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Abstract—The vulnerability of smart wearables neces-
sitates stretchable sensors capable of recovering their
functionality after sustaining damage. Recent research on
liquid metal (LM)-based sensors demonstrates the potential
of these highly stretchable, conductive, and reliable sensors.
Unlike previous studies using silicone-based substrates, this
article proposes a self-healing (SH), biocompatible strain
sensor based on Galinstan embedded in a Diels–Alder (DA)
polymer encapsulant. The novelty of this sensor lies in
its ability to restore sensing and mechanical functionali-
ties through numerous damage-healing cycles. This research
outlines the fabrication and quasi-static and dynamic char-
acterization of the strain sensor, enabling analysis of its
strength, sensitivity, hysteresis, response time, drift, and
healing performance. Healing is investigated by repeatedly
rupturing the sensor in half, then healing it at 60 ◦C for
4 h before recharacterization. On a mechanical level, healing
efficiencies of 80% are achieved based on recovered strain,
while on a sensor level, the gauge factor (GF) is recovered
with 105% efficiency. The degree of hysteresis (DH) for resistance–strain is less than 1%, and the sensing behavior is
independent of strain rate. The sensor has a response time of 220 ms with an acceptable drift of 5% over 800 cycles.
This article demonstrates the feasibility of recycling the sensor by outlining a method to separate the substrate from the
LM and reprocess it. In addition, the sensitivity and biocompatibility of both pristine and healed sensors are validated
through case studies, such as tracking finger and knee joint angle bending, highlighting their potential for smart wearable
applications. Supplementary video material can be found at https://www.youtube.com/watch?v=SeLYJ6_qT_k

Index Terms— Human motion monitoring, liquid metal (LM), recyclable strain sensor, self-healing (SH) polymers, strain
gauge, wearable robotic applications.

I. INTRODUCTION

IN THE domain of wearable robotics, the demand for
stretchable and sustainable electronics continues to rise

steadily [1], [2], [3], [4], [5]. Flexible electronics are notable
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for their low stiffness, high deformability, and stretchabil-
ity [6], [7], [8], [9], [10]. These properties make flexible
and stretchable electronics suitable for applications, such as
wearable medical devices [11], flexible displays [12], soft
robotics [13], smart/electronic skins [14], and stretchable
pressure and strain sensors [2], [15]. However, a key chal-
lenge for flexible electronics remains their susceptibility to
damage [16], which limits their lifespan and undermines their
economic competitiveness and sustainability. Nevertheless,
in the aforementioned applications, sustainability is crucial,
as environmental protection remains a significant concern [17],
[18]. Therefore, advancements in materials for both the sub-
strate and the conductive circuit will be crucial to ensuring the
widespread, sustainable adoption of flexible and stretchable
electronics in the future [18], [19]. State-of-the-art stretch-
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able sensors can be categorized into two types: those with
intrinsically conductive substrates, where the substrate itself
is conductive, and those with nonintrinsically conductive sub-
strates that incorporate embedded conductive materials for
sensing. This research focuses on the latter—nonintrinsically
conductive substrates.

A. Self-Healing (SH) Substrate via
Diels–Alder (DA) Polymers

In the state-of-the-art liquid metal (LM)-based stretch-
able sensors, the substrates encompass a range of materials,
including bioderived substances and silicone rubbers [2], [20].
Silicone-based materials, such as EcoFlex, Sylgard, Elastosil,
and DragonSkin, are commonly used due to their high stretch-
ability, mechanical strength, and low cost [21]. However,
these materials lack SH capabilities, as they cannot recover
functionality after damage. This damage can occur when the
sensor is torn or ruptured from overstretching, cut by a sharp
object, or when fatigue (e.g., microcracks) leads to damage
propagation and failure. This limitation impacts the sustain-
ability and reliability of stretchable sensors and the devices
in which they are integrated, including smart, soft wearables,
and soft robots [22]. Delamination is another issue that
undermines the robustness of stretchable sensors, which are
typically produced through multistage molding. Weak inter-
facial strength at manufacturing interfaces, which typically
rely on weak secondary interactions (e.g., adhesion), detaches
over time due to stress concentrations, leading to performance
degradation [22].

Endowing stretchable sensors with SH capabilities leads to
prolonged device lifetimes, enhanced reliability, sustainability,
easier maintenance, and reduced material consumption for
producing new devices. In this article, an SH polymer based
on thermoreversible DA crosslinks is proposed as the material
for producing the substrate. Akin to traditional silicone-
based materials, this DA polymer offers shock absorption
and impact protection, with the added benefit of having SH
capability [22]. The DA polymer network is formed by the
reversible cycloaddition reaction between a conjugated diene
(here furan) and a dienophile (here maleimide), which forms
reversible DA crosslinks [23]. The resulting DA polymers
benefit from extensive tunability in their mechanical [24]
and electrical properties [25], [26], making them suitable
for designing flexible substrates with versatile characteristics.
Their intrinsic SH capability is based on DA crosslinks
and is restored after healing. In other words, these DA
polymers can undergo multiple damage-healing cycles [27].
Upon damage, the DA crosslinks in the network mechani-
cally break, creating reactive bismaleimide and furan. Being
an equilibrium reaction, these reactive components rebind
upon recontact, thus healing the damage and recovering the
initial material properties, as shown in Fig. 1. This pro-
cess can be accelerated by heating (e.g., to 60 ◦C), which
increases the rate of the DA reaction. In principle, this healing
process can be repeated indefinitely, allowing for multiple
damage-healing cycles without significant degradation of the
material. In addition, the relatively high bond energy of DA
bonds, compared to other reversible bonds including hydrogen
bonds, ensures that these SH polymers have good mechan-

Fig. 1. Schematic of the SH sensor/circuit. The encapsulant is a
reversible polymer network with DA crosslinks. Upon damage, the bonds
and LM channel break; during healing (assisted by heat), the bonds
reform and conductivity is restored.

ical properties (strength, elastic recovery, and creep resis-
tance), in combination with room- or moderate-temperature
healing [28].

In addition to SH, DA polymers mitigate delamination
issues in assembled parts by forming strong interfaces through
reversible bonding, e.g., DA covalent bonds, which can be
achieved with a heat-cool posttreatment [29], [30]. This is also
true when chemically binding and joining two DA polymers
with different mechanical properties, achieved by varying
their DA crosslink density [24]. Consequently, DA polymers
have been utilized to fabricate durable multimaterial soft
robots with robust interfaces, employing traditional casting
methods [30]. When DA polymers are heated above their
degelation temperature (the temperature at which the poly-
mer network dissociates into its liquid phase), the liquid
polymer can be reprocessed and reshaped using various
additive and formative manufacturing techniques [6], [22].
Most of their thermoreversible crosslinks break, causing their
networks to degel into a viscous liquid. This reprocessing
ability offers significant potential for the creation of recy-
clable soft devices, including wearable technology and soft
robotics.

B. Embedded SH Sensor via LM
Piezoresistive SH sensors can be achieved by providing

the substrate material with intrinsic electrical conductivity
by compounding it with fillers such as graphene [31] or
carbon black. Although studies [25] have shown that this can
lead to DA compounds that combine SH with piezoresistive
sensing, they also show that this approach leads to highly
nonlinear, time-dependent (e.g., hysteresis) sensors that are
challenging to model and calibrate [15]. Although machine
learning techniques can provide a system-level solution [32],
they require extensive sampling and training. Furthermore,
SH efficiency is limited, as even though piezoresistive sens-
ing is restored after healing, extensive recalibration of the
analytical [15] or machine learning model [32] is necessary.
Hence, these challenges have led to material-level research
to develop improved SH stretchable strain sensors based on
LMs.

LMs are popular for stretchable sensors because they com-
bine electrical conductivity in a liquid and stretchable state [2],
[5], [7], [8], [33], [34], [35]. Many of these metals, including
gallium alloys such as Galinstan (an alloy of gallium, indium,
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and tin) are nontoxic and biocompatible. Being liquid, these
LMs inherently possess an SH property and provide great
opportunities for creating SH stretchable sensors. This research
uses Galinstan as a conductive material. Galinstan exhibits
high surface tension and shares similarities with mercury, such
as high boiling point and conductivity, but is safer due to its
low toxicity and low vapor pressure [5], [36]. Although Galin-
stan can oxidize upon exposure to oxygen, the oxide layer acts
as a protective barrier [37]. Its sensing performance remains
stable for extended periods [38]. In conclusion, Galinstan is
ideal for developing circuit-based SH sensors in wearable
applications due to its less toxic behavior, biocompatibility,
low melting point, and negligible vapor pressure [36], [39].

This study introduces a novel SH stretchable sensor by
combining the benefits of stretchable DA polymer with those
of conductive Galinstan for several healed cycles without
delamination issues. Galinstan is incorporated as a circuit
within a DA substrate. The innovation lies in the sensor’s
ability to recover both electrical and mechanical functionalities
after multiple damage cycles, maintaining performance com-
parable to its original state and thereby extending the sensor’s
lifespan. Moreover, the substrate can be reprocessed at the
end of its lifespan, further enhancing the sensor’s ecological
sustainability. Experimental characterization will demonstrate
that combining Galinstan with the DA substrate yields a fully
SH sensor. This sensor is well-suited for wearable robotics,
thanks to its rapid elastic recovery and minimal hysteresis,
compared with other SH strain sensors in the state of the
art [40]. This article details the materials, design, fabrica-
tion, characterization, modeling, recalibration, recycling, and
validation processes for motion tracking for smart wearables.
In terms of characterization, the sensors undergo quasi-static
and dynamic electromechanical testing, enabling analysis of
the sensor’s strength, sensitivity, hysteresis, step response time,
drift, and SH performance.

II. MATERIALS AND METHODS

A. Materials
The stretchable strain sensor is composed of Galinstan,

DA polymer noted as DPBM-FT5000-r0.5 [28], and a flex-
ible PCB which facilitates a reliable electrical connection
between the data acquisition system (DAQ) and the LM. The
reagents needed to synthesize the DA polymer are shown
in Fig. 2(a)–(d). Furfuryl glycidyl ether (FGE) was obtained
from BLD Pharmatech GmbH, Germany. Jeffamine JT5000
with an average molecular weight of 5709 g/mol (R = 0,
n = 0 and x + y + z = 96.8), was provided by Huntsman.
1,1′-(methylenedi-4,1-phenylene) bismaleimide (DPBM, 95%)
and 4-tert-butylcatechol were purchased from Sigma-Aldrich.
All chemicals were used as received. Galinstan LM was
ordered from [41], an eutectic alloy of 60–65 wt.% gallium,
20–25 wt.% indium, and 5–10 wt.% tin. It possesses high
electrical conductivity (2.3 × 106 S/m) and a low melting
point (−19 ◦C). Fig. 2(h) shows a drop of Galinstan with high
cohesive force and significant surface tension, resulting in an
obtuse contact angle on a flat surface.

1) Synthesis of DA Polymer Encapsulant: The synthesis
of the DA substrate, DPBM-FT5000-r0.5, is conducted in

two steps. Initially, Jeffamine JT5000 is reacted with furan
moieties via an irreversible epoxy-amine reaction with mono-
functional FGE without the use of solvent or catalyst. This
first reaction is carried out under stoichiometric conditions
(((amine NH)/epoxy) = 1) in an oil bath at 60 ◦C, stirred
for 5 days, followed by heating to 90 ◦C for two additional
days to ensure completion of the reaction. It yields a furan
functionalized Jeffamine, noted as FT5000. In the second
step, the bismaleimide crosslinker, DPBM powder, was dry
mixed with powder of 4-tert-butylcatechol (1 wt.%), a radical
inhibitor. This mixture was melted at 160 ◦C and then mixed
with FT5000, which was also preheated to 160 ◦C. In this
mixing process, a maleimide-to-furan ratio (r ) of 0.5 was
chosen. The mixture was stirred for 1 min and then poured
directly into a Teflon mold. Subsequently, the polymer was
allowed to cure for 24 h, during which the DA reaction
between the maleimide and furan formed a polymer network
via cross linking. For additional synthesis details, please refer
to the publication [24], [28].

2) Flexible PCB and Stencil: Creating reliable connections
between LM circuits in stretchable electronics and external
electronics, such as DAQ systems, is generally challenging.
In this study, to ensure reliable connections between Galinstan
and DAQ, a custom-designed flexible PCB was employed,
as depicted in Fig. 2(j) [42]. The flexible PCB consists of
a thin copper strip sandwiched between flexible polyimide
layers, featuring four electroless nickel immersion gold-coated
copper bond pads for a four-wire connection. Two design fea-
tures are implemented to enhance reliability during stretching:
1) the inclusion of four “fingers” that extend into the device
to strain isolate the transition area and 2) vertical interconnect
access holes that promote mechanical interlocking between
the substrate layers. A reusable stainless steel stencil with
a thickness of 120 µm was used that formed a path of
60-mm long and 1-mm wide, as shown in Fig. 2(f).
A U-shaped circuit was used during sensor fabrication com-
posed of LM for sensing. The total electrical path is 120-mm
long with an enlarged U-junction to reduce cross-sensitivity.

B. Methods
1) Sensor Design: The design of the stretchable strain

sensor is based on the standard dumbbell shape of ASTM-
D412-C, as shown in Fig. 2(e) and has a thickness of 3 mm.
The width was increased from 6 to 11 mm to provide ample
space to accommodate the LM circuit and reduce the risk of
short-circuiting in case of rupture. This allows for the use of a
U-shaped circuit with a 7-mm spacing between the LM chan-
nels, ensuring adequate separation to minimize short-circuit
risks. Moreover, a wider sensor increases the cross-sectional
area, giving it a larger “SH surface.” This makes it easier
for the material to reconnect and repair itself after damage,
helping to restore the sensor’s mechanical strength. The LM
channels have a width of 1 mm and an average height of
35 µm.

2) Sensor Fabrication: The sensor manufacturing process
focuses on the reprocessability and high interfacial strength
of the DA polymer to minimize delamination issues and is
shown in Fig. 3. It involves 12 steps, including casting a first
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Fig. 2. Illustration of the chemical structures of key reagents used for making the DA polymer substrate. (a) FGE. (b) DPBM (1,1′-(Methylenedi-
4,1-phenylene) Bismaleimide. (c) Jeffamine T5000 with x +y+z = 96.8 and n = 0. (d) 4-tert-butylcatechol used as a radical inhibitor. (e) Schematic
of the dogbone-shaped specimen following ASTM D412-C standards used for making the sensor. (f) Fabricated sensor sample adapted from the
standard by increasing the width of the substrate from 6 to 11 mm with a thickness of 3 mm. All dimensions in the image are in millimeters.
(g) Experimental setup was used for tensile testing, showing the strain sensor clamped in the TA RSA-G2 instrument with electrical connections
from the flexible PCB to the LCR meter for resistance measurement. (h) Image of a nontoxic and biocompatible Galinstan droplet exhibiting strong
cohesive and surface tension properties, forming an obtuse contact angle on a flat surface. (i) Image of the strain sensor ruptured across the cross
section after sixth rupture-healing cycle. Silver-colored Galinstan can be seen protruding from its trace through the ruptured cross section. (j) Top
view of a thin and flat flexible PCB featuring four gold-plated copper bond pads at each end for electrical connection between Galinstan and the
DAQ system. (k) and (l) Healed strain sensor after cross-sectional rupture is seen from top view. The tear section in (k) is indicated with arrows,
with the light source illuminating from the bottom of the sensor. The silvery Galinstan trace in (l) can be seen turning black at the spot during
the cross-sectional rupture. This indicates that the LM has oxidized at the spot due to exposure to oxygen in the open air. (m) Image of a silvery
Galinstan trace sprayed on an SH substrate, viewed through an optical microscope. The width of the Galinstan trace is on average 1-mm wide and
60-mm long.

layer of DA polymer, depositing the LM onto this first layer,
and covering it with a second layer of DA polymer through
overcasting and postcuring.

First, a negative mold was 3-D printed using PLA material
in UltiMaker S5. Next, “Dragon Skin1 20,” a silicone rubber
provided by Smooth-On Inc., was cast into the negative mold
and cured for four hours at room temperature. Subsequently,
the part was demoulded and used as a mold to produce the
sensor. In this Dragon Skin mold, the liquid DPBM-FT5000-
r0.5 was cast (see the last stage of synthesis in Section II-A1).
The result was a first layer of the dogbone substrate with a
thickness of 1.5 mm. The LM circuit was then deposited on
this initial layer. This involved aligning and placing the flexible

1Trademarked.

PCB connector onto the substrate, followed by positioning a
metal stencil on top of the substrate and PCB. This stainless
steel stencil featured a U-shaped cutout. Then, Galinstan was
deposited using an in-house automated spray coater, consisting
of a 3-D printer with a motorized syringe, a 3-D-printed
spray nozzle, and a pressure valve. Specifically, Galinstan was
sprayed from a height of 10 cm with a flow rate of 1 mL/min,
a pressure of 3.5 bar, and a nozzle speed of 25 mm/s, as shown
in Fig. 3 (Step 7). Once the stencil was removed, a U-shaped
Galinstan channel remained on top of the DA substrate. This
channel was form-stable due to a combination of surface
tension and an oxide layer, and it was directly in contact with
the flexible PCB connector. In the following step, a second
layer of liquid DA polymer with a thickness of 1.5 mm was
cast on top of the circuit, which remained in shape during
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Fig. 3. Fabrication process of the SH and recyclable stretchable strain sensor. (Step 1) Print a 3-D negative mold using PLA material, in preparation
for casting a positive mold. (Step 2) Cast a positive mold using “Dragon Skin 20” material onto the negative mold, followed by a 4-h curing period.
(Step 3) Remove the positive “Dragon Skin 20” mold from the negative mold, ready for casting the SH material on it. (Step 4) Cast the SH DPBM
FT-5000-r0.5 material onto the positive mold, forming the first-layer substrate with a thickness of 1.5 mm. (Step 5) Align the metal stencil to position
the flexible PCB onto the SH substrate. Precisely place the flex PCB onto the SH material surface while maintaining alignment. (Step 6) Replace the
stencil used for aligning the flexible PCB with a metal stencil featuring a “U”-shaped cut-out for the spraying process. Tape the mold with the stencil
on the bottom of the printer bed for spraying LM. (Step 7) Spray Galinstan using the printer and guided automated path, producing an LM trace
with a certain thickness. (Step 8) Remove the mold from the printer bed by detaching the tapes. (Step 9) Peel the metal stencil from the polymer
substrate and the mold, exposing a “U”-shaped trace of Galinstan on the SH material. (Step 10) Overlay a 1.5-mm-thick Plexiglas piece, cut in a
dogbone shape, to cast the second layer of SH material. (Step 11) Pour the second layer of SH material on the mold supported by the Plexiglas
and let it cure for 24 h. (Step 12) Remove the SH substrate from the Plexiglas and mold, ready for strain sensing.

the process. Next, this layer was cured at room temperature
for 24 h, after which the sensor was removed from the mold.
In the last postprocessing step, the sensor was placed in an
oven at 60 ◦C for 2 h to minimize delamination issues and
ensure interfacial bonding between the two DA layers. This
results in high interfacial strength, providing robustness and
hermetic sealing of the Galinstan channel.

3) Electromechanical Characterization: Quasi-static and
dynamic analysis are performed on a dynamic mechanical
analyzer (DMA), RSA-G2 of TA Instruments [see Fig. 2(g)],
equipped with a Keysight E4980AL LCR meter, to measure
the impedance during mechanical analysis. All tests were
performed using alternating current (ac), with an amplitude
of 5 V and a frequency of 1 kHz. All tests were done at room
temperature, fluctuating between 20 ◦C and 25 ◦C.

4) Damage and SH Cycle: To push the SH to its limits,
the stretchable strain sensor was cut completely in half using
a scalpel blade. Next, the fracture surfaces were recom-
bined and recontacted manually, minimizing misalignment
using visual inspection. The sensor was then healed by
placing it back in the dogbone-shaped silicone mold and
in an oven at 60 ◦C for 4 h. Although healing could be

achieved at room temperature [28], using a slightly elevated
temperature accelerated the process and provided control,
which is useful when the system is misaligned, contaminated,
or requires manual intervention. Room-temperature healing
of DA polymer DPBM-FT5000-r0.5 has been demonstrated
by Safaei et al. [28], where it is shown that full restoration
of mechanical properties can occur within a few hours, with
partial healing occurring within minutes after recontacting the
damaged surfaces. In addition, Legrand et al. [43] reported
successful healing at moderate temperatures (e.g., 45 ◦C),
further confirming the material’s potential for low-temperature
or autonomous healing. In our case, the same DA polymer
chemistry was used, with the only modification being the
embedded LM, which may chemically interfere with the
DA healing mechanism to some extent at the interface but
does not affect the overall healing kinetics. Therefore, similar
room-temperature healing behavior is expected, and the use of
60 ◦C in this study was chosen purely to reduce the healing
time.

5) SH Assessment: A widely used method for evaluating
the SH capability of materials and the electrical/sensing per-
formance of sensors is the calculation of healing efficiency
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(ηP ), which quantifies the extent to which a property recovers
after healing [28], [44]. It is mathematically defined as follows:

ηP =
Pnth healed state − Pnth damage state

Ppristine state − Pnth damage state
(1)

where “P” represents a material property such as
Young’s modulus (E), fracture strain (ϵ), fracture stress
(σ ), or toughness. In addition, “P” can denote electrical/
sensor performance parameters like conductance and
gauge factor (GF).

In this study, the sensor undergoes severe damage by being
completely ruptured during testing, reducing all measured
properties to 0 in the damaged state. This simplifies (1) to

ηP =
Pnth healed state

Ppristine state
. (2)

Here, the healing efficiency of a given property represents
the ratio of a healing state to its initial pristine state, with
100% efficiency indicating full recovery.

Mechanical properties such as Young’s modulus (E) and
toughness are determined using

E =
σ

ϵ
, Toughness =

∫ ϵfracture

0
σ dϵ (3)

where σ represents stress and ϵ represents strain. Young’s
modulus quantifies the stiffness of the material, while tough-
ness represents the energy absorbed before fracture, which is
crucial for evaluating structural resilience after healing.

Strain at fracture (ϵfracture) and stress at fracture (σfracture)
are key parameters in assessing a material’s mechanical failure
point. Strain at fracture (ϵfracture) quantifies how much a mate-
rial deforms before breaking, with higher values indicating
greater ductility. Stress at fracture (σfracture) measures the
maximum stress a material can withstand before breaking,
indicating its load-bearing capacity.

These parameters indicate whether the material regains its
original mechanical integrity after healing. If their postheal-
ing values approach the pristine state, the material exhibits
effective mechanical recovery.

To assess the restoration of electrical/sensing performance,
the GF is used as a key parameter. It is defined as follows:

GF =
1R/R0

ϵ
(4)

where 1R = R − R0 is the change in resistance and ϵ is
the applied strain. The GF represents the ratio of the change
in relative resistance to the applied strain, indicating how
effectively the sensor transduces mechanical deformation into
an electrical signal [45]. A higher GF implies a more sensitive
strain sensor. Conductance, the reciprocal of resistance, repre-
sents the ease with which the electrical current flows through
the sensor and is measured initially before the experiment
begins.

By analyzing these parameters, the extent of recovery in
both mechanical properties and strain sensing performance is
determined, providing a comprehensive understanding of the
sensor’s SH capability.

III. RESULTS AND DISCUSSION

A. Sensing and SH Performance
As an initial assessment of the SH capability of the

stretchable strain sensor, both the pristine and healed sensors
(Section II-B4) were subjected to a quasi-static tensile test
with a strain ramp of 0.25%/s until rupture, while their
impedance was tracked (Section II-B3). First, it can be seen
that the pristine sensor can reach strains up to 50% before
fracture, providing a wide strain window of operation for smart
wearable applications. The conductance of the pristine sensor
at rest was 0.36 S, corresponding to a resistance of 2.8 �. This
demonstrates the high conductivity of the embedded Galinstan
circuit within the DA polymer. Such high conductivity enables
LM circuits to function as a signal transmission pathway,
establishing SH and stretchable connections in stretchable
sensors with significantly lower resistances [15] and external
electronics, e.g., DAQs. In addition, its GF was calculated at
the 15% strain, which is 2.08, allowing for accurate detection
of small changes in strain. Although this value aligns with the
typical GFs reported in the literature for elastomeric sensors
(typically 100–102) [46], the sensor’s GF can be further
improved by reducing the width of the LM circuit. Sensor
sensitivity can be improved by increasing the number of loops
in a planar design or by incorporating multiple stacked layers
in a 3-D configuration.

The sensor was subjected to a damage and consecutive
healing cycles six times during the tensile testing proce-
dure. The visual inspection confirmed that fractures occurred
consistently in the same cross-sectional area each time.
Fig. 4(a) and (b) displayed the stress versus strain relationship
and the change in relative resistance versus strain relationship,
respectively, for both the pristine and healed sensors. Based
on this experimental data, Young’s modulus (E) was calculated
via linear regression in the 0%–1% strain window. The fracture
stress and strain were calculated as the final values of stress
and strain before rupture, while the toughness was measured
as the stress integral in the 0 to fracture strain window.
Based on these parameters and the sensor’s conductance at
rest, the healing efficiencies were calculated and presented in
Fig. 4(c).

On a mechanical level, the trends in Fig. 4(c) shows that
Young’s modulus slightly increases with every damage-healing
cycle. One possible explanation for the stiffening of the
material upon straining it to 50% is that the crosslink den-
sity slightly increases with each damage-healing cycle [23].
Extending the annealing time after sensor fabrication could
eliminate these variations; however, this should be investigated
in a follow-up study. Nevertheless, by looking at the results
of the first damage-healing cycle, it can be concluded that the
healing is quite successful, illustrated by an 87% and 80%
healing efficiency based on the fracture stress and fracture
strain, respectively. Aside from this, it is clear that with every
damage-healing cycle, the sensor’s strength represented by
its fracture stress, fracture strain, and toughness reduces [see
Fig. 4(c)]. This decrease can be explained by the fact that
when the sensor is cut, part of the cross-sectional fracture
surfaces can be contaminated by LM (oxide). This results in
a loss of “SH surface,” hence a loss in strength.
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Fig. 4. Third figure in each row is deducted from the analysis of the first two figures of the same row. (a) Stress versus strain for a pristine
and multicycle healed sensor across six healing cycles, demonstrating the change in mechanical properties with repeated healing. (b) Change
in relative resistance versus strain for the same sensor, illustrating the variation in electrical response through six rupture-healing cycles. (c) Bar
graph of the healing efficiency of the sensor generated using (2) for multiple parameters. The graph shows that the GF and Young’s modulus (E)
increase with increasing healing cycles, whereas fracture strain and stress, toughness, and conductance decrease with increased healing cycles.
(d) Mullins cycle for stress versus strain during cyclic loading and unloading with end strain levels of 5%, 10%, 20%, and 50% at a strain rate of
0.17 mm/s showing the DH and the mechanical behavior of the material. (e) Mullins cycle for relative resistance change versus strain under the
same conditions, illustrating the electrical hysteresis of the sensor. (f) Bar graph illustrating the DH for material and electrical properties at different
strain levels deducted from (d) and (e) calculated using (5). The material DH shows less than 9% at 50% strain, highlighting its viscoelastic behavior.
An important finding here is that the electrical DH remains below 1% for all the strain levels and keeps on decreasing with increased strain levels.
This demonstrates the sensor’s suitability for control applications requiring high-speed feedback. (g) and (h) Stress versus strain at different strain
rates for loading and unloading conditions, respectively, showing the material response of the sensor. (i) Line graph of the slope of Young’s modulus
[arc tan(E)] versus strain rate for both loading and unloading cycles, highlighting the increase in slope with increasing strain rate. (j) and (k) Change
in relative resistance versus strain under the same conditions, illustrating the electrical response of the sensor. (l) Line graph of the slope of the
GF [arc tan(GF)] versus strain rate, showing the consistent slope across all strain rates for both loading and unloading cycles, indicating that the
electrical behavior (change in relative resistance) of the sensor is independent of strain rate.

At the sensory level, conductance (the inverse of resistance)
decreases with each successive damage-healing cycle. This
can be attributed to two phenomena. First, with each damage
event, a small amount of LM is removed from the channel and
contaminates the fracture surfaces. Although the cavity volume
remains unchanged, the volume of LM decreases, resulting

in a slight increase in the resistance. Second, each time the
Galinstan is exposed to air, oxidation occurs, further increasing
the resistance. Finally, it can be seen that the GF is recovered
after healing with a 5% increase which can be attributed to
the first phenomena mentioned above. Consequently, it can
be concluded that the sensory performance of the sensor is
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recovered after damage. Nevertheless, there are some fluctua-
tions in the SH efficiency based on GF, in particular for the
fifth cycle. These slight fluctuations can result from the LM
oxides generated during rupture, especially considering that
the sensor was tested without any prior flexing. To minimize
this issue, the sensor should be flexed, pressed, and stretched
after healing to break the oxide layer, ensuring a stable
proper connection between the two endpoints. The changes
in GF across successive healing cycles suggest the need for
recalibration methods to achieve high accuracy of the sensor’s
strain sensing capabilities, as will be discussed in Section IV.

B. Hysteresis Analysis
The strain-sensing behavior of the sensor, particularly its

Mullins effect, was further investigated. Therefore, the pristine
sensor was subsequently loaded and unloaded between 0%
and 5%, 10%, 20%, and 50% strain with a strain rate of
0.25%/s. Fig. 4(d) and (e) shows the Mullins cycle for both the
stress and change in relative resistance as a function of strain,
respectively. This experiment allows calculating the degree of
hysteresis (DH) [2], which is calculated as the area within the
loop of the loading-unloading cycle, divided by the area under
the loading curve, using (5). DH is expressed in percentage

DH =

∣∣∫ ϵ

0 Zdϵ(loading) −
∫ ϵ

0 Zdϵ(unloading)
∣∣∫ ϵ

0 Zdϵ(loading)
. (5)

The common parameter denoted by the letter “Z” is stress
(σ ) or change in relative resistance (1R/R0). Using (5), the
mechanical (based on stress) and electrical (based on the
change in relative resistance) DH was calculated and plotted
in Fig. 4(f), for the increasing strain amplitudes of 5%, 10%,
20%, and 50%. These results illustrate a clear hysteresis in
the stress–strain behavior, in particular when applying larger
strains (e.g., a DH of 9% at 50% strain). This is caused due to
the viscoelastic behavior of the substrate material of the sensor.
While the DH can vary among different types of elastomers,
it is an inherent characteristic of these materials due to their
viscoelastic nature. The DA polymers used in this study, have
a nonnegligible viscous response in their viscoelastic behavior,
which results from dangling chains that are present in the
network due to the nonstoichiometric maleimide-to-furan ratio
(r ), leading to unbound furan ends [47].

When looking at the resistance-versus-strain relationship
in Fig. 4(e), it is evident that the relative change in relative
resistance is significantly less affected by hysteresis, compared
with the hysteresis observed on stress-versus-strain graph [see
Fig. 4(d)]. When cycled up to 50% strain, an almost negligible
electrical DH of 1% is registered. This is because, in LM-
based stretchable sensors, the change in resistance depends
on geometrical changes in the conductive channel/circuit,
which are almost exclusively influenced by strain rather than
stress. Being liquid, the electrical circuit does not experience
stress and the resistivity of the LM remains nearly constant.
In other words, the LM-based strain sensors work according
to the working principle of a strain gauge sensor rather
than the piezoresistivity phenomenon. This contrasts sharply
with SH piezoresistive sensors made by compounding SH
polymers with conductive fillers [15]. Their piezoresistive

behavior depends on both geometrical changes and changes
in conductivity due to the reorganization of the conductive
particles and/or agglomerates during straining. This negligible
hysteresis, which is typical for LM-based sensors facilitates
the creation of analytical, time-independent sensor models
(see Section IV) which can be used in dynamic conditions
or by dynamic controllers, e.g., in feedback controllers for
soft robots. Consequently, the authors believe that LM-based
circuits can be an enabler for SH polymers with nonnegli-
gible viscoelastic properties in SH devices, including smart
wearables.

C. Strain-Rate Independence
In the context of analyzing further the time dependency of

the SH sensor, its resistance-versus-strain behavior is analyzed
for different strain rates, including 0.31%/s, 0.63%/s, 1.25%/s,
2.5%/s, 5%/s, and 10%/s, in a 0% to 20% strain window.
Fig. 4(g) and (h), and (j) and (k) shows the stress and change
in relative resistance as a function of the strain both in loading
and unloading conditions, respectively. Based on these data,
the slopes (arc tangent) of the graphs are calculated in units of
◦ for both Young’s modulus and GF using linear regression.
The slope of Young’s modulus and GF are plotted as a function
of the strain rate, as shown in Fig. 4(i) and (l), respectively.
While Young’s modulus clearly increases with a higher strain
rate, GF remains practically unchanged, during both loading
and unloading cycles. This demonstrates that the sensing of
the SH sensor is time-independent and solely dependent on
the applied strain.

D. Cyclic Testing Up to 800 Cycles
Both the pristine and healed sensors were subjected to

a cyclic test using a trapezoidal waveform with a strain
amplitude of 20% with a strain rate of 15.6%/s for a
total of 800 cycles. The test was performed in ∼48 min.
Fig. 5(a) and (d) represents the change in relative resistance
versus time for the pristine and the healed sensor, respectively.
Fig. 5(b), (e), and (c), (f) shows zoomed-in-view images of the
first 10 and last 10 cycles, respectively. Fig. 5(g) displays the
change in relative resistance versus strain for the pristine and
healed sensor.

First of all, in Fig. 5(a), it can be seen that the response
of the pristine sensor is very repeatable, even at the end of
800 cycles. This can be quantitatively illustrated by a low
drift of less than 5% over a total of 800 cycles, which is
relatively low for SH stretchable strain sensors [40]. The drift
of the sensor was measured for both the peak (20% strain)
and trough (0% strain) values of the trapezoidal waveform
and compared to the average peak-to-peak value of the change
in relative resistance. More precisely, for the pristine sensor,
the drift, standard deviation, and root mean square error
(RMSE)measured for the peak were 4.52%, 1.5 × 10−3, and
1.8 × 10−3, respectively, and for the trough were 4.79%, 6 ×

10−4, and 3 × 10−4, respectively. In addition, when looking
at Fig. 5(g), where the change in relative resistance is plotted
as a function of strain for this cyclic experiment, it is evident
that the sensing behavior changes only slightly over a large
number of cycles, simplifying sensor modeling.
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Fig. 5. (a) Change in relative resistance versus time for the pristine sensor over 800 cycles, each lasting 3.56 s. The total duration was 48 min for
20% strain amplitude. The average peak-to-peak value was 0.45 for the pristine sensor. The drift measured was less than 5%. (b) Zoomed-in-view
image of the first 10 cycles for the pristine sensor. (c) Zoomed-in-view image of the last 10 cycles for the pristine sensor. (d) Change in relative
resistance versus time for the healed sensor over 800 cycles for 20% strain amplitude. The average peak-to-peak value was 0.47 for the healed
sensor. The drift measured was less than 10%. (e) Zoomed-in-view image of the first 10 cycles for the healed sensor. (f) Zoomed-in-view image of
the last 10 cycles for the healed sensor. (g) Change in relative resistance versus strain graph for the pristine (pink) and the healed (black) sensor.
(h) Comparative analysis of SH LM strain sensors, comparing GF at 50% strain, SH performance, and number of healed cycles with recent studies.
(i) Repeatability testing results of the pristine sensor under trapezoidal cyclic loading at 10%, 20%, and 30% strain levels, with three samples tested
on the first day and two retested after seven days. (j) Repeatability testing results of the healed sensor under the same conditions. (k) Step response
test of the pristine and healed sensor at 30% strain amplitude (21 mm) showed both followed the reference strain within 900 ms. The motor applied
strain to a 70-mm gauge length in 680 ms. The sensor response time was 220 ms, with maximum errors of 2.5% and 10% for loading and unloading
cycles, respectively.

This experiment was repeated on a healed sensor. From
Fig. 5(d), it can be concluded that the healed sensor has
stable sensing behavior and its electrical properties can be
recovered, illustrated by a drift of less than 10%. However,
the GF and the peak resistance value slightly changed after
healing. The pristine sensor has an average peak-to-peak
value of 0.45, and the healed sensor has a slightly higher
one of 0.47. More specifically for the healed sensor, the
drift, the standard deviation, and the RMSE measured for the
peak were 9.64%, 8 × 10−3, and 5 × 10−2, respectively,

and for the trough were 3.1%, 5 × 10−3, and 2 × 10−2,
respectively.

The higher drift observed in the healed sensor primarily
occurs during the initial phase of the experiment, before the
500-s mark. As shown in Fig. 5(d), the initial portion of the
signal exhibits relatively high variability. This can be attributed
to the rearrangement of oxidized LM generated at the interface
during rupture. At this early stage of the healing process, the
connection between the broken LM endpoints is not yet fully
stabilized.
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However, as the test progresses, the signal becomes stable
with minimal drift. This stabilization follows similar reasoning
discussed in Section III-A, where it is noted that the sensor
must be flexed, pressed, and stretched after healing to break
the oxide layer and restore a reliable electrical connection.

This study demonstrates that straightforward, time-
independent analytical models, such as a linear model defined
by the GF, are adequate for calibrating the sensor for various
applications involving cyclic loads. Finally, this study demon-
strates that both the pristine and healed sensors fully recovered
their sensing abilities, showing minimal drift with no signs of
breakage or failure.

E. Repeatability
To evaluate the repeatability of the SH stretchable strain

sensor, cyclic loading was applied using a trapezoidal wave-
form with increasing strain amplitudes of 10%, 20%, and 30%.
This test was conducted on both pristine and healed sensors.
The repeatability test was conducted on three different samples
(1–3) on the first day for both pristine and healed sensors.
To assess long-term stability, samples 1a and 2a were retested
after seven days following the same protocol.

Fig. 5(i) and (j) illustrates the repeatability results, where
the sensor output closely aligns with the reference signal,
represented by the actuator’s trapezoidal motion. The results
confirm the sensor’s reliability over time, as samples 1a
and 2a maintain similar performance to their initial tests
(samples 1 and 2, respectively) even after several days. Fur-
thermore, the response remains consistent across different
samples (1–3) for both pristine and healed sensors, demon-
strating repeatable behavior. The pristine and healed sensors
exhibit high repeatability, with an RMSE of less than 5% when
compared with the reference signal.

F. Step Response
A step response test was conducted to analyse the sen-

sor’s dynamic response. The pristine and healed sensor was
subjected to a single loading and unloading cycle at 30%
strain, with a strain rate of 44%/s, as shown in Fig. 5(k).
A strain step of 21 mm was applied within 680 ms to a
70-mm gauge length, achieving 30% strain. Both pristine and
healed sensors followed the reference strain closely within
900 ms for both extension and relaxation. The response
time was calculated as 220 ms, which is suitable for most
applications. The extension step had an error of less than 2.5%,
while the relaxation step exhibited an error of less than 10%
due to material hysteresis. The difference in response time
between the pristine and healed sensors was negligible, further
confirming their dynamic reliability.

IV. SENSOR MODEL AND (RE)CALIBRATION

Due to the time-independence (negligible electrical hys-
teresis, strain-rate independence, and small drift) of the
strain-sensing behavior, an analytical model can be developed
to describe the relationship between applied strain and change
in relative resistance. Two models were proposed to achieve

this mathematical equation, a linear model and a parabolic
model. These models are described by the following equations:

ϵLinear Model (%) =

R−R0
R0

GF
× 100 (6)

ϵParabolic Model (%) =

−v ±

√
v2 − 4u

(
−

R−R0
R0

)
2u

(7)

where R0 is the initial resistance at rest, R is the resis-
tance measured during straining of the sensor, and GF is
the gauge factor, which are the parameters of the linear
model, and u and v are the parameters of the parabolic
model. To develop robust models, the sensor was exposed to a
complex strain profile. This involved a trapezoidal waveform
with progressively increasing strain amplitudes of 10%, 20%,
and 30%, as illustrated in Fig. 6(a). Throughout the process,
the resistance was monitored. Based on this experimental data
of the pristine sensor, both models were fit using ordinary
least square (OLS) regression. This resulted in the parameters,
which are presented in Table I together with RMSE.

Based on the low-RMSE values (<5%) for the
(re-)calibrated models, it is clear that a very good fit
can be achieved in both cases. As illustrated in Fig. 6(b),
both models for pristine and healed sensors show a good fit
in the 0%–30% strain window. This is emphasized, as shown
in Fig. 6(a), step 1, which shows that the applied strain
coincides very well with the measured strain for both the
linear and parabolic model of the pristine sensor. Although
relatively small, some errors are visible during the relaxation
(unloading) step in the zoomed-in-view images, due to the
viscoelastic behavior of the encapsulant. Nevertheless, the
sensing behavior is very linear. Indicating that for low-strain
applications, below 30% the linear model based on GF is
more than sufficient. At higher strains, the curve starts to
deviate from linear behavior, illustrating the need for a higher
order model, such as the parabolic model. Consequently,
for the complex trapezoidal waveform, which strains up to
30%, the parabolic model has a marginally lower RMSE
value.

Fig. 6(a), step 2, illustrates the performance of the sensor
after being cut in half and healed at 60 ◦C for 4 h. When
using the model derived from the pristine sensor, e.g., without
performing any recalibration. It is clear that a large part of
the sensor performance is recovered, making it feasible to
use the sensor without recalibration. Due to partial healing,
an alteration is seen in both the initial resistance and the
resistance–strain relationship, leading to a baseline shift visible
as an offset in the zoomed-in-view images in Fig. 6(a), step 2,
and an increase in RMSE value, as shown in Table I. A practi-
cal method for recalibration involves a simple R0 recalibration,
which relies solely on measuring the initial resistance of the
sensor in unloaded conditions after healing. This approach
recalibrates the sensor without requiring movement, making
it useful in real-world applications. As shown in Fig. 6(a),
step 3, and the lower RMSE value in Table I, this leads to
an improved fitting. Finally, to increase the sensory recovery,
a full calibration can be performed on the healed sensor,
refitting the linear or parabolic model. This results in fitting
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Fig. 6. (a) Sensors’ performance by applying trapezoid strain signal with fluctuating amplitude, and comparing the applied strain signal with
that of the measured strain signal, which was reconstructed utilizing the linear and parabolic model. Step 1: results of a pristine sensor in which
the parameters of the linear and parabolic model were derived using ordinary least squares regression, leading to RMSE values of 4.5% and
4%, respectively. Step: 2 results of a healed sensor with the same pristine model, exhibiting higher RMSE values of 6% and 6.5% for the linear
and parabolic models, respectively, indicating the need for recalibration. Step 3: results of a sensor where the linear and parabolic model was
recalibrated model solely based on the change in initial resistance (R0) (baseline resistance). This leads to reduced RMSE values of 5.5% and
5%, respectively. Step 4: results of the healed sensor for which a full recalibration was done, e.g., the parameters of the linear and parabolic model
were again derived using regression, leading to RMSE values of 5% and 4.5% respectively, just slightly higher than the pristine case. (b) Linear and
parabolic model generated using data from the pristine sensor. (c) The sensor substrate, along with Galinstan, was chopped into pieces and placed
in a conical tube, which was then heated at 140 ◦C, well above the gel transition temperature. It was then quickly transferred to a centrifuge, which
separated the denser Galinstan to the extremity from the SH material for recycling/reprocessing. Pristine (black graph) and the healed (magenta
graph) sensors were integrated into wearables to monitor the movements of the (d) knee, (e) finger, (f) elbow, and (g) wrist, demonstrating consistent
performance. The SH ability of the sensor ensures durability in case of damages such as punctures or cross-sectional tears, which is crucial for
wearable applications.

and RMSE values comparable to those of the pristine sensor,
indicating that the combination of material-based healing and
software compensation (recalibration) achieves full recovery
of the sensor’s performance.

V. PROOF OF CONCEPT FOR SEPARATION
AND RECYCLING

A significant challenge facing embedded flexible and
stretchable sensors is their poor recyclability, exacerbated
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TABLE I
CONSTANTS USED AND RMSE VALUES MEASURED FOR VARIOUS PRISTINE AND HEALED SENSORS USING A LINEAR AND PARABOLIC MODEL

by two critical issues. First, many flexible and stretchable
substrates, such as silicones and rubbers, cannot undergo
reprocessing because their polymer networks are irreversibly
crosslinked. Second, achieving separation between conductive
channels and the substrate, which is crucial for recycling
individual materials, is challenging or even impossible. This
article presents a preliminary proof of concept for a separation
method involving DA polymers and LMs. The technique uti-
lizes centrifugal force to exploit the reversible solid-to-liquid
transition of DA polymers and the density contrast between the
LM (ρ = 6.44 g/cm3) and the polymer (ρ = 1.17 g/cm3).

While many reversible polymers undergo degelation at
elevated temperatures, resulting from extensive bond breaking,
DA polymers exhibit notably low viscosities in their liquid
phase, particularly well above their gelation temperature (Tgel).
This is also the case for DPBM-FT5000-r0.5, which exhibits
viscosities as low as 0.1 Pa ·s at 140 ◦C, well above their Tgel
of 80 ◦C [28].

First, the flex PCB was mechanically removed (e.g., cut
using a blade). Next the sensor was cut into 5 × 5 ×

3 mm3 parts, which were placed in a conical tube. The tube
is subsequently heated in an oven set at 140 ◦C, leading to
the degelation of the DA polymer into a low-viscosity liquid
polymer. Once liquefied, the tube was promptly transferred
to a centrifuge and centrifuged for 10 min at 5000 r/min. The
high centrifugal force generated during this process causes the
denser LM to separate out toward the extremity of the tube,
as shown in Fig. 6(c). After centrifugation, the materials were
cooled down, leading to the solidification of the DA polymer
due to recrosslinking. Upon being solid, the DA polymer could
be easily removed from Galinstan LM. This method efficiently
recycles the SH substrate, facilitating reprocessing, minimizing
waste, and promoting sustainability.

VI. PRISTINE AND HEALED SENSOR FOR HUMAN
MOTION MONITORING

The strain sensor produced demonstrates a fracture strain
of approximately 50%, which is sufficient for a wide range
of smart wearable applications. Most human motion mon-
itoring tasks occur within a strain range of 0%–50%, and
commonly between 0% and 30% [38], [45]. For instance,
strain sensors used in artificial sound detection (e.g., detecting
throat vibrations during speech by placing the sensor on
Adam’s apple), carotid pulse and eye-blink monitoring, and
finger bending typically operate within this range [45]. The
encapsulating material of the sensor produced itself exhibits
a higher fracture strain (240%) at the material level [28].
However, the reduced stretchability at the application level
is primarily attributed to fabrication-related limitations such

as air bubbles and particulate contamination encountered dur-
ing upscaling (115-mm length). These challenges may be
addressed in future studies through process optimization and
improved manufacturing control.

To validate the SH stretchable strain sensor in applications,
both pristine and healed sensors were integrated into a wear-
able fabric to monitor various human motions, specifically
targeting movements of the fingers, wrist, elbow, and knee.
Fig. 6(d)–(g) illustrates the change in resistance (1R/R0)
over time for both pristine and healed sensors, where the
black lines represent motion from the pristine sensor and
the magenta lines represent motion from the healed sensor.
Fig. 6(d) shows a person walking on a treadmill, with sensors
attached to the knee (patella bone) region. Walking involves
a cyclic repetition of the gait cycle, which includes distinct
peaks at various states. In normal walking, the gait cycle has
two peaks: “state 1” (the first peak) and “state 2” (the second
peak). “State 0,” known as “heel strike,” occurs when the
knee angle is close to 0◦. “State 1,” the “loading response,”
features a short amplitude peak followed by a decrease in
knee angle during “mid-stance.” A high peak at “state 2,”
known as “toe-off,” corresponds to the highest knee angle
in the gait cycle. The pristine and healed sensors display
consistent peaks corresponding to each step in the gait cycle.
Fig. 6(e) and (f) depicts the sensor aligned to the index finger
and elbow, respectively, for bending and straightening motions.
For the finger, “state 0” represents the straightened position,
where the resistance is at its lowest peak, and “state 1”
represents the fully bent position, where the resistance reaches
its highest peak. Similarly, for the elbow, “state 0” corresponds
to the straightened position with the lowest resistance peak,
and “state 1” corresponds to the fully bent position with the
highest resistance peak. The pristine sensor shows a regular
pattern of resistance change corresponding to the finger and
elbow movements. The healed sensor, exhibiting a similar
shape to the pristine sensor, closely follows the bending and
straightening motions, indicating its ability to accurately track
these movements even after healing. Fig. 6(g) shows the sen-
sor attached to the wrist for flexion and extension movements.
Flexion of the wrist involves bending it so that the palm moves
toward the forearm, reaching the highest resistance change,
referred to as “state 1.” Extension involves straightening the
wrist or bending it backwards, reaching the lowest resistance
change, known as “state 0.” The pristine and healed sensors
display consistent resistance patterns corresponding to these
movements. The healed sensor’s response closely follows the
pattern of the pristine sensor, indicating that the sensor retains
its functionality even after healing. The integration of these
SH sensors significantly enhances the durability and longevity
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of wearable sensors, particularly in the face of damage or
tears. Despite minor amplitude differences between the pristine
and healed sensors posthealing due to an increase in GF, the
healed sensors demonstrate remarkable recovery capabilities,
ensuring accurate motion monitoring. Graphs Fig. 6(d)–(g)
consistently illustrate clear, distinct resistance changes in the
pristine sensor corresponding to various human motions. These
findings validate the efficacy of SH sensors in applications
related to human motion monitoring. The ability of these
sensors to self-heal and maintain performance is especially
valuable in wearable technology, where sensors are frequently
exposed to large mechanical stress and sharp objects, both
potentially induce damage.

VII. CONCLUSION

This study demonstrated the promise of pairing DA poly-
mers with LM to develop SH stretchable strain sensors for
durable and reliable smart wearables. The sensor’s ability to
recover from electrical and mechanical functionalities after
multiple damage cycles represents a significant advance-
ment in sensor technology. In addition, initial progress was
made toward enhancing the sustainability of the sensor by
demonstrating the recyclability of the material. The innovative
approach to sensor design and manufacturing outlined in
this article lays the foundation for future developments in
SH stretchable electronics, enabling the creation of robust
sensors with intricate shapes, precise geometries, and more
sustainable, long-lasting smart devices.

The intrinsic SH ability of the DA encapsulant, based
on reversible crosslinks, was seamlessly integrated with the
Galinstan circuit, which inherently self-healed due to its liquid
nature. The SH capability of this new stretchable strain sensor
was demonstrated through tests, where it successfully repaired
itself from extensive damage after being completely cut into
two halves, fully recovering within 4 h at 60 ◦C. These tests
showed that while the mechanical strength of the sensor was
only partially restored (with a SH efficiency of 85%), the
critical elastic and sensing behaviors within this strain range
were effectively recovered, ensuring reliable measurement per-
formance despite minor variations. This healing was robust and
reliable, as illustrated by a healed sensor that withstood cyclic
loading with a strain amplitude of 20% over 800 cycles. With
each damage-healing cycle, the sensor’s strength diminished,
as demonstrated by six consecutive damage-healing cycles at
the same location, most likely due to Galinstan contamination
on the fracture surfaces. However, its elastic and sensory
behavior continued to be restored. A study by Legrand et al.
[43] demonstrated that a controlled manufacturing approach
allowed for 63 damage-healing cycles using the DPBM-
FT5000-r0.5 DA polymer, highlighting the potential for further
optimization in SH systems.

In stark contrast to state-of-the-art polymer-based SH sen-
sors that exploit piezoresistivity, the LM-based SH sensor
exhibited superior sensing quality being predominantly strain
gauge driven, which is characterized by negligible hysteresis
(<1%), strain-rate independence, fast response times (220 ms),
and minimal drift (5% over 800 cycles). This stemmed
from the liquid nature of the embedded Galinstan circuit,

where resistance changes were predominantly driven by
strain-induced changes in geometry. The time-independence
nature of the LM-based stretchable sensor enabled modeling
and calibration using relatively simple analytic models. In the
case of polymer-based SH circuits, the piezoresistive behavior
depended on both geometrical changes and changes in con-
ductivity due to the reorganization of the conductive particles
and/or agglomerates during straining, resulting in undesired
time-dependent effects such as large hysteresis. As such,
determining analytical or numerical models for these is very
challenging, if not impossible.

Consequently, both linear and parabolic models were used
to fit the strain-sensing behavior of the pristine and healed
sensors. Low RMSE values indicated that these models pro-
vided excellent fits, even for complex trapezoidal waveforms
with increasing strain amplitudes, demonstrating the sensor’s
stability and reliability. Although the sensing performance
was effectively recovered after healing, there was a slight
decrease in accuracy due to changes in baseline resistance and
resistance–strain relationship. Future work could investigate
the recovery of the sensing performance after SH using more
complex models to gain a deeper understanding. Nevertheless,
this article showed that recalibrating the baseline resistance or
performing a full recalibration significantly improved or even
completely restored the sensing performance. This highlights
the advantage of combining material-based SH with software-
based adaptation, such as recalibration.

To contextualize our findings within the broader landscape
of LM-based SH strain sensors, a comparative analysis was
conducted against representative recent studies [as summarized
in Fig. 5(h)] [48], [49], [50], [51], [52]. Compared with these
reports, the sensor presented in this work exhibits a superior
GF (=2.4 at 50% strain), reflecting enhanced sensitivity to
small deformations. Our sensor also demonstrates comparable
SH performance (80% healing efficiency and 6 healed cycles),
while maintaining structural integrity without delamination
issues. [49], [50], [52] report higher SH efficiencies; however,
they exhibit lower GFs and fewer healed cycles in compar-
ison. [51] presents a slightly lower GF but demonstrates a
marginally higher number of healed cycles and SH efficiency.
Meanwhile, Sun et al. [48] exhibited strong healing perfor-
mance (95%) and the highest number of healed cycles (10),
but it has one of the lowest GFs, indicating reduced sensi-
tivity. This highlights the balanced and robust performance
of our sensor in terms of sensitivity, healing repeatability,
and efficiency. Furthermore, our sensor uniquely combines
strain-independent behavior, negligible hysteresis (<1%), and
minimal drift for the pristine sensor (<5%), all of which are
critical for reliable and repeatable sensing. Notably, while
drift characteristics of healed sensors are rarely reported in
the literature, our work demonstrates that the healed sensor
also maintains low drift (<10%), underscoring its long-term
reliability. Importantly, this work introduces a step toward
recyclable sensor architecture by leveraging a reprocessable
DA polymer matrix and a LM circuit—an ecological aspect
rarely addressed in existing literature. These features collec-
tively position our sensor as a robust and forward-looking
solution in the evolving field of SH stretchable electronics.
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A proof of concept was developed to demonstrate that
the SH sensor can be recycled through a unique recycling
procedure—an ecological aspect rarely addressed in existing
literature. This process, enabled by centrifugal separation of
the reprocessable substrate and the LM, represents an initial
step toward benchmarking recyclability in SH-based strain
sensors. This technique leveraged the reversible solid-liquid
transition of DA polymers, their remarkably low viscosity in
their liquid state, and the high density of Galinstan. Typ-
ical stretchable sensors use substrates that are permanently
cross-linked and therefore irreversible, hence being a nonre-
cyclable sensor. In contrast, sensors made with DA polymers
and LMs show strong potential for complete recyclability and
ecological sustainability.

Finally, the practical application of the SH stretchable strain
sensor was demonstrated by embedding it in wearable fabrics
capable of effectively monitoring various human movements,
including finger, wrist, elbow, and knee bending, for both
pristine and healed sensors. This highlighted its potential
applications in areas like healthcare monitoring, soft robotics,
and biomedical engineering. Due to its combination of stretch-
ability, durability, reliability, SH capability, and recyclability,
this sensor stood out as a promising technology for advancing
smart wearables and textiles, flexible electronics, soft robotics,
and various other fields beyond.
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