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Abstract

Cutting-edge technologies of wearable electronics have recently attracted tremendous
attention. One of the key issues lies in the choice of compliant and environmental-friendly
materials and cost-effective fabrication methods. We here report a rehealable and highly
stretchable wearable strain sensing system enabled by advanced materials. By embedding
patterned liquid metal (LM) line traces into dynamic covalent thermoset polyimine through a
low-cost fabrication method, a mechanically flexible and electrically sensitive strain sensor is
obtained. We proposed an analytical model based on length fractions of the strain sensor to
describe the resistance change under applied strain. The results show good agreement with
finite element simulation and experiment. Because of the bond exchange reactions in
polyimine and the flowability of LM, the sensing system has excellent rehealability when it’s
damaged. These superior properties make the strain sensor quantitatively precise,
economically friendly and environmentally sustainable, and thus can find wide applications in

various areas.
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1. Introduction

Soft and stretchable integrated electronic systems have
gained wide popularity recently due to their superior
mechanical compliance and conformability, which
distinguishes them from conventional rigid -electronic
devices[1-6]. Cutting-edge technologies of stretchable, skin-
mountable, and wearable electronics are able to effectively
accommodate large strain when integrated onto soft, elastic
and curved surfaces[7-11]. Ultralow modulus and high
stretchability of electronic systems are achieved by designing
new structural layouts[12-14] and developing novel
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materials[15-18]. However, stretchable conductors made of
metallic materials often suffer from cycling induced fatigue,
which cannot be easily improved by new structural
designs[19,20].

Recently, various wearable strain sensors with high
sensing range (>50%) have been developed for their broad
applications in human motion detection, health care, human-
machine interfaces[21-25]. Strain sensors can be classified
into two types: resistive-type and capacitive-type sensors.
Resistive-type sensors are typically composed of composites
combining electrically conductive sensing films with flexible
substrates[26-28]. When stretched, the microstructure of
sensing films evolves, and the electrical resistance changes
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accordingly. On the other hand, a capacitive-type sensor
consists of a highly compliant dielectric layer between a pair
of stretchable eclectrodes. When stretched, two electrodes
become closer, and the capacitance increases[29].
Alternatively, stretchable and wearable strain sensors can
also be classified according to their materials, into categories
such as fiber, liquid metal (LM), and piezoelectricity based
strain sensors[30-32]. As a liquid-state conductor, the LM
features excellent electrical conductivity, fatigue-free
characteristics and extremely high deformability, thus is an
ideal component for wearable strain sensors[33-35].
Moreover, materials that can heal like natural skins have
also been developed in wearable electronics. Self-healing or
rehealing capabilities can help wearable electronics to gain
benefits of reliability, durability, cost and performance.
While some healing mechanisms can automatically respond
to damages without stimuli[36], most materials still require
moderate external stimulation—such as heat, pressure, lights
and reagents—to trigger the healing process[37—40]. Various
strategies have also been investigated to achieve healability,
including metal-ligand supramolecular, microvascular
agents, hydrogen bonds, and dynamic covalent bonds[41—
45]. Among the mechanisms, dynamic covalent bonding in
polymer networks is usually stronger than supramolecular
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interactions, thus making such materials more robust and can
operate under a wider range of conditions[46]. More
recently, a series of dynamic covalent thermoset polyimine
that can self-heal or reheal under modest external stimuli
have been developed[47-52].

Here, we present a new type of flexible, highly
stretchable, and rehealable strain sensing system enabled by
eutectic LM alloy and dynamic covalent thermoset
polyimine. As LM is a liquid, it doesn’t add rigidity and
provides excellent deformability to the strain sensing system.
Moreover, unlike conventional metal conductors[53,54], LM
conductors doesn’t experience fatigue. Furthermore, a
dynamic covalent thermoset polyimine matrix is not only
highly stretchable, but also rehealable from damages. To
provide prediction to the strain sensing system, we have also
established an analytical model based on length fractions to
describe the resistance change under applied strain, which
shows good agreement with finite element simulations and
experimental measurements.

2. Design and Synthesis

The strain sensor system presented here incorporates
dynamic covalent thermoset polyimine as both the substrate
and encapsulation for LM channel (Figure 1a). The cross-
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Figure 1. Design and schematic illustration of the polyimine-LM strain sensor. (a) Schematic illustration of a strain sensor based on dynamic covalent thermoset polyimine

and LM. (b) Schematic illustration of the fabrication process of the strain sensor. (c) Optical images of the strain sensor being knotted, twisted, bended and stretched.
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linked polyimine network (Figure la, left) are synthesized
using  three  commercially  available =~ monomers:
terephthalaldehyde, 3,3'-diamino-N-methyldipropylamine
and tris(2-aminoethyl)amine (Figure S1). As show in Figures
S2 and S3, the highly stretchable polyimine has low modulus
~2 MPa, which leads to a wide sensing range of the strain
sensor system. The LM channel is made of eutectics
Gallium-Indium (EGaln) alloy, which maintains liquid state
at room temperature (15.7°C melting point)[33]. In order to
improve the strain sensitivity, the pure EGaln was mixed
with 6%wt SiO, microparticles (40 pm diameter, Sigma-
Aldrich) at room temperature. The comparison of the strain
sensitivity or gauge factor (GF) between pure LM sensor and
SiO; doped LM sensor is exhibited in Figure S4, and the GF
of the doped LM one has increased by an order of magnitude.
It’s worth pointing that such sensitivity is a high gauge factor
in liquid based (LM, ionic glycol and link) strain
sensors[30,55-57]. The fabrication process of the polyimine-
LM strain sensor is schematically illustrated in Figure 1b. It
started with curing a synthesized polyimine film onto a
silicone paper glued on a glass slide (Figure 1b, top left). The
SiO, doped LM (Figure S5a) has the viscosity while
maintaining the fluidity, which improves the printability, so
that the mixed LM can be easily brushed onto the weak
adhering polyimine film against a mask at room temperature
(Figure S5b). Peeling off of the mask below LM melting
point 15.7 °C leaves patterned solid LM traces on the
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polyimine substrate. Then applying and curing polyimine
solution on the device provided encapsulation of the LM
channel. To connect the device to the external data
acquisition equipment, two copper wires were embedded in
the polyimine. Such fabrication process is inexpensive,
scalable, and compatible with printing technology. Since the
doped LM channel in the strain sensor system doesn’t add
any rigidity to the device and provides a combination of
excellent electrical conductivity (1.1 x 10° S/m) and superior
mechanical softness and stretchability, the device can be
knotted (Figure lc, top left), twisted (Figure lc, top right),
bended (Figure lc, bottom left) and stretched (Figure lc,
bottom right).

3. Theoretical Modelling of Strain Sensor

To investigate the fractional change of resistance of the
polyimine-LM strain sensor during stretching, the tensile
tests of a single-line strain sensor were firstly performed
(Figures 2a and S6). Kapton tapes (DuPont de Nemours,
Inc.) were wrapped around the edges of the LM channel to
protect the connection between the LM and the copper foil,
which provides constraints on both ends during the
experiment. An analytical model based on the length
fractions of the strain sensor was used to describe the
resistance change, which considers the effect of load and
boundary condition on the resistance change under applied
strain.
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Figure 2. Analytical and experimental studies of the stretching behavior of the single-line polyimine-LM strain sensor. (a) Optical image of a single-line strain sensor. (b)

Schematic illustration of the geometrical deformation of a single-line strain sensor before and after stretching. (c) Comparison of the fractional change of resistance between

experimental and analytical results of a single-line strain sensor under stretching.
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Figure 2b shows schematic illustration of the single-line
polyimine-LM strain sensor under stretching. The initial
length and cross-sectional area of the sensor are denoted by
L, and 4, respectively. The initial resistance of a strain

sensor (R)) is expressed as

— LO
Ry=p 2 )]
where p is the electrical resistivity of the LM. As shown in
Figure 2b, the strain sensor is divided into a horizontally
stretchable channel and channels wrapped by Kapton
tapes that cannot deform on both ends. We define the length
of the stretchable channel as L, and the total length of the

wrapped channels as L, and L,=L, +L, . We also define a
and ¢ as their length fractions by a=L,/L,, c=L /L;,

which naturally yields a +c=1.
Under uniaxial tension along x direction, the deformation
gradient of the sensor is expressed as

A
F= A . )
A

where 4, 4,, and 4, are stretches along x, y and z directions,
respectively. Since the materials of the sensor are isotropic,
we have 4, =4, . Assuming the LM and polyimine as
incompressible materials, which gives det(F)=44,4 =1, and
=4

becomes

Therefore, the length of the stretched channel

L'=Lh'+Lc'=ith+Lc’ (3)
and the cross-section area after stretching is
A'=14,. )

If we assume the device deforms uniformly, 4,, 4, and 4,

are constants, and can be expressed by the engineering strain
¢ and Poisson’s ratio v as

A=l+eg, (5)

Ay =1-ve . (6)

The total resistance of a single-line polyimine-LM strain
sensor consists of the stretchable channel and the wrapped
channels,

RSingle-Iine — Rh +RC , (7)

where R, is the resistance of stretchable channel after

stretching, and R, is the resistance of wrapped channel which

remains constant due to constraints of Kapton tapes.
Combining Equation (1), (3) and (4), the resistance of
stretchable channel after stretching is

1 2
_pPL' _prh L ®)

R
LT A

0

and the electrical resistance of strain sensor in terms of
length fractions is

2
goveetne _ PRy AﬁcL0 = (@A +0)R, - ©)

0 0

Substitute Equation (5) into Equation (9), the fractional
change in resistance of a single-line polyimine-LM strain
sensor is

AR Single-line
R,

(10)

=a(e’ +2¢) -

The experimental and analytical results of fractional
change in resistance are shown in Figure 2c. In experiment,
the total length of the channel is 40 mm and the stretchable
part is 30.8 mm long (Figure 2a), which yields a =0.77 .
Figure 2c shows that the analytical results agree well with the
experimental results up to 100% strain.

In order to improve measurement accuracy and to enable
the measurement of multi-directional deformation, the strain
sensor channels are usually designed in the shape of a
serpentine (Figure la and 3a). Figure 3a (top) shows an as-
fabricated, undeformed serpentine polyimine-LM strain
sensor. Tensile tests were performed to investigate the
electrical resistance change of the serpentine polyimine-LM
strain sensor. Similar to the composition of the resistance in
Equation (7) of the single-line strain sensor, the resistance of
a serpentine strain sensor is composed of three parts

RSerpemine — Rh + Rv"'R(, (1 l)

where R, is the resistance of the horizontal channels parallel
to the stretching direction, R, is the resistance of the
semicircular channels approximately perpendicular to the
stretching direction, and R, is the resistance of the wrapped
channels which remain constant.

Optical images of the device under 40%, 80% and 100%
strains are shown in Figure3a. As the horizontal channels
become longer, the vertical channels get wider. For the
horizontal channels and wrapped channels, the electrical
resistance R, + R, would be the same expression as Equation

(9), which is R, + R. = (al’ +c)R, .
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Each vertical semicircular channel is approximated to a rectangle
with a length equal to the semicircle perimeter and a width equal to
the channel thickness. The total electrical resistance of vertical

channelsis R, = L Zi bL, , science A, = 4,, the expression can
0 3
be given by
R"Zﬁi OZLPLO , (12)
4, 4, l+¢& A4,

where » is the length fraction of the semicircular channels
to the total length.

Substituting Equation (9) and (12) into Equation (11), we
obtain the expression of the electrical resistance of a
serpentine strain sensor

R Serpentine PLy [(1+5)2a+—1 b+c:l . (13)
A, 1+¢&

40%

80%

100%

T T
0 05 1.0

ARScrpcminC
RO

—(+efar——brc-1. (14)
+&

As shown in Figure3a, the initial length of the sensing
device and the serpentine channel are 40 mm and 266 mm,
respectively. And the length proportion yields «=0.87 ,
b=0.07, ¢=0.06, respectively. For the sake of convenience,
without causing confusions, the superscripts of AR in
Equation (10) and (14) are omitted in Figure 2-5.

As a validation, we also performed finite element analysis
(FEA) simulations to investigate the effect of the channel
geometry on the resistance change of the strain sensor using
a commercial software package ABAQUS. The FEA mode
of polyimine-LM strain sensor is shown in Figure S7. Figure
3b gives the load-extension curves up to 60 mm elongation
(stretched by 150% in horizontal direction), obtained by
experiment and FEA, which show good agreement. When
uniaxial strain of 100% was applied, the deformed shape of
the LM channel and the corresponding contour plot of the
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Figure 3. Theoretical and experimental studies of the stretching behavior of a serpentine polyimine-LM strain sensor. (a) Optical images of the serpentine strain sensor at

0%, 40%, 80% and 100% strain. (b) Load-extension curves from experiment and FEA. (c) The max principal strain contour of the serpentine strain sensor when stretched by

100%. (d) Comparison of the fractional change of resistance between experimental, analytical and FEA results.

Inserting Equation (1) to (13), the fractional change in
resistance of the serpentine polyimine-LM strain sensor is

max principle strain are shown in Figure 3c. The deformed
geometries obtained from the FEA results can be used to
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calculate the electrical resistance of the strain sensor. Figure
3d presents the results of fractional change in resistance
versus strain ¢ of the serpentine sensor. The analytical
results and FEA simulation results agree well with the
experimental resistance change up to 100% strain.

4. Characterization and Performance

Cyclic tensile tests were performed to assess the response
of the strain sensor. 100 consecutive cyclic loading to a strain
of 40% (the strain of human skin is usually less than
40%[58-60]) and unloading to zero were applied to the
serpentine strain sensor under quasi-static condition. Figure
4a (top) shows the fractional resistance change and cyclic
strain loading in the first 15 cycles, and it can be seen that the
strain sensor shows good recovery. Figure 4a (bottom) shows
stable upper and lower envelope values of the resistance of
100 cycles, which demonstrates the robustness of the device.

As a result, such strain sensor has good sensing performance.
When compared with the recent work of rehealable strain
sensors in Figure 4b[61-65], such strain sensor is an
excellent candidate in the wearable electronics which
combines good sensitivity (GF ~2.27), wide strain range
(0~100%), high linearity (R?>~0.993), stable cyclic test (100
cycles), mechanical rehealability (recovery~100%, Figure
5d) and electrical rehealability (recovery~100%, Figure Sc).
It’s worth pointing out that the strain sensing system has a
broad sensing range (Figures 2c¢ and 3d) due to high
stretchability, so that such strain sensors can be successfully
applied to full-range human activities’ monitoring, especially
for vigorously joints-related behaviors[66]. As an application
in Figure 4c, a serpentine strain sensor was mounted on a
knee joint by a VHB double sided tape (3M Company,
United States). The knee-mounted sensor reliably detected
resistance changes in response to the degree of bending of
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Figure 4. Characterization and application of the serpentine strain sensor. (a) The fractional change of resistance in the first 15 cycles (top) and the envelopes of the

resistance change in 100 cycles (bottom) during a cyclic loading test. (b) Comparison of this work with currently reported strain sensors in terms of strain range, gauge
factor, cyclic test, linearity, mechanical rehealability and electrical rehealability. (c) The fractional change of resistance at different deformation states of a human joint in

real time.
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the joint, and thus distinguished different knee motions
(Figure 4c, left). The resistance increased rapidly during
bending, remained unchanged when the knee was kept
flexed, and returned to its original value once the joint was
entirely relaxed. The maximum strain occurred when the
knee bended by ~90 degrees, and it was measured to be 31%.
From Figure 4c, the change of resistance slightly increases
with the increasing cyclic time at 9%, 20% and 31% of
strain, which is because of the slight hysteresis from
polyimine material under cyclic test.
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5. Rehealablility of Strain Sensors

In addition to superior electrical and mechanical
properties, the wearable strain sensing system also exhibits
excellent rehealing capability, which owns to the bond
exchange reaction of polyimine matrix and the fluidity of
LM conductor. In Figure 5a, the detailed rehealing process of
damaged serpentine polyimine-LM strain sensor is
schematically illustrated, and the microscope images, where
applicable, are placed below the corresponding schematic
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Figure 5. Rehealing of the polyimine-LM strain sensor. (a) Schematic and optical microscope images of the serpentine strain sensor during rehealing process. (b) FTIR
of original polyimine (black) and rehealed polyimine (red). Comparison of the fractional change of resistance versus strain (c) and stress-strain curves (d) between the

original and rehealed serpentine strain sensors
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diagrams. The original channel (Figure 5a, left frame) was
cut broken along its width direction (Figure Sa, the second
frame). By applying a drop of rehealing solution at the
damaged area (Figure Sa, the third frame) and waiting for 12
hours at room temperature, the cut was rehealed and the
crack trace disappeared (Figure 5a, the fourth frame). This
can be clearly seen from the optical microscopy images: the
cut had a width of ~80 pm initially (Figure 5a, the second
frame), and became invisible after being rehealed (Figure Sa,
the fourth frame). Figure S8 provides the optical images of
the rehealing process of a serpentine strain sensor, in which
the rehealed strain sensor can be stretched by 100%. It
should be noted that the rehealing process in polyimine
generates new oligomers/polymers across the broken
surfaces based on transamination, which eventually leads to
imine bonding (chemical) of the two pieces without existing
interfaces at the cut area[49]. As proved in Fig. 5b, the
Fourier transform infrared (FTIR) spectra of polyimine films
further support that the original and rehealed polyimine are
chemically identical. So that, the mechanism of rehealing
capability is intrinsically different from the physical glue
bonding (van der Waals interactions) at the interface. It’s
also worth to point that the repair mechanism of LM is more
like self-healability, because the LM conductor can connect
again due to its fluidity, which doesn’t conflict with the
rehealing capability of the whole system.

Figure 5c¢ compares the resistance of the rehealed strain
sensor with that of the original device during stretching,
which states that the sensor has almost identical electrical
properties before and after rehealing. The mechanical
properties have also been compared between the rehealed
sensor and the original device in Figure 5d. The stress-strain
curves of the device before and after rehealing are almost
identical up to a tensile strain of 170%. It is thus evident that
the sensor, which completely loses its functionality after
being cut broken, can reheal and regain its full sensing
functionality and mechanical integrity that are comparable to
the original device.

6. Experimental

6.1 Polyimine synthesis

The polyimine was  synthesized by  mixing
terephthalaldehyde (0.5 g, 3.72 mmol), 3,3’-Diamino-N-
methyldipropylamine (0.417 g, 2.72 mmol), and tris(2-
aminoethyl)amine (0.084 g, 0.57 mmol) in methanol as
shown in Figure S1. After vigorously stirring and pouring the
solution into a silicone paper mold, the uncured polyimine
was cured in a fume hood for 12 hours at room temperature,
and cured polyimine film was heat-pressed at 80 °C and 8.5
kPa for 12 hours.

6.2 Si0; LM preparation

Pure LM is a eutectic metal alloy consisting of gallium
(75%) and indium (25%) (EGaln, Sigma-Aldrich), which has
a melting point of 15.7°C and a resistivity of only 29.4 x 107
Q/cm[30,67]. In order to increase the initial resistivity of LM
to improve strain sensitivity, the EGaln was mixed with
6%wt SiO, microparticles (40 pm diameter, Sigma-Aldrich)
at room temperature. The mixture was stirred at 500 rpm for
2 minutes and 2000 rpm for 8 minutes. As a result, the doped
LM has a resistivity of 95 x 107° Q/cm.

6.3 Fabrication and characterization of stain sensor

A 0.2 mm thick silicone paper film (Ruspepa non-stick
silicone paper) was cut by a laser cutter (Lide laser cutting
machine), laminated over a weakly adhering polyimide film
substrate, and doped LM was printed over the sensor mask: a
razor blade was swiped across. The LM solidifies after been
cooled below 15.7 °C, and removal of the mask left LM to be
printed on the polyimine membrane. Pouring the same
formula polyimine solution and curing at low temperature
(<15.7 °C) encapsulated the LM. To connect the device to
the external data acquisition equipment, two copper wires
were embedded in the polyimine, forming contact with LM.

6.4 Fabrication and characterization of stain sensor

To reheal the polyimine films, a small drop of rehealing
agent (the same formula for polyimine solution) was applied
to the crack, and allowed for curing for 12 hours at room
temperature.

6.5 Tension and cyclic mechanical test

Poyimine-LM strain sensors were tested using an Instron
mechanical testing system, under quasi-static tension
conditions[68, 69]. The testing strain sensors were prepared
in the shape shown in Figure 3a (0.29 mm x 18 mm x 40
mm). Four-point measurement was adopted to measure the
resistance change. A current supplier (HY3005M-3 Digital
Control) was used for the current input, and Arduino and 16-
Bit  analog-to-digital  converter (ADS1115, Texas
Instruments) were used for measuring the voltage every 0.1
seconds. A constant current of 10 mA was applied on the
strain sensors.

7. Conclusions

A highly stretchable and rehealable wearable strain sensor
with a wide sensing range is presented in the article. The
integrated sensor is fabricated by encapsulating LM in a
dynamic covalent thermoset polyimine matrix through a low-
cost process. The combination of conductive and deformable
LM with compliant polymine matrix assures reliable sensing
performance of the strain sensor even at large strain (up to
100%). An analytical model has been developed to predict
the fractional change of resistance with the applied strain,
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and it agrees well with FEA and experimental results.
Moreover, cyclic loading/unloading tests show that the strain
sensor performs reliably even up to 100 cycles. Furthermore,
the device can also reheal perfectly from damages, which is
enabled by the bond exchange reactions in the polyimine
network and flowability of the LM conductor. Finally, to
demonstrate applicability, a wearable strain sensor has been
designed and mounted on the knee joint. Experimental
results show that it can precisely identify the physical motion
states of the joint. The superior properties make the
polyimine-LM  strain sensor quantitatively  precise,
economically friendly and environmentally sustainable, and
thus can find wide applications in robotics, health care,
prosthetics and virtual reality.
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1. Supplementary text

FEA simulation: To investigate the influence of mechanical deformation for resistance
change of the strain sensors, finite element analysis (FEA) was conducted using a commercial
software package ABAQUS. The loading and boundary conditions in FEA are the same as to
the experiments, which is given in Figure 3a. The polyimine and LM were modeled as
hyperelastic material using 3D hybrid stress elements (C3D8H). A Yeoh hyperelastic material
model was used to take into account the nonlinear stress-strain relation of the polyimine films
under large deformation. In the Yeoh model, the strain energy density for incompressible model

is written as'

3
w=>CW-3) (SD)
i=1
where C; are the material coefficients. To acquire the Yeoh material parameters of polyimine,

we conducted uniaxial tensile tests using a dumbbell specimen as shown in Fig. S2. With the

experimental data plotted in Fig. S3, a least-squares fit of the stress—strain equations were



C, =0457, C,=-0.025, C,=0.001. LM conductors were modeled as an

Neo-Hookean hyperelastic material model. Because the shear modulus of LM measured by

rheometer was ~1 kPa, the parameter of LM of Neo-Hookean model is C,, =0.0005. Figure

S5 (top) shows an undeformed polyimine-LM strain sensor FEA model.



2. Supplementary Figure Captions
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Figure S1. Polymerization of polyimine.

Stretched by 225%

Figure S2. Optical images of the polyimine sample(left) uniaxial stretched by 225%(right).
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Figure S3. Stress-strain curve obtained by Yeoh hyperelastic material model fit to the data
from a uniaxial tensile testing(a), and the linear fitting at small strain (b).
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Figure S4. The comparision of GF between pure LM and SiO2 doped LM

Figure S5. (a) The optical image of doped LM mixed with SiOz. (b) The optical images about
printing LM over the mask (left), the fragmentary printed patterns of pure LM (top right), and

the complete printed patterns of doped LM (bottom right).




Single-line strain sensor

l

Stretched by 100%

Figure S6. The optical images of single-line strain sensors(top) and specimens(bottom) can
be stretched by 100%.

Figure S7. FEA model of the serpentine strain sensor.



Dropping
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Rehealed device stretched by 100% Rehealed device

Figure S8. The optical images of the rehealing process of a serpentine strain sensor.
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