks with
binding energies of 710.8 and 724.3 eV, corresponding to Fe 2p3/
2 and Fe 2p1/2 respectively,49 are seen, without a satellite peak
situated at 719 eV, which is a major characteristic of g-Fe2O3. In
the O core level spectrum (Fig. 5c), the main peak at 530.2 eV is
attributed to the oxygen atoms in Fe3O4. The binding energy
values at 368.2 eV and 374.2 eV for Ag 3d3/2 and Ag 3d5/2,
Fig. 3 SEM images of Fe3O4@Ag-NWs for (a) FA0.02, (b) FA0.04, (c)
FA0.06, (d) FA0.08 and (e) FA0.1; insets are the corresponding TEM
images.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XRD patterns of FA0.1/PANI composite film. The insets are parts
of enlarged XRD patterns.

Fig. 5 (a) XPS survey spectrum, (b) Fe 2p, (c) O 1s and (d) Ag 3d high
resolution spectra of the FA0.1.

Fig. 6 FT-IR spectra of FA0.1, pure PANI film and FA0.1/PANI composite
film.

Fig. 7 (a) Magnetic hysteresis loops for Fe3O4@Ag-NWs with different
Fe3O4/Ag ratios. The inset shows a close view of the hysteresis loops.
(b) FA0.02 dispersed in ethanol (left) and their magnetic separation
(right).
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respectively, are observed in Fig. 5d.50 These results validate the
successful formation of Fe3O4@Ag-NWs.

FT-IR spectra of Fe3O4@Ag-NWs, pure PANI lms and
Fe3O4@Ag-NW/PANI composite lms are shown in Fig. 6. The
peak at �579 cm�1 in Fe3O4@Ag-NWs is attributed to the Fe–O
bond vibration of Fe3O4. The spectrum of PANI shows the
presence of quinoid and benzenoid ring stretching modes at
1590 cm�1 and 1500 cm�1, respectively, indicating the emer-
aldine base form of PANI. The C–H plane-bending vibrations
(1160 cm�1) and C–H out-of-plane bending vibrations (822
cm�1) of the PANI structure are also observed.51 For the
Fe3O4@Ag-NW/PANI composite lm, the PANI characteristic
peaks are well preserved, but the Fe–O vibration peak is invis-
ible since the intensity of the PANI characteristic peaks is too
strong.

The magnetic properties of the Fe3O4 decorated Ag-NWs
were investigated using a vibrating sample magnetometer at
room temperature, as shown in Fig. 7a. The saturation
This journal is © The Royal Society of Chemistry 2017
magnetization (Ms) values of the as-synthesized Fe3O4@Ag-NWs
depend on the content of the decorated magnetic particles. The
Ms values for FA0.02, FA0.04, FA0.06, FA0.08 and FA0.1 are 1.04, 2.70,
3.82, 4.70 and 5.44 emu g�1, respectively. Fig. 7b shows that
FA0.02 dispersed in ethanol can be magnetically separated from
ethanol.
3.2 Electrical conductivity anisotropy of the Fe3O4@Ag-NW/
PANI composite lm

The Fe3O4@Ag-NWs in PANI composite lms were aligned by
the magnetic eld, which resulted in the anisotropy of the
Fe3O4@Ag-NW/PANI composite lms. The electrical anisotropy
is dened as the ratio of sk to st, where sk and st are the
electrical conductivities of the composite lm in the direction
“parallel to the alignment direction of the Fe3O4@Ag-NWs”
(abbreviated as NWk) and “perpendicular to the alignment
direction of the Fe3O4@Ag-NWs” (abbreviated as NWt),
respectively. The formation of aligned Ag-NW conductive paths
promotes electron transfer along the direction of NWk with
more straight paths. As for the direction of NWt, although the
transverse Ag-NW to Ag-NW contact is still possible, there are
RSC Adv., 2017, 7, 4260–4268 | 4263
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Fig. 9 (a) Anisotropy and sk of the PANI composite films with different
Fe3O4@Ag-NWs as fillers, SEM images of the bottom surface of the
PANI composite films with (b) FA0.02, (c) FA0.04, (d) FA0.06, (e) FA0.08 and
(f) FA0.1 as fillers, respectively. All of the composites films were
prepared in a magnetic field intensity of 42 mT and the filler content is
fixed at 45 wt%.
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more discontinuous and separated conductive paths for elec-
trons to travel.

The electrical conductivities of the FA0.1/PANI composite
lms prepared under different magnetic elds are shown in
Fig. 8. The anisotropy of the composite lm signicantly
increases with an increase in ller content from 5 to 15 wt%,
and then a slight drop in the anisotropy is seen on further
increasing the ller content to 45 wt%, which relates with the
conductive paths formed in the directions of NWk and NWt.
With an increase in the content of FA0.1 from 0 to 15 wt%, the
composite lms show a better connected conductive path in the
direction of NWk than that in the direction of NWt. However,
when the ller content further increases from 15 to 45 wt%, the
conductive paths simultaneously grow in both directions, such
that the anisotropy of the lm is degenerated. In addition, the
anisotropy of the as-composite lms monotonically rises with
an increase in themagnetic eld intensity applied at the process
of lm preparation, and a maximum anisotropy of 6.7 is ach-
ieved for the composite lm with 15 wt% FA0.1 at a magnetic
eld strength of 42 mT (Fig. 8b). Nonetheless, on further
increasing the applied magnetic eld intensity to 46 mT, the as-
prepared composite lm tends to be brittle and easy to split
along the direction of NWk, owing to the stress concentration of
the magnetic llers with a large amount. Hence the magnetic
eld intensity of 42 mT is chosen to fabricate the optimum
composite lms, which is much lower than that reported to be
required in other studies.7,24–26,40

The inuence of Fe3O4 to the Ag-NWs mass ratio (RFe/Ag) on
the anisotropy and conductivity of the composite lm was
studied. The decoration of Fe3O4 on the surface of Ag-NWs
results in a decrease of its electrical conductivity. As shown
in Fig. 9a, sk of the composite lm declines from 4.1 � 103 to
5.5 � 102 S cm�1 with the increase of RFe/Ag from 0.02 to 0.1. At
the same time, the anisotropy of the composite lms rises
with an increase in RFe/Ag. As revealed in Fig. 9b–f, the
arranging order of the Fe3O4@Ag-NWs in the composite lms
shows an ascending trend, corresponding to the increase in
the saturation magnetization values of the occupied
composite ller (from FA0.02 to FA0.1). In addition, the inter-
section point of sk with anisotropy in Fig. 9a, with an RFe/Ag

value of 0.034, indicates the best tradeoff between the elec-
trical conductivity and anisotropy of the corresponding
composite lm. Thus, FA0.034 and FA0.034/PANI composite
lms were prepared for the following study.
Fig. 8 (a) Anisotropy of FA0.1/PANI composite film with various filler
contents as function of magnetic field intensity. (b) Film anisotropy as
function of FA0.1 weight content in a magnetic field intensity of 42 mT.

4264 | RSC Adv., 2017, 7, 4260–4268
Anisotropic electrical conductivities have been observed in
aligned lms, meshes, and nanopapers fabricated by different
methods. The comparison of electrical anisotropy in the present
study with literature4,8,9,18,19,24,25,39,52–58 is presented in Table 1. It
is clear that the electrical anisotropy and electrical conductivity
have an inverse relationship. All of composites that reported
a high electrical anisotropy show a low conductivity in aligned
direction. Although the electrical anisotropy of Fe3O4@Ag-NW/
PANI composite lms, reported herein, is not the highest, its
electrical conductivity is the highest for the composites with the
same level of anisotropy. Importantly, a trade-off between the
high anisotropy and high electrical conductivity is achieved in
this study.

In order to determine the percolation threshold, the elec-
trical conductivity of the Fe3O4@Ag-NW/PANI composite lms
is tted to a power law. According to the percolation theory, the
following equation can be presented:24

s f (v � vc)
t (1)

where s is the conductivity of the composite, v is the volume
fraction of the ller, vc is the percolation threshold and t is the
critical exponent. The volume of FA0.034 is assumed to be
identical with that of Ag-NWs since the value of RFe/Ag is only
0.034, whereas the volume of PANI is estimated from the
product thickness and area for a neat PANI lm. The plots of
log(sk) and log(st) versus log(v � vc) are presented in Fig. 10.
With linear tting, the percolation threshold calculated along
NWk and NWt is 2 vol% (corresponding to 9.3 wt%) and 3 vol%
This journal is © The Royal Society of Chemistry 2017
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Table 1 Comparison of the electrical conductivity and anisotropy of the aligned composites between the references and the present study

Composites Method
Electrical
anisotropy

Conductivity in
aligned direction Filler content Ref.

CNT/polystyrene CVD + in situ polymerization 20 0.8 S cm�1 20 wt% 52
CNT/poly(p-phenylene ethynylene)s Self-assembly 4.1 9.2 � 10�3 S cm�1 — 53
CNT/polysulfone Electric eld assisted 105 10�4 S cm�1 0.2 wt% 54
PANI/montmorillonite In situ polymerization + pressure 1016 8.4 � 10�2 S cm�1 — 55
CNT/polyacrylonitrile Magnetic eld assisted

electrospinning
15.4 3.2 � 109 U ,�1 2 wt% 39

CNT/poly(methyl methacrylate)
(PMMA)

Mechanical stretching 104 10�4 S cm�1 1 wt% 56

CNT/PMMA Electric eld assisted thermal
annealing

106 1.13 � 10�4 S cm�1 1 wt% 57

CNT/natural rubber-nitrile rubber Milling 103 3.16 � 10�6 S cm�1 4 wt% 58
g-Fe2O3-CNT/polythylene oxide Magnetic eld induced 10 4 � 10�6 S cm�1 3 wt% 25
g-Fe2O3-CNT/epoxy Magnetic eld induced 4.1 4.1 � 10�9 S cm�1 1 wt% 24
Graphene nanoribbon &
CNT/polyimide

Electrospinning 1.15 � 106 8.3 � 10�4 S cm�1 9 wt% 19

Graphite/polyacetylene Mechanical stretching +
thermal treatment

1.1–1.3 1501 S cm�1 61–74 wt% 18

r-GO/epoxy Self-alignment 5 � 106 10�2 S cm�1 3 wt% 8
CNT buckypaper Shearing �2 600 S cm�1 — 4
Ag–Ni-NWs Magnetic eld induced 105 220 U ,�1 — 9
Fe3O4@Ag-NW/PANI Magnetic eld induced 6.7 187 S cm�1 15 wt% Present study

Fig. 10 Percolation equation fit to the experimental conductivity data
obtained in the direction of NWk and NWt, with regression coeffi-
cients of 0.99.

Fig. 11 Tensile stress–strain curves of the 13 wt% composite film
stretched along the direction of NWk and NWt, respectively.
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(corresponding to 13.5 wt%), respectively. Thus, the Fe3O4@Ag-
NW/PANI composite lm with a ller content of 13 wt%
possesses the optimal properties – the trade-off between high
electrical conductivity and reasonable anisotropy.

3.3 Mechanical properties of the Fe3O4@Ag-NW/PANI
composite lm

Fig. 11 shows the typical tensile strain–stress curves of the
composite lms stretched along the direction of NWk and
NWt, respectively. Along the direction of NWk, the lm has
a tensile strength and an elongation at break of 69 MPa and
2.64%, respectively. In comparison, the tensile strength and
elongation at break in the direction of NWt is 60 MPa and
This journal is © The Royal Society of Chemistry 2017
2.21%, respectively, which is relatively smaller than that in the
direction of NWk. As expected, the composite lms with
aligned Fe3O4@Ag-NWs show anisotropic mechanical prop-
erties. Similar results were also found in the aligned CNT/
PMMA system.56,57,59 It is believed that the embedding of
CNTs is supposed to introduce defects into the polymer
matrix, and the defects tend to form cracks along the CNT
direction, resulting in the deterioration of the mechanical
property perpendicular to the CNT aligning direction.56,59 It
seems that this explanation is also plausible in this study. As
shown in Fig. 12, wire-like folds appear in parallel on the top
surface of the PANI composite lm, which is believed to be
caused by the alignment of the Ag-NWs. Both the orientated
folds in the matrix and aligned Ag-NWs together are supposed
to account for the anisotropic mechanical behaviour of the
composite lms.
RSC Adv., 2017, 7, 4260–4268 | 4265
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Fig. 12 SEM image of the top surface of Fe3O4@Ag-NW/PANI
composite film, the inset is a high magnification SEM image.

Fig. 14 The RCR response of the sensor prepared along the direction
of (a) NWk and (b) NWt within 30 loading-unloading cycles under
a maximum pressure of 30 kPa (hollow pentagram), 50 kPa (semi-
hollow triangle), 70 kPa (semi-hollow circle) and 90 kPa (solid square).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 7

/2
2/

20
25

 6
:4

6:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.4 Fe3O4@Ag-NW/PANI composite lm as tactile sensor

To demonstrate the potential application of the Fe3O4@Ag-NW/
PANI composite lms, a strain sensor based on the PDMS
sealed composite lm was fabricated, which is mechanically
robust with tactile sensibility. Fig. 13 presents the PDMS-sealed-
composite lm sensor for the cyclic pressing-releasing test,
which shows three copper wires coming out of the sensor for
resistance measurements in different directions: 1–3 for
parallel direction, 2–3 for perpendicular direction.

The electrical resistances of the sensor in the direction of
NWk and NWt under repeated pressuring-releasing cycles were
measured. Relative changes of the resistance (RCR, DR/R0) of
the sensor under cyclic loading-unloading with different
maximum pressures are presented in Fig. 14. In both directions,
the sensor shows good responses to the applied cyclic loading.
Fig. 13 PDMS-sealed composite film for tactile sensing. The inset
shows the magnified aligned Ag-NWs under the optical microscope.

4266 | RSC Adv., 2017, 7, 4260–4268
The RCR responses of the sensor exhibit excellent stability
within the tested cycles, without any signicant resistance
driing. In addition, with an increase in the maximum pressure
from 30 kPa to 90 kPa, the RCR peak values of the sensor in the
direction of NWk and NWt increase from 16% to 65% and
100% to 680%, respectively. The RCR responses of the sensor
are consistent and reversible within the pressure range studied,
demonstrating that the composite lm can work properly up to
a pressure of 90 kPa.

Importantly, the RCR of the sensor in the NWt direction is 6
to 10 times higher than that in the direction of NWk due to the
anisotropy of the composite lm. Because the conventional
strain sensor has a strong coupled electrical resistance change
in the principal strain direction and in the perpendicular
direction, they are only capable of detecting strain in a single
direction. This hinders their application to detect more complex
multiaxial, multidimensional strain conditions.41,42 The decou-
pled electrical resistance change to the major axis of the prin-
cipal strain and perpendicular direction can be independently
detected by assembling two Fe3O4@Ag-NW/PANI lms inter-
secting each other.41 The anisotropic responsive behavior of the
Fe3O4@Ag-NW/PANI composite lms makes it ideal for the
fabrication of a multidimensional strain sensor for applications
in tactile skin, robotic control, etc.
4. Conclusions

Layer structured PANI composite lms with aligned Ag-NWs
have been fabricated under an extremely low magnetic eld of
26–42 mT. To control the alignment, Fe3O4 nanoparticles as
magnetic responders are decorated on the surfaces of the Ag-
NWs. The effects of magnetic-eld intensity, Fe3O4@Ag-NW
ller content and Fe3O4/Ag-NW ratio on the anisotropy of the
composite lms are claried. Between the NWk and NWt

directions, the difference in the electrical conductivity of the
composite lms is in the range of 15–91%. For the composite
lm with 13 wt% Fe3O4@Ag-NWs (the Fe3O4/Ag-NWs ratio is
0.034), there is an 87% difference in tensile strength and an
84% difference in elongation at break. Finally, an anisotropic
multidimensional pressure sensor is demonstrated based on
the Fe3O4@Ag-NW/PANI composite lm, which exhibits
a unique anisotropic pressure responsive behavior. The relative
This journal is © The Royal Society of Chemistry 2017
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resistance change of the as-prepared sensor in the direction of
NWt is 6 to 10 times higher than that in the direction of NWk.
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