¥ ® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Triple-shape memory, magneto-response,
and piezo-resistive flexible composites:
multiple-sensing and switchable actuatingf
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Flexible strain sensors made of conductive composites provide an opportunity for monitoring human
motions and external stimuli. However, it is still in pursuit to fabricate multifunctional strain sensors with
shape memory effects to further broaden the practical applications. Herein, we designed and fabricated
a high-temperature liquid metal-based magneto-resistive strain sensor with a triple-shape memory
effect, stimulus-dependent conductivity, and magnetically driven property. The shape memory effect
endowed the sensor with the ability to adapt its morphology to detect and fix on the objects with an
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arbitrary shape. The stimulus-dependent conductivity caused the sensor to generate a corresponding
electrical signal when it detected any human motion and magnetic field. The magnetically driven
properties broadened the application of the sensor, such as a smart gripper. Therefore, this multifunctional
flexible strain sensor could be a good candidate for future intelligent electronics such as e-skins, soft
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Introduction

Recently, with the rapid development of flexible electronics
such as flexible sensors, e-skins, smart wearable devices, and
soft robotics, there was an increasing awareness of the flexible
strain sensors.” ' To achieve conductive and flexible features
in these sensors, effective methods for integrating a conductive
filler and an insulating polymer matrix together became essential.
Some conductive composite sensors consisted of a laminated
conductive layer and a stretchable substrate layer such as con-
ductive films and networks, complicated conductive patterns, and
rigid electronic components integrated on a soft substrate.
Besides, many conductive composites were fabricated by directly
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robotics, morphing structures, and biomedical devices.

mixing conductive fillers such as carbon nanotubes,>'*'

graphenes,®’™"” metal microparticles and nanowires'"'%°
into a polymeric matrix. Recently, liquid metal (LM) was
utilized as a liquid-phase conductive filler due to its high
electrical and thermal conductivity, arbitrary shape reconfigur-
ability, negligible toxicity, controllable melting point, and
healing capability.>*'7?°* After being dispersed into the
matrix, the liquid metal would break into microdroplets, which
could deform with the matrix and retain the properties. How-
ever, the LM-embedded composites were often insulating, but
became conductive once the LM microdroplets ruptured and
contacted with others, which made these composite sensors
exhibit little response to external strain. The single functionality
further confined the development of LM-embedded composite
sensors. To improve the responsive capability and broaden the
practical application, there was a strong need for more facile and
effective approaches to develop highly sensitive LM-embedded
conductive composite sensors consisting of LM and other multi-
functional materials.

Shape memory polymers (SMPs) are a kind of temperature-
sensitive material for which could be fixed into a programmed
temporary shape and then recover the original shape under
external heat, light and chemical environment.*>™*° The crystal-
lization/melting point T},, of the temperature-controlling component
determined the shape memory effect of a temperature-triggered
SMP. During a shape memory cycle, SMP was programmed into a
temporary shape at a temperature higher than 7,,,. After cooling
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and unloading the stimuli, SMP would recover its original shape
when heated at a temperature higher than T;, again. Because
multifunctional flexible strain sensors were often employed to
detect objects with a complex morphology, SMP could meet the
requirement of multiple shape manipulations well, such as
attaching, detecting and fixing on the objects. However, the
traditional SMP showed the drawback of only one-way shape
memory actuation and single functionality. To further expand
its applications in multifunctional flexible strain sensors, the
hybrid composites with more functionalities and reprogrammable
shape memory effects consisting of SMPs and other multifunctional
materials need to be developed.

Moreover, among the multifunctional materials, the magneto-
sensitive materials (MSM) consisting of magnetic particles and a
non-magnetic polymeric matrix also have aroused great interest
thanks to the untethered control for deformation, switchable
mechanical properties, and non-contact sensing behavior. The
interactions among the magnetic particles made them aggregate
along the magnetic field, and then the mechanical properties
of MSM were significantly enhanced. Owing to the special
magnetic-induced properties, flexible sensors>*>*?>41743 and
actuators®”**™*” based on MSM were developed by the combi-
nation of conductive fillers, magnetic particles, and polymeric
matrix. With the loading and unloading of magnetic field,
effective conductive pathways in these sensors would be broken
and reformed by magnetic particles, which led to the variation in
conductivity. The magnetic force of these particles also endowed
MSM with the magnetically driven property, to achieve the
untethered control for deformation. To this end, according to
the high electrical/thermal conductivity and controllable melt-
ing point of LMs, temperature-dependent properties of SMPs,
the soft nature and magneto-sensitivity/drivability of MSMs, the
integration of LMs, SMPs and MSM would be advantageous for
developing multifunctional flexible strain sensors with high
sensing performance, multiple sensitivity and extensive prospects.

In this work, a high-temperature liquid metal (HLM)-based
magneto-resistive strain sensor (PPLC sensor) with the advantages
of simple fabrication, triple-shape memory effect, stimulus-
dependent conductivity, good magnetically driven property
was developed. The PPLC sensor was fabricated by directly
dispersing the HLM particles and carbonyl iron particles (CIPs)
in the polyurethane (PU)-polycaprolactone (PCL) matrix. In this
multifunctional composite sensor, the HLM particles and CIPs
could form effective conductive pathways, which could be
selectively controlled by adjusting the compressive strain and
magnetic flux density. In addition, temperature-controlling
components HLM and PCL could be crystallized/melted in
the sensor at different temperatures. Thus, the sensor realized
triple-shape memory effects with good repeatability, which
could be integrated with an electromagnetic device to measure
the changes in the magnetic field and heat. A possible mechanism
was proposed to analyze the sensing performance. Finally, a smart
alarm system and a six-arm smart gripper were constructed from
the PPLC sensor. The multiple sensing and switchable actuating
further demonstrated its wide potential for multifunctional flexible
electronics.
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Experimental section
Materials and preparation

First, the low crosslinking PU was self-prepared and the
method has been reported in our previous work.”® Then the
PCL pellets (Zhanyang Polymer Material Co., Ltd China) were
melted and fully mixed with PU (weight ratio 2:8) at 80 °C.
Afterward, the HLM (44.7 wt% Bi, 22.6 wt% Pb, 19.1 wt% In,
8.3 wt% Sn and 5.3 wt% Cd, density 9.36 g cm ™, Yongcheng
Metal Material Co., Ltd China) and CIPs (type CN, BASF) were
added to the matrix. The HLM was fully stirred in the PU-PCL
matrix until no obvious HLM precipitation could be found in
the beaker. Here, the weight fraction of PU-PCL was kept at
10 wt%, and the content of the HLM in PPLC varied from
80 wt% to 40 wt%, while the weight fraction of CIPs varied from
10 wt% to 50 wt%. The mixture was stirred at 80 °C for 1 h to
homogenously separate the HLM and iron particles inside.
Finally, the mixture was compressed into a mold and pre-
structured at 80 °C for 30 min, and then 1 T magnetic field was
generated using a magnetic power system (IGLF-150, Beijing Saidi
New Electromechanical Technology Co., China) (Fig. 1a). Poly-
dimethylsiloxane (PDMS, Sylard 184, curing ratio 10: 1) cured in
a 3D-printed mold was used as a shell to encapsulate PPLC.

The as-made PPLC exhibited temperature-dependent properties
due to the different melting points of PCL (T, = 58 °C) and HLM
(Tim = 47 °C). The PPLC sensor was stiff enough to support the
permanent magnet and maintain its shape at room temperature
(25 °C). After heating for several minutes, the temperature of PPLC
reached 58 °C, thus the PCL crystals were melted, and the PPLC
sensor was dramatically softened which could not support the
magnet and maintain the shape anymore. Finally, the magnet
sank into PPLC, which must be owing to the softening and
magnetic properties of PPLC (Fig. 1b and ¢, Movie S1, ESIY).
The PPLC sensor also possessed good flexibility under various
mechanical stimuli like bending and compressing (Fig. 1d and f).

In Fig. 1g, the neat surface of PU-PCL proved that the PCL
pellets were totally melted and successfully mixed with PU without
any residual component. Then, the CIPs were embedded in the
PU-PCL matrix and aligned in chains along the applied magnetic
field in PU-PCL-CI (Fig. 1h). Furthermore, the white sphere
particles embedded in the matrix demonstrated that the added
HLM was broken into particles with a diameter of micrometers
(Fig. 1i). The EDS elemental mappings further proved that the CIPs
and HLM particles were mostly in spherical morphologies and well
dispersed in the matrix (Fig. 1j). The PPLC sensor with CIPs, HLM
particles, and PU-PCL matrix was fabricated, which was a new
approach of the multifunctional flexible strain sensor.

Characterization

The morphology of PPLC was characterized using a scanning
electron microscope (SEM, Gemini 500, Carl Zeiss Jena Germany),
and the digital and thermal images were acquired using a digital
camera (D1700, Nikon) and a thermal camera (ImageIR 8300,
InfraTec Germany). Hysteresis Measurement of Soft and Hard
Magnetic Materials (HyMDC Metis, Leuven, Belgium) and a
commercial rheometer (Physica MCR 302, Anton Paar Co., Austria)

J. Mater. Chem. C, 2021, 9, 6568-6578 | 6569


https://doi.org/10.1039/d1tc01060c

Published on 27 April 2021. Downloaded by University of Science and Technology of Chinaon 5/28/2021 1:17:13 AM.

Journal of Materials Chemistry C

a Heating ‘&-\‘
> g
Liquid metal
.,,;\o%

Polyurethane W T
(PU) ?\‘\’{ ’ PU-PCL

Iron particles

m % :
{ <
Magnellc field qgcg",“
o

Polycaprolactone

PCL)

PPLC

Room temperature High temperature

S’(lff

N 4
1icm
w—’_/bend bend =

Fig. 1

(T<Tm) I (T>Tw) ’

|\
compress

View Article Online

Paper

Plastic

(a) Fabrication processes of PPLC; (b) digital images and (c) thermal images of the PPLC heating by the platform of a 3D printer; digital images

of the PPLC sensor under (d and e) bending and (f) compressing; scanning electron microscopy (SEM) images of (g) PU-PCL matrix, (h) PU-PCL-Cl and
(i) PPLC; and (j) the energy-dispersive X-ray spectroscopy (EDS) elemental mappings of PPLC.

were employed to test the magnetization and rheological properties
of PPLC. A dynamic mechanical analyzer (DMA, ElectroForce 3200,
TA instruments, Minnesota 55344 USA) was utilized to supply the
compressive force. During the tests, the PPLC sensor was connected
to the Modulab® material test system (Solartron analytical, AME-
TEK advanced measurement technology, Inc., United Kingdom) to
evaluate the conductivity variation. In addition, a direct current (DC)
power supply (ITECH IT6724), commercial electromagnetic coils,
and permanent NdFeB magnet were employed to generate the
magnetic field. A 3D printer (Flashforge, Itd, China) was employed
to fabricate the molds.

Results and discussion
Rheological properties

Interestingly, the CIPs, HLM particles, and PCL crystals endowed
PPLC with switchable mechanics. Here, the pure HLM droplet,
PU-PCL, PU-PCL-LM, and PPLC samples with 20 mm diameter
and 1 mm thickness were tested using a rheometer (Fig. 2a—c).
The fluidity of the high-temperature liquid metal (HLM) at 60 °C
is shown in Fig. S1 (ESIt); the viscosity of the HLM droplet
gradually decreased with the shear rate from 10 s~ " to 40 s~ . The
shear strain oscillated at a frequency of 5 Hz with an amplitude of
0.1%. When the test temperature T increased from 5 °C to 80 °C,
the storage modulus G’ of the pure PU-PCL, PU-PCL-LM and
PPLC dramatically decreased from 1.2 MPa, 3 MPa, and 3.3 MPa
to 12 kPa, 14 kPa, and 22 kPa, respectively. The results clearly
indicated the temperature-dependent properties of PPLC. What is
more, the loss modulus G” of PU-PCL-LM and PPLC gradually

6570 | J Mater. Chem. C, 2021, 9, 6568-6578

increased with 7 when it was below 20 °C, but it kept decreasing
for the pure matrix. It demonstrated that melting of HLM
particles influenced the properties of PPLC. Therefore, the
HLM particles could be effectively used as the temperature-
controlling component in PPLC.

Afterward, the PPLC sensors with different CIP contents were
tested by HyMDC to evaluate the magnetization properties.
The saturation magnetization increased from 23.9 emu g ™'
111.1 emu g~ ' with the increase in the CIP content from 10 wt%
to 50 wt% (Fig. 2d). It changed coincidently with the CIP
content, which reflected the stable magnetization properties
of CIPs. At the same time, the initial modulus G, of PPLC varied
from 0.33 MPa to 0.67 MPa at 25 °C, proving the enhancement
by CIPs. When T exceeded 60 °C, a dramatic drop of G’
occurred, which indicated that the PCL crystal could be used
as another temperature-controlling component (Fig. 2e and f). A
similar variation tendency could be observed in G” of PPLC. There-
fore, the introduction of CIPs would not hinder the melting of
temperature components (HLM and PCL). Moreover, the influence
of the magnetic field was investigated. The PPLC sensor showed a
typical magnetorheological (MR) effect (Fig. 2g-i). G’ of 40 wt%
PPLC increased from 0.13 MPa to 2.59 MPa as the magnetic flux
density raised from 0 to 900 mT, with an MR effect of 1892%. After
the HLM particles and PCL crystals were fully melted, the PPLC
sensor was in a softened gel state, CIPs could overcome the binding
of the matrix and aligned in chains along the magnetic field more
easily. The saturated magneto-induced modulus also significantly
increased with the CIP content, showing stronger magnetic inter-
actions among iron particles. These results indicated that PPLC

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Temperature-dependent storage and loss modulus of (a) pure PU-PCL matrix, (b) PU-PCL-LM, and (c) PPLC; (d) the magnetization curves of
PPLC with the CIP content from 10 wt% to 50 wt%, (e) storage and (f) loss modulus of PPLC with CIP content from 10 wt% to 50 wt% versus temperature;
the (g) storage modulus, (h) loss modulus and (i) loss factor versus magnetic flux density.

could be employed in multifunctional flexible sensors due to the
good magnetic field-temperature dependent properties.

Magnetic field sensing performance

Due to the magnetic interactions among the CIPs in the PU-PCL
matrix (Fig. 1i), PPLC possessed good magnetic-induced properties.
The interior structures of PPLC would deform and recover by the
movement of CIPs, as the magnetic field was applied and removed.
To systematically evaluate the mechanic-electric-magnetic-thermal
properties, the sensing performance of PPLC sensor at different
temperatures and magnetic fields was tested. Here, the sample with
20 mm diameter and 1 mm thickness was sandwiched between
the copper foil and insulating layers and then placed between
the plate rotor and electromagnetic base of the rheometer with
5 N preload (Fig. 3a). Two signal lines were employed to deliver
the electrical signals from the sensor to the Modulab material
test system.

First, the storage modulus G’ and resistance R of the PPLC
sensor with the CIP content from 10 wt% to 50 wt% were tested at
25 °C. The enhancement in CIPs on the mechanical properties
has been illustrated in the previous part. Then, with the increase
in CIP content from 10 wt% to 40 wt%, the R value significantly
decreased from 119.6 MQ to 2.9 MQ, demonstrating the enhance-
ment of conductivity (Fig. 3b). However, for 50 wt% PPLC
sensors, excess CIPs would hinder the contacts among the
HLM particles and reduce the effective conductive pathways,
thus its conductivity was lower than that of the 40 wt% sample.
Therefore, a 40 wt% PPLC sensor was chosen for the following
sensing tests. With the increase in temperature 7 from 5 °C to
20 °C, the normal force Fy sharply decreased due to the softening
of the PU-PCL matrix. Interestingly, the R value first increased

This journal is © The Royal Society of Chemistry 2021

with T until 55 °C and then decreased with T (Fig. 3c). Because the
HLM particles which contact copper foils were melted and fell into
the soft matrix due to their high density at first, and the effective
conductive pathways on the PPLC/copper foil interface were
reduced, which led to an increase in R. When T was higher than
55 °C, the PCL crystals were melted. Therefore, the sample could
not hold the shape under the compressing of the plate rotor. Then,
the interface was squeezed and deformed, the contacts between
HLM particles and copper foil layers were enhanced, which caused
a decrease in R.

At room temperature (25 °C), the PPLC sensor was stiff
enough to maintain the shape. By applying a triangle waveform
cyclic magnetic field with an amplitude of 900 mT and a frequency
of 0.016 Hz, the conductivity Ac ranged from 1.08 pS m™' to
1.44 uS m~" (Fig. 3d). The Ac gradually increased with the
magnetic flux density. Because the magneto-interactions among
CIPs were also enhanced by increasing the magnetic field. Thus,
the magnetic force led to the deformation of the flexible PU-PCL
matrix. Then, the HLM particles embedded in the matrix moved
and the contacts among them gradually increased, and hence,
Ao of the PPLC sensor changed dramatically. The magnetic
piezo-conductivity coefficient PCC,, was calculated using the
formula (Ac/o,)/B, where o, and Ag are the initial value and
variation in conductivity, respectively, and B is the variation in
magnetic flux density. The sensitivity of PPLC sensor was
0.376 4+ 0.011 T ' with the fit coefficient of 0.9966 (Fig. 3e).
The Ag value linearly enhanced with the magnetic field, which
demonstrated its feasibility in magnetic field sensing. Moreover,
the impact of frequency on the sensing performance of the
PPLC sensor was investigated (Fig. 3f). Keeping the amplitude
at 900 mT, the Ac¢ varied little under different frequencies

J. Mater. Chem. C, 2021, 9, 6568-6578 | 6571
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(0.016 Hz, 0.025 Hz, 0.05 Hz, and 0.1 Hz), showing that the
frequency of magnetic field hardly affected the sensing performance.
Thanks to the stiff nature of the PPLC sensor at 25 °C, little hysteresis
could be found during the loading and unloading phases under the
amplitude of 900 mT (Fig. 3g). Furthermore, a triangle waveform
cyclic magnetic field was employed to evaluate the responsive
performance (Fig. 3h). The A¢ and Fyx values synchronously
varied with the magnetic field, and the stable responsive
performance further demonstrated its high potential in magneto-
resistive strain sensors.

At high temperatures (60 °C), the melting of PCL crystals and
HLM particles significantly influenced the properties of the
PPLC sensor. By applying a square waveform cyclic magnetic
field with an amplitude of 900 mT and a frequency of 0.016 Hz,
the Ac and Fy, values surprisingly heightened from 1.08 pS m ™"
and 1.05 N to 1472 uS m ™" and 13.30 N, respectively (Fig. 4a and b).
They could return to the initial state after the magnetic field was
removed, showing the good repeatability. As T increased from
25 °C to 80 °C, Ac/o, and Fy gradually enhanced, especially over
60 °C (Fig. 4c). After being encapsulated in a PDMS shell, the Ao
value of the PPLC sensor gradually increased under step
compressing (Fig. 4d). By compressing the sample from
1 mm to 0.96 mm with an increment of 0.01 mm and a dwelling
time of 30 s, Ac showed that the noise slightly affected the
sensing performance. Due to the viscous nature of the PU-PCL
matrix at 60 °C, the recovery of CIP chain structures in
the unloading phase was hindered. Some hysteresis effects
were found in the unloading phase of the triangle waveform

6572 | J Mater. Chem. C, 2021, 9, 6568-6578

magnetic field. Moreover, the PPLC sensor could synchronously
respond to the square waveform magnetic field in the loading
and unloading phases, and Ac and Fy could quickly return to
the initial state (Fig. 4e and f).

Here, we used a simplified mechanical and electrical model
to calculate Ao of the PPLC sensor. A four-element model and a
particle-particle tunnel current model were used to describe the
viscoelastic behavior of the PU-PCL matrix and the tunneling
effect among the CIPs'**® at 60 °C (Fig. 4g and h). According to
the tunneling current model, when the gap between two particles
was small enough, the electrons could overcome the binding of
the matrix and across the gap, and then, the gap would be
conductive, so that the two particles formed a conductive path
as well as other particles, and the numerous conductive paths
contributed to the conductivity of PPLC altogether. The four-
element model was constructed by a spring, a dashpot and the
Voigt-Kelvin model. The Voigt-Kelvin model contained a dashpot
to show the viscosity 5 of cross-linked PU and another dashpot
was added for the mixing viscosityn, of blended PU-PCL. When
the stress of tunneling area o, = kt, the variation in the distance
e between the two iron particles can be obtained using the
following equation:

de=ep(e1t+er+e)=e GVIJrk—Zerﬁ
A b R T A
2 " , @)
t t ; t .
:eo(“_v+_+”_):eo{M+“_}
2 2n E 2, E
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waveform magnetic field; (g) a four-element model to represent the viscoelastic behavior; (h) schematic of the tunnel current model in the PPLC sensor
and the comparison of results; and (i) schematic of the sensing mechanism.

Herein, t = %, which was far more than the testing time ¢. Using eqn (1), we obtained

The resistance of the volume unit in the PPLC sensor was

k(n+m)e* | kt
calculated as follows: — 4

ey — Oe p 2nn, E
R = Prar(h—eo + 0¢)  mrh—e k(n+n)*  kt @)
0 n+m)
e e 2r+e + —
R, = p; =p =p €0 2n, E

h—e\’ ‘A
| —r—
{ ( 2 ) } For the resistance of the whole sample, using eqn (2) and (4)

(2)

2r +e)? 3 k(n+n)e>  kt
:puuzpu_(/) H pHS|:1_27+E
4mr r R, =p s ny (5)
YT h— k £kt
3 s 3¢As{ ., (n+m) _i__}
€o 2, E

Herein, p is the resistivity of the matrix, p, is the average )
For the tested samples, Hs = 1.0 mm, As = 100r mm~.

Therefore, the magnetic field in the gap was uniform. The
magnetic dipole force between two particles was calculated as

resistivity of PPLC, 4,, is the area of volume unit, ¢ is the volume
fraction of CIPs and r is the radius of particles, which was far
more than the distance between particles e. We supposed that

the CIPs were all in the same diameter and aligned in ideal line follows:
structures. By applying the magnetic field, the particles moved 3pgm?
in the matrix, and the R, varied 4= "5 1S (6)
v
Ro=p ¢ Y. ¢ —p e — e tp and m were the permeability and magnetic moment of
2l . h—e nr(h—e) nr(h — ey + de) particles. For the whole sample, the magnetic-induced normal
2 force was calculated as follows:
() Fyn = XF; = kB = ket )
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Herein, k; is a fitted parameter to show the relationship
between the normal force and the magnetic flux density.
During the test, the magnetic flux density linearly increased
with a rate =30 mT s .

Therefore, the stress of tunneling area can be obtained as

follows:

o Fv A AR kBt

As " w2 3¢As(2r+e)” 3pAs

kt (8)

Because the HLM particles were non-magnetic, the magnetic
field could not directly influence the distribution of HLM
particles. A parameter o; was used to show the effect of HLM
particles on the resistance. Using eqn (5) and (8), the relation-
ship between the resistance of the sample and the magnetic
flux density was obtained using the following equation:

g )l B
Ry=p Hs _ 3pAsnn, 3pAsE
s “Ag 3puA h— e kf’ﬂ('?+711)t2 2k, pr
o 3pAsnn, 3pASE
ki +m) »  2ks }
- ’ S{ 3pAsnn B 3pAsE
h—eo  k(n+m) 2k; }
3oy A + = B 4+ /g
& S[ € 3pAsnn B 3pASE

In eqn (9), the parameter p, 1, 71 and E were constant once
confirmed. The comparison of the experimental and theoretical
results is shown in Fig. 4h. The results matched well, with a
fitting coefficient of 0.9991.

Moreover, the sensing mechanism of the PPLC sensor is
illustrated in Fig. 4i. Initially, the HLM particles were dispersed
in the CIP-doped PU-PCL matrix with few contacts. After a
magnetic field was applied, the magnetic interactions among
CIPs would lead to the deformation of the PU-PCL matrix and
movement of HLM particles; thus, HLM particles would like to
be in contact with their nearest neighbors, and then rupture the
oxide layer and form percolating pathways. The higher the 7,
the softer the PU-PCL matrix, so the larger the deformation of
matrix. HLM particles established contact with others more
easily, showing higher Ac. When T was higher than 60, the
entangled PCL crystals inside the matrix totally melted into PCL
chains, which led to a dramatic softening of the PPLC sensor
(Fig. 1b and ¢, Movie S1, ESIt). Much more CIP chains were
formed under the magnetic field without the hindrance of PCL
crystals. During this process, numerous CIP chains squeezed
the HLM particles and brought them in contact with others,
thus additional effective conductive pathways were established,
leading to a large enhancement of As. The high magneto-
sensitivity and good sensing performance further proved the
feasibility in multifunctional composite sensors.

Compressive sensing performance

One of the most important features for flexible composite sensors
was to maintain the electrical properties under the external
stimuli like compressing. Therefore, the compressive sensing
performance of the 40 wt% PPLC sensor was investigated at
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room temperature (25 °C). Here, a 3D-printed plastic cylinder
(20 mm in diameter and 10 mm in thickness) was fixed on DMA
to compress the PPLC sensor (20 mm in diameter and 1 mm in
thickness) along thickness. The sample was also sandwiched by a
copper foil and insulating layers, and connected to the Modulab
material test system to record the signal.

By applying a triangle waveform cyclic compressing at a
frequency of 0.1 Hz and an amplitude of 5%, Ac and compressive
force F. quickly increased from 1.08 pS m™ ' and 1.25 N to
3.31 pS m™' and 43.31 N, for which Ac/c, reached 212.4%
(Fig. 5a, b and Fig. S1, ESIf). The electrical and mechanical
performance of the PPLC sensor could fully recover in each
compress-release cycle, demonstrating its good repeatability.
When the amplitude increased from 2% to 8%, Ac also gradually
increased. In particular, both the conductivity and force at the
amplitude of 5% exhibited good stability and simultaneity
(Fig. 5d and e). Herein, the piezo-conductivity coefficient PCCcom
is defined as (Ad/gy)/e. where . is the compressive strain. It
reached as high as 29.42 and 171.67 in pink (e, from 1% to 5%)
and blue regions (&, from 5% to 8%), respectively (Fig. 5c). In the
low &, region (pink), the PPLC sensor was slightly compressed by
the 3D-printed cylinder and the deformation of the PU-PCL
matrix was small, so the contacts among HLM particles gradually
changed, leading to a slow increase in Ac. As ¢, increased, the
PPLC sensor was fully squeezed, and the gaps in the PU-PCL
matrix significantly decreased. Thus, the contacts among HLM
particles remarkably grew, showing higher Ac.

Moreover, the loading waveform could be discriminated by
the PPLC sensor. After applying cyclic sine, triangle, and square
waveform compressing, Ac and AF, showed the same variation
tendency with ¢., which further demonstrated the feasibility
(Fig. 5f). As & changed from 1% to 9% with the increment of
1%, Ao also increased step by step and remained stable during
the dwelling time, which exhibited that noise hardly influenced
the sensing performance (Fig. 5g). The responses of PPLC
sensor were also barely impacted by frequency (Fig. 5h). Kept
& at 5%, Acd/o, slightly varied from 231% to 212% with the
increase in frequency from 0.016 Hz to 0.1 Hz. Because the
stability of the sensor was important, a stability test was con-
ducted by compressing the PPLC sensor for 1000 cycles at a
frequency of 0.1 Hz and an amplitude of 5% (Fig. 5i). The Ao only
changed by 4.2%. The good compressive sensing performance
further demonstrated that the PPLC sensor could be employed in
multifunctional flexible strain sensors due to the good sensitivity
and stability.

Shape memory property

The crystallization and melting of temperature-controlling
components switched the properties of the PPLC sensor. The
different melting points of PCL and HLM particles endowed the
sensor with two reprogrammable temporary shapes. To investigate
the shape memory property, PPLC was cut into a rod with the
dimension of 50 mm x 2 mm x 1 mm and encapsulated in a
PDMS shell with the dimension of 60 mm x 3 mm X 3 mm. At
first, the rod was deformed into an “S” shape at a heating
temperature (7,) of 35 °C, and then fixed at a cooling

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Compressive strain-dependent (a) conductivity and (b) force of the PPLC sensor; (c) Aa/aq versus compressive strain; typical (d) conductivity and
(e) force under the compressive strain amplitude of 5%; (f) the electrical and mechanical responses under compressing with cyclic sine, triangle, and
square waveform; (g) Ac under step loading with the increase in compressive strain; (h) conductivity and force versus compressive frequency under the
compressive strain amplitude of 5%; (i) the stability under cyclic compressive loading.

temperature (T.) of 0 °C. Taking the rod at room temperature
(25 °C) again, the deformation could be partially recovered and
the rod changed into a thinner “S” shape. However, after being
deformed at T}, of 60 °C and fixed at T, of 0 °C, the shape of rod
would be unrecovered by taking it at 25 °C again. Thus, the rod
could be transformed and locked into various shapes, for
example, a “USTC” shape (Fig. 6a). In addition, all the locked
shapes could be fully recovered by heating at 60 °C again,
demonstrating the good shape memory property. Here, the
melting point of bulk HLM was 47 °C in the experimental
section. However, the melting and freezing points are size
dependent and decrease as the diameter of the particles is
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Fig. 6
of the shape memory mechanism of PPLC.
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reduced due to the increased effect of surface energy in particles.*®
Thus, the melting point of HLM particles in the PPLC sensor slightly
shifted to a lower value than pure HLM.

Moreover, the compressive tests were conducted using a
rheometer to further present the shape memory effect. The
sample was compressed using a plate rotor at different Ty
(35 °C, 45 °C, and 55 °C) and fixed at 25 (Fig. 6c). Then, &,
was unloaded and the sample was heated to T}, again. When Ty,
reached 55 °C, the shape of the sample was unrecovered, which
further proved the stable shape memory property. A possible
mechanism was proposed to describe the shape memory effect
(Fig. 6d). When the rod was heated at 35 °C, the HLM particles

Couens

Molten liquid metal

m: \- g oo
e = i)

Bending PCL crystals

lt) o', 25¢ -c “q,
( M"E = %‘5 }?

Molten PCL chains

35C

Partially recovered

Temporary shape Fully recovered

(a) Digital images of the shape memory process; (b) a representative 3D plot for presenting shape memory properties of PPLC; and (c) schematic
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were melted and they would move during the deformation
process. However, entangled PCL crystals still existed in the
matrix, which could hold the shape of whole rod. Then HLM
particles were frozen at 0 °C with new distribution. During the
deformation process, the PDMS has stored the elastic energy.
After the rod was placed at 25 again, PDMS provided a driving
force for the shape recovery, while the frozen HLM particles
would maintain the temporary shape and hinder the shape
recovery process. However, the HLM particles could not tolerate
the driving force of PDMS, and therefore, the shape of the rod
was partially recovered. When T}, was higher than 60 °C, both
the HLM particles and entangled PCL crystals were totally
melted. During the deformation and fixing process, the molten
PCL chains moved inside the rod and then they were crystallized
with new entangled structures. After cooling, the new entangled PCL
crystals locked the shape of the rod, and thus the rod maintained
the programmed temporary shape under the driving force of PDMS.
Once the rod was heated to 60 °C again, the PCL crystals were
melted and softened again; they could no longer tolerate the driving
force of PDMS, and the shape of the rod fully recovered.

Applications of the PPLC sensor

The above-mentioned results revealed that the PPLC sensor
possessed good sensing performance with triple-shape memory
effects and magnetic field/compressive sensitivity, which proved
it an ideal candidate for multifunctional flexible composite
sensors. To further illustrate the applicability of the PPLC sensor,
a smart alarm system was developed by integrating the PPLC
sensor with breadboard, lighting emitting diode (LED), battery
case and buzzer (Fig. 7a). Herein, the PPLC sensor and HLM plate
with a dimension of 50 mm x 50 mm x 1 mm was encapsulated
in a PDMS shell. A DC power was employed to apply current to
the commercial electromagnetic coils for heat generation
(Fig. 7b).
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After applying a current of 4 A for 5 min, the temperature of
coils reached 70 °C. Then, the DC power was turned off, the
PPLC sensor was placed on the center of coils and a thermal
camera was utilized to record the temperature variation during
the monitoring process (Fig. 7c). T of the whole PPLC sensor
quickly grew in seconds. Clear heat diffusion could be found on
its cross-section. After monitoring for 120 s, the temperature
gradient on the centerline of the PPLC sensor further proved its
heat absorption capability (Fig. S4, ES11). After monitoring for
300 s, Tof the top center point increased from 31.1 °C to 60.8 °C
and remained stable, which indicated that all the PCL crystals
and HLM particles inside the PPLC sensor were melted
(Fig. 7d). Once the DC power was on and a current was applied
to electromagnetic coils again, Ac significantly enhanced under
the magnetic field or compressing (Fig. 7e), and then, the LED
and buzzer would be triggered, shining and alarming sharply
(Fig. 7b, Movie S2, ESIt). When the PPLC sensor was attached
on a 3D printed wavy surface, it could fix on the surface and
maintain its wavy shape by heating at 60 °C and then cooling
at 25 °C (Fig. 7f). A self-adaptive sensing test based on the
PPLC arm of soft PPLC grippers was conducted to show the
combination of these two functions (Fig. S5, ESIt). After heating
at 80 °C for 5 min, the PPLC arm could detect the 3D-printed
wavy surface, memory the shape and, then, fully fix on it. The
conductivity synchronously varied with the attaching process of
the PPLC arm. Thanks to the multiple sensing ability, the PPLC
sensor was demonstrated for the feasibility in multifunctional
flexible composite sensors.

The soft grippers can be constructed by using the PPLC
sensor due to their ability of adapting morphology while
grabbing objects. In general, the untethered control and reversible
actuation in lifting, holding and releasing objects were the
mostly desired capabilities for soft grippers. Taking PPLC’s
advantage of magnetically driven and shape memory properties,

Fig. 7 (a) Schematic and circuit diagram of the smart alarm device; (b) digital images of the smart alarm device with the magnetic field off and on;
(c) thermal images of the PPLC sensor during the real-time monitoring process and corresponding (d) temperature and (e) conductivity variation; and
(f) digital images of the PPLC sensor on a wavy surface and corresponding conductivity variation.
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Fig. 8 (a) Schematic of a six-arm PPLC gripper; (b) PPLC gripper lifting a spider toy (b) without and (c) with shape locking; and (d) PPLC gripper releasing

a spider toy with shape unlocking.

we demonstrated a PPLC-based soft robotic gripper that could
autonomously grab and release objects. Fig. 8a shows the design
of a six-arm PPLC gripper. By immersing in hot water (80 °C),
the grippers softened and grasped the spider toy by attracting
the magnet under the bottom (Fig. 8b). At this moment, the
spider toy slipped during the lifting process of the gripper due
to the decrease in magnetic field. However, as demonstrated in
Fig. 8c, the gripper could be stiffened and locked into an
actuated shape after immersion in cold water (0 °C). Then, the
spider toy could be easily lifted without external magnetic field.
Besides, the shape-locked gripper could autonomously release
the spider toy after immersion in hot water again. Therefore, the
fast and switchable actuating of the PPLC gripper permitted the
potential in multiple use and grasping motions for objects with
complex morphology, which further broadened the application.

Conclusions

In summary, we have fabricated a magneto-resistive flexible strain
sensor with multiple sensitivity, triple-shape memory effect, and
magnetically driven property. Two types of temperature-controlling
components (PCL and HLM) and one type of magnetic particles
(CIPs) were utilized for achieving the triple-shape memory effect
and multiple sensing. The PPLC sensor could effectively respond
to an external magnetic field, compressive strain and heat for the
sensing and actuating operations in functions such as a smart
alarm and smart gripper. With recent rapid development for the
fabrication of multifunctional flexible composite sensors, these
results indicated that the PPLC sensor could serve as a platform for
various applications such as biomedical devices, reconfigurable
flexible electronics, e-skins, and autonomous soft robotics.
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