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A B S T R A C T

A flexible self-powered magnetism/pressure dual-mode sensor, which consists of magnetorheological plastomer
(MRP), was developed in this work. The working mechanism of the self-powered sensor was based on the
displacement reaction of Fe and CuSO4. Different from traditional flexible pressure sensors, it was not only
sensitive to a slight pressure (1.3 kPa), but also responsive to a small magnetic field (12 mT). Under an external
magnetic field, the micro-scale carbonyl iron (CI) particles in the MRP electrode aggregated into the chain-like
and the cluster-like structures, which enhanced the electrochemical activity of ions in the electrolyte of the
electrode materials and formed the conductive network. The voltage increased with the magnetic field strength
and the sensitivity was 4.2% at a 252mT magnetic field. To further explore the mechanism of sensor, the
microstructure evolution of CI particles inside the electrode materials under different magnetic fields was si-
mulated by particle-level dynamics method. Finally, a smart writing board based on a self-powered magnetism/
pressure dual-mode sensor array was developed and it was sensitive to different magnetic fields without an
external power supply, which demonstrated a broad potential for mobile electronic device in the non-contact
state.

1. Introduction

The pressure sensor is the device which generates electrical signal in
response to mechanical stimulate. Capacitance [1,2], piezoresistive
[3,4], and piezoelectric [5,6] are the most common methods for signal
transmission. In particularly, flexible pressure sensors have become a
hot issue in personal health monitoring [7,8], human motion detection
[9,10], electronic skin [11,12], and intelligent robot [13,14], due to
their softness, slight weight, and facile interaction with the human
body. Recently, many high-sensitive, fast-responding, wearable flexible
pressure sensors have been developed. A flexible piezoresistive sensor
composed of an elastomer film and CNT composites can be highly
sensitive to a small pressure of 0.2 Pa [15]. The flexible pressure sensor,
prepared by the reduced graphene oxide and polyaniline wrapped
sponge, can respond to external stimuli in 96ms [16]. Typically, these
flexible pressure sensors were wearable to monitor the human joint
movement in fast time and they could also provide signal feedback for
small pressures.

To implement the mobility of flexible pressure sensors, self-powered
sensing systems are highly desirable because they do not require an
external power source. Self-powered sensing devices such as tribo-
electric sensor [17,18], piezoelectric sensor [19,20], and super-
capacitor [21,22] are growing rapidly nowadays. Triboelectric mate-
rials and piezoelectric materials such as zinc oxide [23,24], PVDF
[20,25], etc. are able to induce electric charges on the surface when a
mechanical stimulus is applied, thus they are widely used in flexible
pressure sensors due to their softness and sensitivity. Recently, many
self-powered sensing devices have also been constructed by super-
capacitor. Under the external force, the plate spacing of the capacitor
changes due to mechanical deformation, resulting in a capacitance
variation. Due to the advantage of small size, light weight and high
efficiency, the supercapacitor has attracted attentions in flexible pres-
sure sensors. In addition, it is well known that the battery is self-pow-
ered. Most of the previous reports were focused on exploring various
types of stretchable and flexible batteries, such as silver-zinc batteries
[26], zinc-manganese batteries [27], and lithium batteries [28].
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However, these stretchable and flexible batteries have been separably
applied as energy storage devices for wearable electronic devices. The
sensing characteristics of the flexible battery itself according to the
external stimuli has rarely been reported.

With the rapid development of electronic technology and artificial
intelligence, the demand for multifunctional sensors is more urgent. To
mimic the tactile sensations of human skin and limbs, flexible sensors
are eager to detect multiple stimuli such as pressure, temperature,
strain, and humidity [29]. The dual-mode sensor integrating responses
of different stimuli into a single device is under increasing requirement
in the field of electronic skin and smart electronics [30]. Park J.U. re-
ported a novel mobile smart device and the as-prepared flexible dual-
mode sensor array could simultaneously detect both tactile pressure
and finger skin temperature [31]. Magnetic field sensing is a non-pol-
luting, non-contact, fast response, adjustable sensing method with wide
applications in non-destructive testing, remote control, real-time mon-
itoring [32–35]. Recently, Fu S.Y. developed a magnetic-strain dual
mode sensor by adding magnetic particles into a conductive polymer.
Interestingly, the dual mode sensor exhibited the capacity of identifying
the contact and contactless state [36]. In addition, some biomimetic
structures, such as cilia, with magnetic particles and graphene, also
exhibited the high-sensitive dual-mode response to pressure and mag-
netic field. Obviously, this biomimetic dual mode sensor showed a great
potential in healthcare and smart surgical tools [37]. However, owing
to the solidified polymer matrix constraint, the magnetic particles were
fixed in the sensors and the particles’movability were very weak, which
often led to a negative effect on the efficiency of the magnetism sensor
[38].

The magnetorheological plastomers (MRP) is a kind of magneto-
controllable soft material made up of the low cross-linking density
polyurethane (PU) and magnetic CI particles. Under the magnetic
fields, the magnetic CI particles can be easily moved to form chain-like
structures, which greatly contributes to the change of the mechanical
and electrical properties [39,40]. MRP is soft, highly sensitive, mag-
neto-sensitive, and adjustable, thus it possesses high potential in the
field of magnetic sensing sensors [41,42]. Previously, Pang H.M. de-
veloped a smart magneto-controllable switch by doping conductive
materials into the MRP. The results indicated that the electric resistance
of the conductive MRP was very sensitive to the external magnetic field
[43]. Therefore, due to the high flexibility, force sensitivity, and mag-
netic field dependent conductivity, the MRP is expected for high per-
formance dual mode sensor with self-powered characteristic.

In this work, a flexible self-powered magnetism/pressure dual-mode
sensor based on MRP was developed. The dual-mode sensor, which
exhibited the advantages of high flexibility, magnetic sensitivity, and
self-powered characteristic, was fabricated by the electrode (composed
of MRP, graphite, NaCl and CuSO4), separator, and substrate (PET film).
Fast response to pressure and magnetic fields were essential features of
the sensor. Therefore, it could monitor a weak dynamic pressure and
human joint motion. Furthermore, the microstructure evolution of CI
particles inside the electrode was simulated by particle-level dynamics
method, and the working mechanism of the sensor under the pressure
and magnetic field was discussed. Specifically, a smart magnetic sen-
sing writing board manufactured by the flexible dual-mode magnetism/
pressure sensor array showed an application in the field of contactless
electronics.

2. Experimental

2.1. Materials

The raw materials for the synthesis of polyurethanes (the matrix of
MRP) included polypropylene glycol (PPG-1000, Sinopec Group Co.
Ltd., China), toluene diisocyanate (TDI, 2,4-TDI at B80%, 2,6-TDI at
B20%, Tokyo Chemical Industry Co. Ltd., Japan), and Diethylene glycol
(DEG, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China). Copper

powders, CuSO4 were used for the cathode electrode, and CI particles
(type CN, BASF aktiengesellschaft, Germany), NaCl were used for the
anode electrode. Graphite (Tanfeng Graphene Technology Co. Ltd.
Suzhou, China) was added to the electrode to improve conductivity.
Sodium dodecylbenzene sulfonate and acetone were used as active
agents and dispersing solvents, respectively. In addition, the separator
(a polypropylene film), PDMS film and PET film in sensor were pur-
chased from Celgard Co. Ltd. in America and BALD Advanced Materials
Co. Ltd. in Hangzhou, China and Yuanhao Office Co. Ltd. in Shanghai,
China.

2.2. Preparation of anode and cathode materials

The matrix of MRP was a homemade PU synthesized by mixing TDI
and PPG in a molar ratio of 3:1 at 80 °C for 2 h and then DEG was added
at 60 °C within 30min. The synthesized PU was sufficiently dissolved in
acetone to a clear solution. NaCl solution (2mol L−1), 50 wt% CI par-
ticles and an appropriate amount of graphite were added into the PU
solution with ultrasonic treatment for 24 h to form slurry. At last, the
mixture was dried at 50 °C to remove excess water and acetone. The
anode material (MRP electrode) like a plasticine was prepared. The
cathode material (CuSO4/PU electrode) can be prepared by mixing
1mol L−1 CuSO4 solution, copper powder, graphite, and PU solution
according to the same method.

2.3. Fabrication of the self-powered magnetism/pressure dual-mode sensor

A copper foil and a copper wire were adhered to the PET film to
form a conductive electrode. In order to encapsulate the MRP electrode
materials and CuSO4/PU electrode materials, a PDMS film frame of
2 cm×2 cm was closely attached to the copper foil. The MRP electrode
materials and CuSO4/PU electrode materials were filled in the grooves
and combined with the separator to form a flexible self-powered dual-
mode magnetism/pressure sensor. The separator can prevent the short
circuit caused by direct contact between the MRP electrode materials
and CuSO4/PU electrode materials. The ions in the electrolyte of the
electrode materials were free to pass through the separator.

2.4. Characterizations

The morphologies of MRP electrode and CuSO4/PU electrode ma-
terials were imaged by a scanning electron microscope (SEM, Gemini
500, Carl Zeiss Jena, Germany). All optical images were taken by a
digital camera (D1700, Nikon). The rheological properties of MRP and
electrode materials were measured by a commercial rheometer (Physica
MCR301, Anton Paar Co., Austria) equipped with a magneto-con-
trollable accessory MRD180 in shear oscillation mode. An electronic
universal testing machine (RGM 6005T, REGER) was used to measure
the pressure sensing performance of the sensor at different pressures
and compressive rates. The voltage signal was collected by a digital
multimeter (Keithley 2000). The bending testes of the sensor at 5 Hz
frequency were implemented by the Dynamic Mechanical Analyzer (TA
Electro Force 3200 series, America). The magnetic flux density was
changed from 0 to 206mT in magnetic sensing tests by adjusting an
electromagnetic coil current from 0 to 4 A, which was regulated by a DC
power supply (ITECH IT6724).

3. Results and discussion

The flexible dual-mode magnetism/pressure sensor was composed
of PET films, copper foil electrodes, MRP electrode, CuSO4/PU elec-
trode and a separator (Fig. 1a). Two copper wires were respectively
extended from two copper foil electrodes for transmitting electrons
(Fig. 1b). Multi-layer sensor was only 1.2 mm thick, which was soft and
suitable for human body wear (Fig. 1f and g). Fig. 1c–e showed the
microscopic morphology of electrode materials with and without a
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magnetic field. The CI and the copper powder particles were uniformly
distributed in the MRP electrode and CuSO4/PU electrode, respectively.
The SEM images of CI particles, copper powder, and graphite were
showed in Fig. S1. The average sizes of them were 7 μm, 4 μm and
800 nm, respectively. When a magnetic field was applied, the CI par-
ticles were assembled to chains structure along the direction of the
magnetic field (Fig. 1e).

Due to the famous magnetorheological (MR) effect, the storage
modulus of the MRP increased with the magnetic field (Fig. 1j). Here,
the MRP electrode showed the MR behavior because of the magnetic
assembling process. As a contrary, the CuSO4/PU electrode showed a
stable rheological property under a magnetic field. Graphite in the both
electrodes was uniformly attached to the PU molecular network, which
not only enhanced the electron transportation inside the electrodes but
also improved the mechanical properties. The initial storage moduli of
the MRP electrodes was higher than MRP since the particle (graphite)-
strengthen phenomenon [43–45]. Under applying an external magnetic
field, CI particles in MRP electrode formed chain-like structures along
the magnetic field. As the magnetic field strength increased, the CI
particle chains were compact, and the storage modulus of MRP elec-
trode increased. As shown in Fig. 1h and i, the plastic MRP electrode
showed a typical magneto-sensitive property. More importantly, the
both electrodes were composed of low cross-linking density PU
polymer, the plastic characteristics enabled the electrodes to exhibit
good self-healing property (Fig. S2).

The piezoelectric performance of the sensor was tested by the
electronic universal testing machine (RGM 6005T REGER, Fig. 2a). The
voltage of the sensor with a pressure was exhibited in Fig. S3. Fig. 2b
and c showed the change in voltage of the sensor with different pres-
sures and compression rates. Voltage variation at smaller pressure
(1.3–5.1 kPa) was showed in Fig. S4. Significant and stable voltage
variation indicated the high responsibility and excellent reliability of
the sensor. As shown in Fig. 2d, with the pressure increased from 1.3 to
38.2 kPa, the increase of voltage exhibited two characteristic trends.
The ratio of the voltage variation to pressure in the low-pressure regime
(1.3–6.4 kPa, β=1.33) was higher than that in the large-pressure re-
gime (6.4–38.2 kPa, β=0.32). The voltage variation and pressure sa-
tisfy the following formula:

= ⎧
⎨⎩

+ < ≪
+ < ≪

ΔU P P kPa
P kPa P kPa

1.33 0.50, 0 6.4
0.32 7.08, 6.4 38.2 (1)

Where ΔU represented the increment of voltage, and P represented the
pressure. Obviously, the changes in voltage, pressure and displacement
occurred synchronously (Fig. 2e).

Fig. 2f explained the working mechanism of the sensor under a
pressure. The voltage variation of the sensor was based on an electro-
chemical reaction between the anode electrode materials and the
cathode electrode materials. The blue sphere and pink ellipsoid re-
presented CI particles and copper powder particles, respectively. The
yellow, orange, light green and dark green dots were Na+, Cl−, Cu2+

and SO4
−. The displacement reaction of Fe (CI particle) and CuSO4

occurred in the electrode. The electrochemical activity of ions in the
electrolyte of the electrode materials was critical to the voltage varia-
tion of the sensor. The microstructures in electrode materials of the
sensor were changed by CI particles and copper powder particles, which
enhanced the electrochemical activity of ions in the electrolyte of the
electrode materials and caused an increase in voltage. This sensor can
provide voltage signal feedback for a pressure of 1.3 kPa, which has a
good prospect in the application field.

Owing to the sensitivity of the sensor, it can detect the slight and
rapid human action and object motion. Fig. 3a and b showed the signals
of the sensor under continuous light pat and click. Clearly, the sensor
can respond to the external stimuli, thus the moving behavior can be
captured continuously and accurately. More importantly, the dis-
turbances caused by the slight pressure on the electrodes can be quickly
recovered after decompression. Therefore, the sensor is of high poten-
tial in stress detection. Furthermore, by embedding the sensor device in
the "road", it was possible to detect the travel of the "car" with a small
weight of only 17 g (Fig. 3c). Embedding multiple sensor into the "road"
generated different voltage signals separately when the "frog" passed
(Fig. 3d). This can obtain the speed of "frog" by measuring the time
between the different signals and the length of the "road".

To further study the performance of the sensor, the bending tests
were implemented by ElectroForce 3200. Both ends of the sensor were
clamped, of which one end was fixed and the other end was moved
downward at a frequency of 5 Hz. A digital multimeter was used for
data acquisition. Multiple cyclic bending tests were conducted at the

Fig. 1. (a) Schematic illustration and (b) digital
photograph of the dual-mode sensor. The SEM
images of (c) MRP electrode without and (e) with a
magnetic field, (d) CuSO4/PU electrode. (f)
Schematic illustration and (g) microscopic mor-
phology of the dual-mode sensor cross section. (h)
Digital photographs of MRP electrode with plasti-
city and (i) magnetism. (j) The storage modulus of
MRP, CuSO4/PU electrode, MRP electrode under
different magnetic field strength.
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Fig. 2. The pressure sensing of dual-mode sensor under the compression stimuli. (a) The photograph of the device for compression testing. (b) Voltage variations of
the sensor at different pressures (compressive rate was 5mm/s) and (c) compressive rates (pressure was 6.4 kPa). (d) Voltage variations at the pressure of
1.3–38.2 kPa. (e) Consistency of voltage, pressure, and displacement over time. (f) Schematic diagram of the microscopic change of the dual-mode sensor under the
pressure. The small blue and green arrows indicated the ion transfer process. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 3. Dynamic behavior monitoring of human bodies and objects: (a) pat, (b) click, (c) “car” driving, (d) “frog” jumping continuously.
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bending angles of 27°, 39°, 61°, 81°, 102°, 113° (Fig. 4a–f). Clearly, the
voltage increased from about 7 to 30mV along with the bending angles
increased from 27 to 113°. The sensor signal was stable and repeatable
in several bending cycles. Fig. 4g presented the voltage variation is
linear with the angle. The slope (γ) was calculated to be 0.24. The in-
crement of voltage was:

= +ΔU θ0.24 2.15 (2)

Where ΔU represented the increment of voltage, and θ represented the
angle. This sensor was well adapted to different bending angles and it
can be also used as a reliable bending sensor.

Furthermore, based on the soft and bendable sensitive behavior, the
sensor can serve as the wearable device to monitor joint actions. As
shown in Fig. 5, the sensor was fixed on the finger and the voltage
varied with the movement of the joint. As the size of beakers gripped by
fingers increased, the voltage variation of sensor on the fingers rose
respectively. As shown in Fig. 5f–j, once the fingers grabbed the beaker,
the voltage began to increase and then kept stable. With a smaller
beaker, large bending angle existed in the finger, thus a larger voltage
signal was obtained. There was a good consistency between force

loading and sensor response. Therefore, the sensor can be applied to
accurately monitor the human joint motions due to its excellent sensi-
tivity and flexibility.

Interestingly, the sensor also exhibited a unique sensitivity to the
magnetic field due to the CI particles in MRP electrode. The device of
magnetic sensing test was shown in Fig. 6a, which was composed of an
electromagnet, a DC power supply, a digital multimeter, a program
control system and a data storage device. The magnetic field strength
was changed by adjusting the current of the electromagnet coil, which
was regulated by the DC power supply. Fig. 6b showed the continuous
and stable voltage response of the sensor with the magnetic field
strength ranged from 54 to 206mT. The voltage changed with the
magnetic field was instantaneous without hysteresis (Fig. 6c). As shown
Fig. 6d, the increment of voltage varied from 0.5 to 28mV with the
magnetic field strength from 12 to 252mT. When the magnetic field
was applied, the CI particles uniformly distributed on the MRP elec-
trode easily assembled to chain-like structures due to the low cross-
linking degree of the matrix. Together with the graphite, the chain-like
CI particles structures along the direction of the magnetic field formed

Fig. 4. Digital Photographs and voltage variation of the dual-mode sensor at the bending angles of (a) 27°, (b) 39°, (c) 61°, (d) 81°, (e) 102°, (f) 113°, respectively. (g)
Voltage variation at different bending angles.

Fig. 5. Real-time monitoring of human joint activity. (a–e) Fingers wearing dual-mode sensors grasp different range beakers, (f–j) corresponding voltage variation.
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the conductive network, which facilitated the transmission of electrons
in electrochemical reactions. Furthermore, because of the magneto-in-
duce stress between the CI particles, the connection between the elec-
trode material and the electrode plate was closer and the performance
of electrochemically active molecules were increased to a great extent
(Fig. 6g) [46]. Therefore, the voltage variation of the sensor was sen-
sitive to the magnetic field.

Because the electromagnet was very easy to be heat up severely
under a large current for a long time, the magnetic sensing cyclic test
with a 83mT magnetic field was performed (as a representative of the
small magnetic flux density interval of Fig. 7a). The increment of the
voltage kept almost a constant under a 500-cycles magnetic field ap-
plication, implying the reliability and stability of the sensor (Fig. 6e).
More discussion of the magnetic properties of the sensor was shown in
Figs. S5 and S6. When a magnetic field was applied, the CI particles
uniformly distributed in the electrode gradually moved along the di-
rection of the magnetic field. Once the magnetic field was turned off,
the CI particles remained in position due to the constraints of the matrix
(Fig. 6f). At this time, the voltage was increased compared the initial
value due to the change in the position of the CI particles. As the
magnetic field was turned on again, the CI particles continued to move
in the direction of the magnetic field. After several cycles, the CI par-
ticles formed stable chain-like structures and the voltage value in-
creased or decreased to a stable value when magnetic field was on or
off.

In order to explore the magnetic sensing mechanism of the sensor,
further exploration was conducted. Fig. 7a showed the relationship
between the increment of voltage and magnetic flux density. Here the α

was defined as the ratio. With 106mT as the boundary, two sensitive
regions of 0.05 and 0.16 were presented. The increment of voltage can
be calculated as:

= ⎧
⎨⎩

− < ≪
− < ≪ΔU B B mT

B B mT
0.05 0.33, 0 106

0.16 13.48, 106 252 (3)

Where ΔU represented the increment of voltage, and B represented the
magnetic flux density. The magnetization curves of CI particles and
MRP electrode materials were exhibited in Fig. 7b. The saturation
magnetization of the MRP electrode with 50wt% CI particle content
was almost half of the CI particle, which reflected that the magnetic
properties of the CI particle inside the MRP electrode were substantially
unchanged.

The reorganization of CI particles under different magnetic fields
was simulated by the particle-level dynamic method. When a uniform
magnetic field H was applied, the magnetic moment mi of a CI particle i
was expressed as:

= = − −m H HMV
H

M e V
H

(1 )i i S
χH

i (4)

Here,Mwas the magnetization of the CI particle. =V πd /6i i
3 was the

volume of the particle i, and di was the diameter of the particle i.
= × −χ 4.91 10 6 m/A was a constant. A magnetic field Hi generated by

magnetized particle i was described as:

= − − ⋅H m m r r
πr
1

4
[ 3( ˆ) ˆ]i i i3 (5)

Where r represented the position vector from the particle i to a position
point. = rr and =r r rˆ / . Once another particle was placed in the

Fig. 6. The voltage response of dual-mode sensor under the magnetic field. (a) Schematic diagram of the magnetic sensing testing system. (b) Voltage variation of
dual-mode sensor under the different magnetic flux density. (c) Real-time response to magnetic flux density and voltage variation. (d) Voltage changes under
increasing magnetic field. (e) Voltage response under magnetic field on-off cycle. (f) The viscosity of the matrix. (g) Schematic diagram of the microscopic change of
the dual-mode sensor under a magnetic field.
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magnetic field Hi, it was magnetized by the particle i. According to the
superposition method, the magnetic moment of a particle was:

∑= − = +−

≠
( )m H H H HM e V

H
1 ,i S

χH
i

l

l
l

j i
jl

(6)

The magnetic dipole force of the particle i generated by the particle j
was:

= − ⋅ + ⋅ ⋅ − ⋅ − ⋅F m m m tm t t m t m m t m
μ
πr

c
3
4

[( 5 ) ( ) ( ) ]ij
m

ij
m i j i j i j j i

0
4 (7)

Here, rij was the distance between two particles. The magnetic
permeability of the matrix was approximately equal to = × −μ π4 100

7

H/m. t was the unit vector pointing from particle i to particle j. cm was
the correction factor of the point dipole model [47,48].

=
⎧

⎨
⎪

⎩⎪

+ − ⎡

⎣
⎢ − ⎤

⎦
⎥

≤
>+

−( )c
r d
r d

1 3 0.2279

1

1.5
1.5m

r
d

e

ij

ij

2 2 0.6017

1

ij

ij θ( 34.55)
12.52

(8)

Here, θ was the angle between t and H. = +d d d( )/2ij i j . The van der
Waals force between the two CI particles was [49]:

= ⎡

⎣
⎢ − +

−
− −

⎤

⎦
⎥F tA L d d

L d d L d d
8
3

1
4 ( )

1
4 ( )ij

vdW
ij i j

ij i j ij i j
2 2 2 2

2

(9)

Here, = × −A 5 10 19 was the Hamaker constant of CI particles.
= +L max r d h[ , ]ij ij ij min , =h d0.001min ij [50]. To characterize the

squeezing and collision between particles and prevent the overlapping
of particles, the repulsive force was introduced as follows:

⎜ ⎟= −⎛

⎝
+ ⎞

⎠

⎜ ⎟− ⎛
⎝

− ⎞
⎠F F tξ

μ m m
πd

3
4

10ij
r si sj

ij
ij
vdW

r
d0

4
10 1ij

ij

(10)

msi and msj were the saturation magnetization of the target particles. To
offset the magnetic dipole force and van der Waals force when the two

particles were connected end to end along the magnetic field, =ξ 2.
The matrix was approximated as a Bingham plastic fluid. When
=Re 0, the CI particles began to move in the Bingham fluid, following

the condition as [51]:

∑ ≥F τ πd3.5 y i
2

(11)

Where τy was the yield stress of the matrix and ∑ F was the resultant
force. Neglecting Brownian motion, particle-matrix interactions in-
cluded drag force and buoyancy. When the driving force was greater
than this value, the drag coefficient was [52]:

= +
F

πηd v3
1 2.93(Bn)i

d

i

0.83

(12)

Where η was the viscosity of the matrix, and Fi
d was the drag force.

vwas the velocity of the particle relative to the matrix. =Bn τ d
ηv
y i was the

Bingham number. The gravity and buoyancy of the particles was:

= −F g
πd

ρ ρ
6

( )i
gb i

3

0 (13)

Where ρ and ρ0 was the density of the particles and matrix, respectively.
Due to the CI particle was the soft magnetic material, the magnetic

torque on the particles was so small that the particle rotation could be
ignored. The inertia and acceleration of the particles were also not
taken into account. In view of the aforementioned forces, the kinematic
equation was established as follows:

∑ + + + + =
≠

F F F F F 0( )
j i

ij
m

ij
vdW

ij
r

i
d

i
gb

(14)

The magnetic-induced stress tensor σ and the magnetic potential
energy Um were expressed as:

∑ ∑=
>

r F
V

σ 1

i j i
ij ij

(15)

Fig. 7. (a) Voltage variation under different magnetic flux density. (b) Magnetization curves of CI particles and MRP electrode. (c) Normal stress of MRPelectrode
under different magnetic fields. (d) Microstructural evolution of CI particles inside MRP electrode under the magnetic fields of 27mT, 54mT, 106mT, 169mT,
178mT, 206mT, 252mT.
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∑ ∑=
⎡

⎣
⎢− ⋅ + ⋅ − ⋅ ⋅

⎤

⎦
⎥

>

m H m m m tm tU μ
πr
1

4
( 3 )m

i
i

j i ij
i j i j0 3

(16)

Here V was the volume of the simulation box. rij and Fij represented
the position vector and the interaction force between a pair of particles.
The stress tensor and magnetic potential energy depended on the par-
ticle position, interaction and distribution in the matrix, which reflected
the evolution of the microstructure.

As shown in Fig. 7c, the magneto-induced stress between the CI
particles increased with the magnetic flux density. When the magnetic
flux density was larger than 100mT, the stress rapidly increased to the
maximum value and kept as a constant, which meant that the CI par-
ticles can be magnetized instantaneously. Particularly, the variation of
the chain-like structures of the CI particles assembled under different
magnetic flux densities were simulated (Fig. 7d). With increasing of the
magnetic flux density, CI particles gradually formed clear chain-like
structures. Moreover, under a larger magnetic flux density (106mT,
169mT, 178mT, 206mT, 252mT), the cluster-like structures became
more strengthened. Since the CI particles moved rapidly to form more
pronounced chain or cluster-like structures under a larger magnetic
field, the ions in the electrolyte of the electrode materials were more
electrochemically active, and the voltage variation was larger.

This magnetic field dependent sensor was favorable for smart dis-
playing devices. Here, the dual-mode sensor was extended to an array
configuration of several pixels to describe the comprehensive magnetic
sensing information. Schematic illustration of the fabrication processes
was showed in Fig. S7. As shown in Fig. 8a, a smart writing board
consisted of a 5×5 element magnetic sensor matrix (Fig. 8c) and a
magnetic pen (Fig. 8b) was constructed. When a magnetic pen that
could generate a local magnetic field moved to a certain unit of sensor
element, the voltage increased, while the voltage of others untouched
remained constant. Therefore, when the word was written with a
magnetic pen on the writing board, the signal of the voltage variation
was collected. Fig. 8d presented the handwritten words of "U" "S"
written under a 120mT magnetic pen and "T" "C" written under an
84mT magnetic pen. Clearly, “U” and “S” showed dark red color and
the “T” and “C” were pink, respectively. As magnetic field was lager,
the voltage variation was lager. To this end, the present dual-mode
sensor was expected to have broad application in electronic devices.

4. Conclusions

A flexible self-powered magnetism/pressure dual-mode sensor has
been reported by using MRP, graphite, NaCl and CuSO4 as electrode
materials. This multifunctional sensor can sense to both pressure and
magnetic fields without an external power supply. The sensor also ex-
hibited the high sensitivity of a slight pressure (1.3 kPa) and a small
angle bending (27°). It can detect the human joints motion and the
objects movement due to excellent stability and response. The CI par-
ticles inside the electrode material aggregated into chain-like and
cluster-like structures under a magnetic field. The voltage variation
increased gradually as the magnetic field strength increased. It pro-
vided a response to magnetic field and reached a sensitivity of 4.2%/
252mT. The arrangement of CI particles in the electrode material under
magnetic field was analyzed by particle-level dynamics method. As the
magnetic field increased, the particle chains became more compact to
form cluster structures, which explained the magnetic response me-
chanism of the sensor very well. Finally, a magnetic sensing smart
writing board assembled by the sensor array was developed. This
flexible self-powered dual-mode magnetism/pressure sensor exhibited a
great potential in intelligent electronic device such as personal health
monitoring, soft robots, and mobile electronics.
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