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ARTICLE INFO ABSTRACT

This work reported a stretchable, magneto-sensitive and discriminative strain sensor consisting of liquid metal
(LM) as the electronic circuit and carbonyl iron particles (CIPs)/polydimethylsiloxane (PDMS) composite as the
packaging material (LME-MRE). Due to the good elasticity of PDMS matrix and unique magnetic interactions
among CIPs, the LME-MRE sensor was both sensitive to the external mechanical and magnetic stimuli. Moreover,
owing to the fluidic nature of liquid metal, LME-MRE sensor also exhibited good electrically healing capability.
The relative resistance variation (AR/R,) of LME-MRE sensor reached as high as 1038 % under 40 % compressive
strain. The electrical properties of LME-MRE sensor also remarkably changed under cyclic stretching and
bending. Moreover, a 7.4 % decrement of resistance was achieved under applying a 300 mT magnetic field to
LME-MRE sensor. Importantly, the magnetic and mechanical stimuli could be discriminated by LME-MRE sensor
and a possible mechanism was proposed to describe the mechanic-electric-magnetic sensing characteristics.
Finally, a LME-MRE sensor array is developed for the detection of both compressive force and magnetic field,
demonstrating a broad promising in future intelligent devices, like artificial electronic skins and soft robotics.

Keywords:

Liquid metal

Strain sensor
Mechanic-magnetic sensitive
Magnetorheological elastomer

1. Introduction

Due to the increasing requirements of flexible electronic devices,
such as flexible sensors, artificial electronic skins, stretchable displays
and wearable electronics, the flexible and stretchable electronics have
attracted significant attention [1-11]. To replace the traditional rigid
electrical conductors, various types of soft and conductive composites
were fabricated and employed in practical applications thanks to their
multidirectional deformability and controllable conductivity. During
the fabrication process, there were two common methods to achieve the
highly conductive, stretchable and flexible features. The first one was
mixing conductive fillers such as carbon nanotubes [3,12,13], graphene
[4,14-16] and metallic micro-particles or nanowires [17-19] into the
elastomeric substrate. The second method was the formation of con-
ductive laminated structures containing the conductive layer and
stretchable substrate, for example, wavy metal lines or patterns on pre-
strained substrate [20-22], conductive networks polymer film [23-28]
and rigid electronic components integrated with soft substrate [29-31].
However, the rigid conductive layer would be damaged under large
mechanical stimuli, which lead to the decrease of conductivity. The
hybrid integration of rigid conductive layer and soft substrate would
weaken the stretchability and flexibility of sensor, then further hinder
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its ultimate utility in practical application like wearable and flexible
electronics.

Recently, the liquid phase conductive fillers such as ionic liquid and
liquid metal initiated a new way to fabricate all-soft sensors with good
shape reconfigurability, stable conductivity and healing capability. No
rigid components were required so that the all-soft sensor could be
easily compatible with the human body or other environments.
Especially, the liquid metal has been in extremely interests thanks to
the high electrical and thermal conductivity, negligible toxicity, low
vapor pressure and controllable melting point [32-37]. As compared
with other conductive liquid like ionic liquid, the oxide layer formed on
the surface of liquid metal helped to maintain its shape, so that the
devices could suffer less from the leakage if they were broken. Then the
all-soft sensors with laminated structures and liquid metal patterns
were developed [38-43]. Among the manufacturing processes, the
polydimethylsiloxane (PDMS) based liquid metal sensors have been
demonstrated to be good sensors due to their good mechanical strength
and deformability, arbitrary molding capability and high light trans-
mittance. Usually, liquid metal patterns were printed or encapsulated in
PDMS substrate and then sealed with a PDMS cover. Such fabrication
process produced ideal flexible and stretchable sensors because the
sensors could respond to the external stimuli like stretching, pressing,
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Fig. 1. The fabrication processes and digital images of LME-MRE.

bending and twisting. However, the complicated fabrication and single
functionality confined the further development of these sensors. In
order to further explore the liquid-solid coupling sensing behavior and
practical application of these sensors, more facile and convenient ap-
proaches to develop high performance PDMS based liquid metal sensors
were in pursuit.

Nowadays, sensors were often employed under complex environ-
ment, thus they needed the capability to tolerate and discriminate
various stimuli. For example, the magnetic sensor would suffer from the
high heat generation of the electromagnetic devices. For example, the
pressure sensor should avoid the influence of triboelectric and tri-
bothermal effect while it contacted with other objects. To this end, the
sensors integrated with functional composites like magnetoelectric and
thermoelectric material were developed. Among these materials, mag-
netorheological elastomers (MREs), consisting of magnetic particles and
non-magnetic elastomeric matrix comprising silicone rubber, natural
rubber and polyurethane, possessed typical mechanic-magnetic cou-
pling properties [44-48]. The magnetic particles were concentrated to
column-like structures and then fixed in the polymeric matrix. The
mechanical properties of MREs were significantly influenced by mag-
netic interactions among the particle chains. Owing to the particular
magnetic-induced properties, MREs could be employed as a magnetic
sensor [47,48]. According to the soft nature and magneto-sensitivity of
MREs, the integration between MREs and PDMS based liquid metal
sensors would be beneficial for fabricating stretchable, flexible and
magnetoresistive sensors with high sensing performance.

In this paper, liquid metal patterns were encapsulated in the
channel structures of carbonyl iron particles (CIPs) doped PDMS matrix
by a pure PDMS layer. The MRE with liquid metal (LME-MRE) pos-
sessed the advantages of simple fabrication, versatility, multidirectional
deformability, good durability, electrically healing capability, strain
and magnetic field dependent conductivity. Then the mechanic-electric-
magnetic coupling properties of LME-MRE sensor were systematically
investigated. The LME-MRE sensor could not only characterize the ex-
ternal strain and stress, but also detect the magnetic field. Surprisingly,
it could further discriminate the applied mechanical and magnetic sti-
muli. Additionally, a possible mechanism was proposed to analyze the
details of the mechanic-electric-magnetic coupling behavior. Finally, a
smart writing board was constructed by the LME-MRE sensor arrays.
The good sensing performance further demonstrated its feasibility

toward the future sensing devices.

2. Experiment and characterization
2.1. Materials and preparation

Firstly, the carbonyl iron particles (CIPs, type CN, BASF) were fully
mixed with the PDMS (Sylgard 184, Dow Corning GmbH) precursor and
curing agent (weight ratio 20:1) for 10 min as magnetorheological (MR)
precursor. The weight fraction of CIPs was set as 10 wt%, 30 wt% and
60 wt% to avoid the formation of cluster. Then the MR precursor was
treated by ultrasonic cleaner and vacuum oven for 5min to homo-
geneously separate CIPs and remove the bubbles. The MR precursor was
cured in channel structured molds for 25 min under 80 °C with the di-
mension of 50mm X 15mm X 1 mm, to make MRE with channel
structures inside. During the curing process, 1 T magnetic field was
applied perpendicularly to the molds to form the CIP chains by a
magnetic power system (IGLF-150, Beijing Saidi New
Electromechanical Technology Co., China). Besides, the pure PDMS
with weight ratio of 15:1 was cured for 20 min under 80°C as the
sealing layer (50 mm X 15mm X 2mm) and a hole puncher was used
to produce through-vias in the sealing layer. Then the PDMS sealing
layer was bonded with molded MRE substrate by oxygen-plasma
treatment. Then GalnSn liquid metal (LM, melting point 16 °C) was
injected into channel structures (10 cm in length, 500 pm in width and
300 um in thickness) by syringes and connected with copper wires
through the vias on PDMS sealing layer. Finally, the vias were sealed by
cured PDMS (Fig. 1).

2.2. Characterization

The morphology of LME-MRE was characterized by scanning elec-
tron microscope (SEM, Gemini 500, Carl Zeiss Jena Germany) and the
digital images were taken by digital camera (D1700, Nikon) and digital
microscope (KEYENCE VHX Digital Microscope, VH-Z100). Hysteresis
Measurement of Soft and Hard Magnetic Materials (HyMDC Metis,
Leuven, Belgium) and a rheometer (Physica MCR 301, Anton Paar Co.,
Austria) were employed to test the magnetic properties of MRE. A dy-
namic mechanical analyzer (DMA, ElectroForce 3200, TA instruments,
Minnesota 55344 USA) was utilized to supply the tensile and
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Fig. 2. Digital images of the liquid metal patterns inside MRE substrate: (a) strain sensor, (b) hexagon array and (c) 5 X 5 square array; SEM images of (d) channel
structure, MRE substrate with CIP content of (e) 10 wt% and (f) 60 wt%; digital images of a LME-MRE array under various mechanical deformation: (g) stretching, (h)

bending and (i) pressing.

compressive force to the LME-MRE sensor. The sensor was connected
with the Modulab® material test system (Solartron analytical, AMETEK
advanced measurement technology, Inc., United Kingdom) to evaluate
the electrical performance. In addition, a DC power supply (ITECH
IT6724), commercial electromagnet and permanent NdFeB magnet
were employed to generate magnetic field, and the magnetic flux
density was measured by a Tesla meter (HT20, Shanghai Hengtong
magnetic technology Co. Ltd, China).

3. Results and discussion
3.1. Design of LME-MRE

To validate the capability of the LME-MRE, the design of LME-MRE
with complex liquid metal patterns was demonstrated (Fig. 2a—c). In
these patterns, the channel structures were fully filled with liquid metal
that no obvious defect was observed in straight channels and sharp
corners, which showed the reliability of LME-MRE.

In Figs. 1 and 2d, the clear interface between PDMS sealing layer
and MRE substrate indicated that the channel structures were success-
fully formed. The smooth light area inside the channel clarified that
liquid metal was totally encapsulated without leakage. Moreover, the
CIP chains were embedded in the PDMS matrix and aligned along the
applied magnetic field (Fig. 2e,f). Undoubtedly, by increasing the CIP
content, the chain-like structures in the matrix obviously increased.
Under the magnetic field, the magnetic induced properties of LME-MRE

were enhanced by stronger particle interactions. So the mechanic-
electric-magnetic coupling properties of LME-MRE sensors were de-
pended on the CIP content. The LME-MRE sensor arrays possessed good
flexibility under various mechanical stimuli, such as stretching, bending
and pressing (Fig. 2g-i). So the highly flexible LME-MRE sensors with
complex liquid metal patterns were fabricated, which was a new ap-
proach of all-soft and magneto-sensitive sensor.

Interestingly, the iron particles and liquid metal endowed LME-MRE
sensor with unique magnetic properties and electrically healing cap-
ability. Here, the MRE substrate with different CIP content were tested
by HyMDC to evaluate the magnetic properties. The saturation mag-
netization was 20.3 emu/g, 55.9 emu/g and 110.5 emu/g for MRE with
CIP content of 10 wt%, 30 wt% and 60 wt%, respectively (Fig. 3a). The
variation tendency of saturation magnetization was coincident with CIP
content of MRE, which reflected the stable magnetization performance
of CIPs inside the MRE substrate. Under the shear frequency of 5 Hz and
strain amplitude of 0.1 %, the shear storage modulus G of MRE evi-
dently increased with the magnetic field, which showed typical mag-
netorheological effect of MRE (Fig. 3b). By increasing the CIP content
from 10 wt% to 30 wt% and 60 wt%, the initial modulus G, and mag-
netic induced modulus G, = G — G, significantly increased, which
proved the enhancement of magnetic induced properties. Afterwards, a
light emitting diode (LED), Arduino breadboard and power module
were employed to establish a constant voltage circuit to show the
healing capability of stretchable liquid metal circuit. The LME-MRE
sensor was severed with scissors and healed electrically for several
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Fig. 3. (a,b) Magnetization curves and storage modulus of MRE substrate with CIP content of 10 wt%, 30 wt% and 60 wt%); (c—e) digital images of LME-MRE sensor
integrated with breadboard and LED: cut and reconnection, scale bar: 1 cm; (f) the corresponding resistance variation of LME-MRE sensor.

times under ambient conditions (Fig. 3c—e). The brightness of LED
could be remained after the reconnection. Because the initial resistance
of LME-MRE sensor was 0.82 Q, and after reconnection it was 0.79 Q
(Fig. 3f).

3.2. Mechanic-electric coupling properties of LME-MRE sensor

One of the main requirements for flexible sensors was to maintain
their electrical functionality during the deformation. In order to sys-
tematically evaluate the mechanic-electric coupling properties, the
sensing performance of LME-MRE sensor with 60 wt% CIP content MRE
substrate was tested by applying cyclic compressive and tensile force.
To investigate the compressive behavior, a 3D-printed plastic bar
(bottom area: 4 mm X 4 mm, Flashforge, 1td, China) was prepared to

compress the surface of LME-MRE perpendicularly, for the simulation
of a finger (Fig. 4a). Then the compressive test system, consisting of the
DMA, the 3D-printed bar and an electromagnet was established. Two
signal lines were employed to deliver the electrical signals from sensor
to Modulab system.

Here, the compressive strain with cyclic sine waveform was applied
to the LME-MRE sensor and no current was applied to the electro-
magnet to keep the same test environment with magnetic-compressive
coupling test. The resistance variation was defined as AR = R — Ry, Ry
was the initial resistance. Keeping the compressive frequency at 0.5 Hz,
the R quickly increased from 0.81 Q2 to 9.21 Q2 under 40 % compressive
strain, for which AR/R, reached 1038 %. Due to the Mullis effect, the
MRE substrate was strain softened, which resulted in the initial peak
value of resistance. So the AR/R, and compressive force of later stable
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Fig. 4. (a) Digital images of the cyclic compressive test system: clamp of DMA, 3D-printed bar, electromagnet, scale bar: 2 cm; (b,c) the compressive strain dependent
resistance and force of LME-MRE sensor at the compressive frequency of 0.5 Hz; (d) initial value and first derivative of AR/R, versus compressive strain; (e,f) typical
resistance and force under the compressive strain amplitude of 33 %; (g) the AR under step by step loading with increasing compressive strain; (h) the resistance and
force versus compressive frequency under the compressive strain amplitude of 33 %; (i) the stability under cyclic compressive loading.

cycles were collected here. They could accurately return to the original
state after each 20 compress-release cycles, demonstrating the good
repeatability. When the compressive strain amplitude varied from 20 %
to 40 % with the increment of 3.33 %, the AR gradually enhanced
(Fig. 4b). The AR/R, versus compressive strain for the loading and
unloading phases with the amplitude of 33 % have shown the low
hysteresis of LME-MRE sensor (Fig. S2a). The electrical properties of
LME-MRE mainly relied on the dimension of the liquid metal circuit
inside. R = pl/s, p was the resistivity of liquid metal,  was the length
and s was the cross-sectional area. The higher the compressive dis-
placement, the tighter the LME-MRE was compressed, the smaller the
channels. Thanks to the liquidity of GalnSn, it would easily deform
within compressed channels. Then the s decreased, which led to the
increase of R. During the unloading phase, the bar was removed, hence
the deformation of channels recovered and the resistance decreased.
Meanwhile, it was also observed that the compressive force pre-
sented the same variation tendency with compressive strain. Under
various compressive strain amplitude, the maximum compressive force
enhanced from 28.5 N to 76.7 N (Fig. 4c). Especially, both the electrical
and mechanical signals under the compressive strain amplitude of 33 %
exhibited good stability (Fig. 4e.f). Here, the initial thickness of sensor
D, was 3.0 mm and the compressive displacement varied from 0.4 mm
to 1.2 mm with increment of 0.1 mm. The local compressive strain g
was defined as AD/D,, the direction was along the thickness in which
AD was the variation of thickness. In order to further evaluate the

sensing performance of LME-MRE sensor, the gauge factor (GF,) was
calculated by ARI/ Ro . Clearly, GF,, could be divided into two parts (blue
and green region) with different variation tendency and the corre-
sponding compressive strain was 13%-25% and 25%-40%. After being
fitted, the GF, reached as high as 6.5 + 1.1 and 63.5 + 4.1 in blue
and green region, respectively. The increasing M further in-
dicated the enhancement of sensitivity (Fig. 4d). In the low compressive
strain region (blue region), the 3D-printed bar slightly compressed with
the surface of PDMS sealing layer and the deformation of the sealing
layer was small, so the dimension of channels under the sealing layer
also changed a little, thus the resistance of LME-MRE increased slowly.
Then in the green region, this area of LME-MRE sensor was squeezed so
hard by the plastic bar, hence the channels had a large deformation and
the resistance significantly increased. In the stress-strain curve, the
hysteresis loop showed the typical viscoelasticity of LME-MRE. And the
variation tendency of compressive stress was consistent in each cycle,
which represented the good repeatability (Fig. S3). Under step loading,
the compressive displacement changed from 0.6 mm to 1.2 mm with the
increment of 0.1 mm, and the dwell time was 15s (Fig. 4g). The re-
sistance of LME-MRE sensor was stable under each compressive strain,
so the noise in the sensor response showed few influence on the sensing
performance.

Moreover, the compressive frequency also hardly affected the
electrical properties of LME-MRE sensor. After the compressive strain
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Fig. 5. (a) Digital images of the cyclic tensile test system, scale bar: 1 cm; (b,c) the tensile strain dependent resistance and force of LME-MRE sensor at the tensile
frequency of 0.5 Hz; (d) AR/R, versus tensile strain; (e) AR/R, at various tensile frequency under the tensile strain amplitude of 10 %; (f) the electrical and mechanical

response of LME-MRE sensor under tensile strain with square waveform.

amplitude was set at 33 %, R could be kept stable during the loading-
unloading phases under different compressive frequency (0.125 Hz,
0.25Hz, 0.5Hz and 1Hz). The compressive force was recorded syn-
chronously which possessed similar variation tendency with R (Fig. 4h).
As the stability of sensing devices was essential in practical application,
a continuous cyclic test was conducted by compressing the LME-MRE
sensor under 0.5Hz and 1 mm for 3500 cycles (Fig. 4i). Although the
reduction of electrical response in 3500 cycles was about 21.9 %, the
conductivity change was only 5.3 %, which was relatively small. The
results of cyclic compressive tests demonstrated that LME-MRE could be
employed in sensing devices due to good sensitivity.

To further explore the potential of LME-MRE in sensing devices, the
tensile strain sensing performance was tested. During the test, the LME-
MRE sensor was fixed with the clamps of DMA (stretch area:
30 mm X 15mm), and tested under tensile strain with cyclic sine wa-
veform (Fig. 5a). The R increased by 33.7 % with the sensor was
stretched by 10 %. And the corresponding tensile stress reached 71 +
0.5kPa with little hysteresis (Fig. 5b,c). Both the mechanical and
electrical performance of LME-MRE sensor recovered in each stretch-
release cycle. The AR/R, versus tensile strain for the loading and un-
loading phases with the amplitude of 10 % further showed the little
hysteresis of LME-MRE sensor (Fig. S2b). Here, the gauge factor GF, was
calculated by %ﬁ’eo, & = Al/ly, g was the tensile strain along the length
of sensor, Al and [, was the variation and initial value of length.. The
sensitivity of LME-MRE sensor under cyclical tensile strain was 3.53 +
0.2 with the fit coefficient of 0.972 by fitting (Fig. 5d). The AR/R,
gradually increased with the elongation of sensor, demonstrated its
feasibility in tensile sensing.

Afterwards, the electrical responses of LME-MRE sensor at various
tensile frequency were investigated (Fig. 5e). The AR/R, was stable at
0.125Hz, 0.25 Hz, 0.5 Hz and 1 Hz under tensile strain amplitude of 10
%, respectively. The results indicated the performance of LME-MRE
sensor was hardly affected by the tensile frequency, which was similar
to cyclic compressive test. Furthermore, the tensile strain with square
waveform was employed to evaluate the responsive behavior of LME-
MRE sensor (Fig. 5f). When the DMA clamp suddenly moved up for
3 mm, the instantaneous tensile force reached 3.32N. However, the
liquid metal circuit slowly deformed inside the stretched channels, so R

also gradually raised (the blue region). Then the clamp dwelled, the
tensile force and AR/R, kept at a balanced value (3.1 N and 34 %).
During the unloading phase, a similar and symmetrical variation could
be found on the mechanical and electrical response of LME-MRE sensor.
The stable tensile sensing performance made LME-MRE an ideal can-
didate for sensing devices.

The high flexibility of MRE substrate and soft nature of liquid metal
endowed LME-MRE sensor with good bending properties. For cyclic
bending test, compressive strain with cyclic sine waveform was applied
to compress the end of sensor, which made the LME-MRE bent. Here,
the bending angle 6 at the middle was defined as the difference between
the inclination of LME-MRE upper and lower part, and the bending
angle a at the two sides was defined as the rotation of upper and lower
part from the central axis (Fig. 6a). The larger the compressive dis-
placement, the greater the 6 and «. The AR of LME-MRE sensor was
indeed due to the bending at the middle and two sides of sensor.
However, the upper and lower part was short and almost flat, so ~ 2a,
and the 6 could be used to represent the global bending of LME-MRE
sensor. After keeping the test frequency at 0.5 Hz, the R increased by 20
% with 6 from 0 to 70 °, for which the variation tendency was similar to
cyclic compressive and tensile tests (Fig. 6b). As 6 increased, the de-
formation of both the channel structures and liquid metal was larger,
which led to larger variation of electrical properties. The AR/R, reached
1.1 %, 5.4 %, 10.0 % and 20.7 % while the 6 kept at 10 °, 30 °, 50 ° and
70 °. The AR/R, versus 0 for the loading and unloading phases with the
amplitude of 60 ° exhibited the little hysteresis of LME-MRE sensor in
cyclic bending (Fig. S2c). At the same time, the GF; (%/QR“, AB was the
variation of bending angle) gradually increased and the fitted results
exhibited that the sensitivity was enhanced from blue to green region
(Fig. 6C).

The electrical performance of LME-MRE sensor was barely impacted
by the bending frequency. Kept the bending frequency at 0.125 Hz,
0.25Hz, 0.5 Hz and 1 Hz, the AR/R slightly varied as 14.4 %, 14.0 %,
13.6 % and 13.5 % under 60°, which still conformed with the conclu-
sion in cyclic compressive and tensile tests (Fig. 6d). The variation of
bending force was also synchronously recorded to evaluate the me-
chanical performance of LME-MRE sensor. Furthermore, after bending
for 3000 cycles under 60 ° and 0.5 Hz, the R virtually recovered in each
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Fig. 6. (a) Digital images of the cyclic bending test system, scale bar: 1 cm; (b) the bending angle dependent resistance of LME-MRE sensor at bending frequency of
0.5Hz; (c) AR/R, versus bending angle; (d) the resistance and force at various bending frequency under the bending angle of 60°; (e) the stability under cyclic
bending; (f) the electrical and mechanical response of LME-MRE sensor under bending with cyclic sine and triangle waveform.

bend-release cycle, which proved the good stability of LME-MRE sensor
(Fig. 6e). Moreover, the kind of loading waveform could be dis-
criminated by the LME-MRE sensor. When cyclic sine or triangle wa-
veform was applied, the R, and AR kept consistent in each cycle,
showing same variation tendency with the loading, which further de-
monstrated the feasibility of LME-MRE sensor (Fig. 6f).

3.3. Magnetic-electric coupling properties of LME-MRE sensor

Because of the particle interactions among numerous CIP chains
embedded in PDMS matrix (Fig. 2d-f), LME-MRE possessed unique
magnetic-induced capabilities. It could synchronously deform and re-
cover as the magnetic field is applied and removed. Here, the LME-MRE
sensors containing MRE substrate with CIP content of 10 wt%, 30 wt%
and 60 wt% were tested, marked as X wt% LME-MRE sensor. During the
test, the current with cyclic sine or square waveform was applied to
electromagnet and LME-MRE sensor was placed on the center of elec-
tromagnet (Fig. 7a). By varying the current amplitude from 1 to 2, 3, 4
and 5 A, the maximum magnetic flux density generated by the elec-
tromagnet increased from 100 mT to 200 mT, 300 mT, 350 mT and
400 mT.

By applying cyclic magnetic field with the amplitude of 300 mT and
period of 65, the R of 60 wt% LME-MRE sensor ranged from 0.81 Q to
0.75 Q, for which the variation tendency was interestingly contrary to
the results under cyclic mechanical stimuli (Fig. 7b). Clearly, the ab-
solute value of AR gradually increased with magnetic flux density. The
AR/R, versus magnetic flux density for the loading and unloading
phases with the amplitude of 350 mT also showed the little hysteresis of
LME-MRE sensor (Fig. S2d). By increasing the CIP content from 10 wt%
to 30 wt% and 60 wt%, the absolute value of GF, (AIZ/BRO, AB was the
variation of magnetic flux density) dramatically increased, and the
corresponding magnetic sensitivity enhanced from 0.05 to 0.08 and
0.19+ 0.01 mT~! (Fig. 7c). A mechanism was proposed to describe the
magnetic-electric coupling sensing performance of LME-MRE sensor
(Fig. 7g). Under the external magnetic field, the channel structures
inside MRE substrate deformed into concave shape due to the magne-
tostriction of MRE substrate, hence the bottom of liquid metal became
convex, both the width d and length | of liquid metal patterns

decreased. The resistance of liquid metal R = pl/s and the volume of
liquid metal V=1xs, so R = pl/s = pl?/V. During the test, the re-
sistivity p and volume V was unchanged, so the decrease of [ resulted in
the decrease of R. The higher the CIP content, the more the CIPs chains
were formed (Fig. 2e—f). Thus the particle interactions were also aug-
mented, which led to the larger magnetic-induced deformation of LME-
MRE and higher magnetic sensitivity.

Moreover, the cyclic magnetic-compressive coupling test was con-
ducted to validate the ability of LME-MRE sensor to discriminate
magnetic and mechanical stimuli. The test environment of cyclic
magnetic-compressive coupling test was the same as cyclic compressive
test. At first, the sensor was compressed by the 3D-printed bar with no
current was applied to electromagnet. After one compressive cycle, the
bar was dwelled and the current with sine waveform was applied to
electromagnet for one cycle, then the process was repeated. The AR/R,
under compressive displacement of 0.4 mm and magnetic field of
100 mT was 3% and —3% (Fig. 7d). The electrical response of LME-
MRE sensor to compressive force and magnetic field was contrary, so
the kind of stimuli could be easily discriminated. By increasing of
compressive strain or magnetic flux density, the absolute value of AR
both increased, which was consistent with the results in cyclic com-
pressive and magnetic field tests. After applying magnetic field with
cyclic square waveform for 400 cycles, the electrical properties of
LME-MRE sensor were still stable in each on-off cycle, which further
proved the good stability (Fig. 7e). Finally, magnetic field with cyclic
sine and square waveform could be discriminated by the LME-MRE
sensor. The good responsive performance further demonstrated its po-
tential in sensing components (Fig. 7f).

3.4. Application of LME-MRE sensor

The experiments showed that the LME-MRE sensor possessed both
good mechanical and magnetic sensing performance, which made it an
ideal candidate for flexible sensors. In order to further illustrate the
applicability of LME-MRE, the LME-MRE sensor was integrated on
gloves to detect the finger motion, and LME-MRE sensor arrays were
developed for the detection of compression and external magnetic field.
The MRE with the CIP content of 60 wt% and the dimension of



T. Hu, et al.

Sensors & Actuators: B. Chemical 314 (2020) 128095

C
| ——100mT——200mT —— 300mT > £~
0:e2 350mT 400mT 01 °\n 0.05m -1
—_~ a »
] ?\ f Gr _ =
\03/080 \/ \/ \/ \/ ? 24 m 008 =
o > z mr1
[ | \. = )
) ‘ i o S s
2 078 C 1 VI VL 4 = “
@~ ‘ ‘ @ Exp Fit
Q ‘ ‘ < P
2 ° 10Wt%
| 61 o —a3owt% *%
076 o — G0wt% N
b 4
B 0 10 20 30 40 0 100 200 300 400
d Magnetic field Time(s) ; Magnetic flux density(mT)
0.85 2 -
6. 0.55mm ?QOmT S ol —Sine —— Square
g )
350.80; ©
’; 3' ~ =l -4
< § | L" T 6] U
= -4 - ~
g 0 -g 0.75 0.82 1 %‘360.
v @ ‘ q 082 ‘ ‘ ‘ g ﬂ
< .3 Q 0s0 ‘ 3 2404
X 0.704 . J ‘ L 080 U ‘ ‘ U x
200mT 0.78: u L ﬁ 120+
61 300mT 74 76 78 80 82 370 372 74 376 378 2 0l
; ! ! ! ! 0.651— . . r . =) y y . . . 4
0 200 400 600 800 0 100 200 300 400 2 0 10 20 30 40 50
Time(s) Cycle Number Time(s)
9 Deformation of
PDMS matrix _ .
~ | - matrix --__ :
N - -
2 I —
N | ‘ N
> vy (- |
Magnetic

 —
field

\
CIP chains

\
Particle
interaction

Fig. 7. (a) Schematic illustration of the electromagnet and LME-MRE sensor; (b) the magnetic field dependent resistance of LME-MRE sensor with the period of 6s;
(c) AR/R, versus magnetic flux density; (d) AR/R, under cyclic magnetic-compressive coupling loading; (e) the stability under cyclic magnetic field; (f) the response
of LME-MRE sensor under magnetic field with sine and square waveform; (g) schematic illustration of the magnetic-electric coupling sensing mechanism.

50mm X 50mm X 1 mm was selected as the substrate for sensor ar-
rays. The channel structures inside the MRE substrate was 500 um in
width and 300 um in thickness.

By integrating the LME-MRE sensor on the gloves, the motion of
finger could be recorded (Fig. 8a,b). When bending the finger, the LME-
MRE sensor was also synchronously stretched. With the increase of
bending angle 6, the AR/R, gradually enhanced, then AR/R, recovered
after the finger was outspread. By moving a permanent NdFeB magnet
to the center of 3 x 3 LME-MRE sensor array, the corresponding 2D
intensity profile of AR/R, showed the distribution of applied magnetic
field (Fig. 8c,d). During the process, the bottom of channel structure
kept at a convex shape by the attracting of permanent magnet. Then
length ! of liquid metal patterns increased, which caused the increase of
R. This electrical response was contrary to the cyclic magnetic field test
because the electromagnet generated an opposite magnetic attractive
force under the LME-MRE sensor. What’s more, the LME-MRE sensor
could be used as a smart writing board (Fig. 8e). When writing on the
5 X 5 LME-MRE sensor array, the liquid metal circuit under the stylus
pen significantly deformed, which led to the increase of R. And the R of
other areas remained constant. Fig. 8f presented the handwritten word
of “L” in light and dark green. The larger the compressive force, the

greater the AR, showing the darker color than other areas. Thanks to
the mechanic-magnetic detection ability, the LME-MRE was proved for
the feasibility in future electronic devices.

4. Conclusion

In summary, the LME-MRE sensor consisting of channel structured
PDMS/CIPs composite and liquid metal circuit was developed. The CIPs
formed chain-like structures parallel to magnetic field in the MRE
substrate. During the loading and unloading phases, the liquid metal
deformed with the channel structures inside MRE substrate. The strain
sensor based on LME-MRE was proved to have good sensing perfor-
mance under mechanical stimuli like pressing, stretching and bending.
Moreover, the responsive performance of LME-MRE sensor was syn-
chronously influenced by the external magnetic field, which indicated
that it was able to be used as magneto-resistive sensor. Especially, the
magnetic and mechanical stimuli could be discriminated by the dif-
ferent responses of LME-MRE sensor. Finally, the LME-MRE was de-
veloped to smart sensor arrays for mechanic-magnetic detection.
Hence, the good mechanical properties and unique sensing performance
of LME-MRE guaranteed that it could be widely used in future
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intelligent sensing devices.
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