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Abstract— Soft robotics are characterized by their high
deformability, mechanical robustness, and inherent resistance
to damage. These unique properties present exciting new
opportunities to enhance both emerging and existing fields
such as healthcare, manufacturing, and exploration. However,
to function effectively in unstructured environments, these
technologies must withstand the same real-world conditions
to which human skin and other soft biological materials are
typically subjected. Here, we present a novel soft material
architecture designed for active detection of material damage
and autonomous repair in soft robotic actuators. By integrating
liquid metal (LM) microdroplets within a silicone elastomer, the
system can detect and localize damage through the formation
of conductive pathways that arise from extreme pressure (>
1 MPa) or puncture events. These newly formed conductive
networks function as in situ Joule heating elements, facilitating
the reprocessing and healing of the material. The architecture
allows for the reconfiguration of the newly formed electrical
network using controlled electrical and thermal mechanisms to
restore functionality. The entire process from damage detection
to repair and reconfiguration occurs without any manual
intervention or external mechanisms to facilitate healing. This
innovative approach not only enhances the resilience and
performance of soft materials but also supports a wide range of
applications in soft robotics and wearable technologies, where
adaptive and autonomous systems are crucial for operation in
dynamic and unpredictable environments.

I. INTRODUCTION

Soft materials with sensing, actuation, and self-healing
capabilities are enabling a new generation of multifunctional
technologies for applications ranging from bio-inspired soft
robotics to wearable computing. These materials are highly
deformable, mechanically robust, and naturally damage re-
sistant and can withstand compressive forces, impacts, and
bending that would typically damage rigid counterparts of
similar size and weight [1], [2], [3], [4]. However, as soft-
matter technologies transition from controlled laboratories
to real-world environments, they must be able to endure
the same conditions faced by human skin and other soft
biological materials. To achieve this, these materials must
have the ability to detect and respond to external stimuli,
communicate damage information, and include self-healing
mechanisms – mimicking the remarkable adaptive resilience
of living organisms. Incorporating these biomimetic func-
tionalities is essential for ensuring the longevity of soft
robotic and wearable systems as they interact with unpre-
dictable real-world environments.
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Fig. 1. A) Schematic illustration of the intelligent self-healing artificial
muscle. B) Exploded schematic illustration of the layered architecture and
integration of advanced materials to enable the artificial muscle to sense
damage and facilitate self-repair mechanisms without manual intervention
or external healing mechanisms.

Human nervous tissue serves as an exemplary model of
a soft, responsive material capable of detecting, commu-
nicating, and recovering from injuries through its inherent
plasticity. This characteristic is particularly relevant for soft
robotics designed for agricultural applications, which are
often exposed to sharp objects such as twigs, thorns, plastic,
or glass that can cause damage to these systems [5]. To
address this vulnerability, numerous studies have explored
self-healing polymeric and elastomeric materials for soft
robotics applications that employ a variety of mechanisms
to achieve self-repair [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16]. These advancements have led to the
development of soft systems with self-healing capabilities
in sensors [17], [18], [12], electrical wiring [19], [20], [21],
and actuation [22], [23], [24], [15]. A promising strategy
for autonomous self-healing is based on the integration of
Joule heating elements with self-healing polymers [15], [13],
[25]. This approach eliminates the need for manual inter-
vention or external stimuli, representing a significant step
towards robust, autonomous soft robotic systems. Despite
these promising developments, the comprehensive integra-
tion of damage detection, communication, and recovery in
soft-robotic technologies remains a significant challenge [1].

Here, we introduce a novel soft material architecture for
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active detection of material damage and autonomous repair
through in situ reprocessing and reconfiguration of both
the material structure and its electrical network (Fig. 1).
This architecture includes a soft electronic skin composed
of LM microdroplets embedded within a silicone elastomer,
enabling the detection and localization of damage by moni-
toring the formation of conductive pathways resulting from
extreme pressure (> 1 MPa) or puncture events [18]. The
newly created conductive networks serve as in situ Joule
heating elements to facilitate the reprocessing and healing of
physically cross-linked polymer layers. Following the self-
healing process, these electrical networks can be reconfigured
using electromigration and thermal mechanisms to create
physical discontinuities. This system level integration enables
electrical damage detection and localization, self-healing ca-
pabilities for extreme damage events, and the reconfiguration
of newly formed electrical networks–all without the need for
manual intervention or external mechanisms. This approach
not only enhances the resilience and functionality of soft
materials, but also paves the way for advanced applications in
soft robotics and wearable technologies, where adaptive and
autonomous systems are essential for continuous operation
in dynamic and unstructured environments.

II. SOFT ELECTRONIC SKIN

A. Manufacturing

The soft electronic skin utilizes an LM elastomer compos-
ite material architecture. This material was created by shear
mixing Ga-based LM (75% gallium, 25% indium by weight,
Rotometals) with uncured silicone elastomer (Sylgard 184,
Dow) at a 1:1 volume ratio, forming a suspension of LM
microdroplets (∼100 µm particles). A layer of silicone
elastomer is first applied to a glass substrate and cured.
A mask is then applied, and a layer of the LM-composite
is cast and cured. A final layer of elastomer is then cast
on top of the LM-composite and subsequently cured. All
layers are 0.5 mm thick, applied using a thin film applicator,
and cured at 100 ◦C for 1 hour. Previous research by the
authors and others has demonstrated the versatility of LM
elastomer composites in terms of material properties. These
composites can be engineered to exhibit extreme toughness
[26], exceptional electrical and thermal characteristics [27],
[28], [29], [30], [31], [32], [33], [34], [35], [36], [37], and the
ability to form electrically conductive pathways [19], [18],
[38], [39], [40], [41], [42].

B. Formation of Electrical Networks

Following synthesis, the LM composite is electrically
insulating. The application of extreme pressure (> 1 MPa)
or puncture events induces the formation of conductive
traces that are internal to the composite and can function as
traces for power or signal transmission [19]. The remaining
material surrounding these traces remains unaffected and
allows multiple electrically insulating traces to be formed
within a single composite. To ensure consistent results across
samples, the conductive traces were created using an X-Y
pen plotter (Maker 3, Cricut) equipped with a scoring wheel
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Fig. 2. Electrical network behavior as a function of applied current. A)
Schematic illustration of controlled electromigration and thermal failure
mechanisms. Failure occurs due to metal ion flow at high current density
and thermal expansion mismatch between the two materials. B) Resistance
as a function of applied current. C) Failure current presented as mean ±
s.d. (n = 6) for LM composite thicknesses of 250, 500, and 750 µm. D)
Resistance as a function of applied current. E) Failure current presented as
mean ± s.d. (n = 6) for trace widths of 1, 3, and 5 traces.

to selectively apply pressure to predefined regions. Trace
width was controlled by adjusting the number of adjacent line
paths and the depth of the traces was controlled by adjusting
the thickness of the LM elastomer composite.

C. Reconfiguration of Electrical Networks

The electrical networks created in LM elastomer com-
posites are generally considered permanent, especially in
conventional thermosets with covalent networks. Physically
cross-linked polymers, such as themoplastic elastomers, can
be reprocessed with manual intervention through the use of
solvents or heating to reconfigure the polymer and electrical
networks [20], [21]. In this study, we demonstrate that
electrical networks created in thermoset elastomers can be
reconfigured using controlled electrical processes without
modifying the elastomer network (Fig. 2A). Physical dis-
continuities in the electrical networks are created at high
current densities, where electromigration and thermal failure
mechanisms are observed [43], [44], [45], [46], [47], [48],
[49].

To systematically investigate the impact of trace cross
sectional area on electromigration and thermal failure mech-
anisms, we varied the width and thickness of the conductive
traces. The trace width was controlled by creating multiple
adjacent line paths, while the depth of the trace was adjusted
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Fig. 3. Reconfiguration of significant pressure damage. A) (Top) Photographs of the soft electronic skin showing pressure damage (> 1 MPa). (Bottom)
Thermal camera snapshots captured just before electromigration and thermal failure, which triggered the reconfiguration of the electrical network. The
process was repeated six times to assess consistency and reliability. B) Sample resistance as a function of applied current during the reconfiguration process.
C) Maximum sample temperature over time as a ramping current was applied in increments 0.25 amps every 10 seconds, until the electrical trace was
reconfigured and electrical conductivity was lost due to open circuit failure.

by modifying the thickness of the LM elastomer composite.
LM electrodes were deposited at the end of each trace
and connected to a programmable DC power supply (2260,
Keithley). A ramping current was applied in increments of
0.25 amps every 30 seconds until the electrical trace was
reconfigured and electrical conductivity was lost due to open
circuit failure. Notably, the visual appearance of the trace
changed from dark gray to a lighter, cloudy gray after failure
with no observable changes to surface roughness. As shown
in Fig. 2B and D, the resistance of the trace gradually
increased until a significant change occurred, resulting in
the loss of electrical conductivity. The current required for
circuit reconfiguration was found to increase as the thickness
of the LM composite increased from 250 µm to 750 µm
(Fig. 2C) and as the trace width increased from one to five
adjacent traces (Fig. 2E). The most substantial change in
current, ranging from 1.5 to 3.5 amps, correlated with the
increase in trace width from one to five traces. This ability
to tailor the patterned trace area provides new opportunities
to control the specific location where circuit reconfiguration
occurs in LM elastomer composites.

III. ELECTRICAL DETECTION AND RECONFIGURATION
OF DAMAGE EVENTS

Local damage between two adjacent conductive traces can
be detected by monitoring their impedance. When damage
occurs in an area that overlaps both traces, new electrical
pathways are formed around the damaged region, thereby
lowering their impedance and electrically connecting the two
traces. This newly formed electrical pathway can then be

reconfigured through electromigration and thermal failure
mechanisms. Electromigration and thermal failure occurs in
the area of highest impedance. If the expected size of damage
is known, the patterned traces can be designed sufficiently
large to ensure the circuit is reconfigured within the damaged
area.

To demonstrate that damage can be electrically detected
and subsequently reconfigured, we drew two 2 mm wide
monitoring traces (each consisting of five adjacent lines per
trace) with a center-to-center spacing of 17 mm. Electrodes
were patterned on one end of each trace to serve as an
electrical interface and were connected to a programmable
DC power supply. Various damage types, such as pressure
and cutting, were then applied between the two monitoring
traces to form a conductive pathway between the traces. This
pathway was detected by applying a small voltage (1 volt)
and measuring current to determine if the electrical circuit
was complete. Once continuity was established, a ramping
current was applied in increments of 0.25 amps every 10
seconds in constant current mode until electromigration and
thermal failure occurred, which electrically reconfigured the
circuit and caused an open circuit failure in the damaged
region. This process was repeated until a total of six damage
and reconfiguration cycles were completed for each damage
type per sample. This systematic approach allowed for the
reliable evaluation of the electronic skin’s performance under
various damage scenarios and reconfiguration cycles.
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Fig. 4. Reconfiguration of puncture damage. A) (Top) Photographs of the soft electronic skin showing puncture damage. (Bottom) Thermal camera
snapshots captured just before electromigration and thermal failure, which triggered the reconfiguration of the electrical network. The process was repeated
six times to assess consistency and reliability. B) Sample resistance as a function of applied current during the reconfiguration process. C) Maximum
sample temperature over time as a ramping current was applied in increments 0.25 amps every 10 seconds, until the electrical trace was reconfigured and
electrical conductivity was lost due to open circuit failure.

A. Pressure Damage

Significant pressure damage was applied to the sample
using the scoring wheel attachment on the X-Y plotter,
resulting in a single trace electrically connecting the two
adjacent monitoring traces, which consist of five traces each
(Fig. 3A, Trace 1). After continuity was established, a current
ramp was applied until an open circuit failure occurred,
during which the sample’s resistance and temperature were
measured. As shown in Fig. 3B, the resistance of the trace
gradually increased until a threshold was reached, lead-
ing to the loss of electrical conductivity and simultaneous
reconfiguration of the electrical network. The location of
electromigration and thermal failure is confirmed using a
thermal camera, with frames shown in Fig 3A captured just
before failure occurred. The hottest area directly corresponds
to the damaged area and location of electromigration and
thermal failure. Prior to electromigration and thermal failure,
the material experiences elevated temperatures exceeding 200
◦C at the damage location (Fig. 3C). Silicone elastomers
exhibit exceptional thermal stability at elevated temperatures,
remaining stable up to 300 ◦C under vacuum [50].

B. Puncture Damage

Puncture damage was applied to the sample using a
precision knife, which cut through both monitoring traces
(Fig. 4A). After continuity was established, a current ramp
was applied until an open circuit failure occurred, during
which the sample’s resistance and temperature were mea-
sured. As shown in Fig. 4B, the resistance of the trace
gradually increased until a threshold was reached, leading

to the loss of electrical conductivity and the simultaneous
reconfiguration of the electrical network. The area of dam-
age, represented by a single cut, is smaller and involves
a different mechanism of network formation compared to
the monitoring traces, which consist of five traces formed
through pressure application. The location of electromigra-
tion and thermal failure was confirmed using a thermal cam-
era, with frames shown in Fig. 3A captured just before failure
occurred. Prior to electromigration and thermal failure, the
material experienced elevated temperatures exceeding 100
◦C at the damage site (Fig. 3C). Puncture damage is a
common concern in soft robotics, particularly when these
soft systems encounter sharp objects or rough surfaces during
operation. Addressing this vulnerability through effective
detection and self-healing mechanisms is crucial for ensuring
the reliability and longevity of soft robotic systems, as
pressure or fluid leakage resulting from puncture can lead
to reduced performance and unexpected failures.

IV. SOFT ROBOTICS APPLICATION

A self-healing artificial muscle is created with embedded
sensors to allow the system to continuously monitor for
damage, such as puncture damage, in real-time (Fig. 5). Upon
detecting damage, the actuator can initiate an autonomous
repair process through in situ reprocessing, where Joule
heating is used to trigger a self-healing material layer.
Following self-healing, the damaged area is reconfigured,
restoring functionality without the need for manual interven-
tion or external healing mechanisms. The integration of these
features not only enhances the resilience of the soft robotic

2594



25

35

45

55

65

75

215 ºC

100

A

Sintered 
LM Trace

LM Elastomer 
Composite

4321

20 mm
Leaking

Fluid

Puncture
Damage

Actuation Damage Detection

DB C

Actuation Reset 2nd CircuitReset 1st Circuit

+
-

TPE Melting

HFE G

Bottom View

+
-

+
-4

3
2
1

Fig. 5. Intelligent self-healing artificial muscle. A) Bottom view of the actuator and configuration of the damage detection layer with four traces to
detect damage events. B) The actuator was pressurized with dyed water and C) punctured with a precision knife. D) This damage event caused damage
to both the damage detection layer (between traces 2, 3, and 4) and self-healing TPE layer. Fluid is shown leaking from the actuator. E) The actuator
was depressurized and a current was applied between traces 2 and 3 to melt the self-healing TPE layer and seal the puncture. F) The current was then
increased, causing electromigration and thermal failure to reconfigure the electrical network. G) The actuator was pressurized again and functioned as
expected. H) The damage detection layer was fully reset by applying a current ramp between trace 3 and 4 until electromigration and thermal failure
occurred reconfiguring the electrical network.

actuator but also mimics the adaptive capabilities found in
biological systems, ultimately leading to more reliable and
efficient performance in dynamic environments.

A. Design

A soft robotic actuator was designed consisting of a
silicone elastomer layer with a series of bladders that was
bonded to a stiffer, inextensible thermoplastic elastomer
(TPE) layer (Fig. 1). The soft electronic skin consisting of
a LM elastomer composite was then adhered to the TPE
layer. When the top silicone layer was inflated with water,
the difference in strain between the extensible top layer and
inextensible bottom layers causes the actuator to bend. The
soft electronic skin contained four parallel traces that were
used to detect the location of damage by monitoring the
impedance between each trace (Fig. 5A). If continuity was
detected, the newly formed electrical network has a high
resistance relative to the four monitoring traces, allowing

the newly formed electrical network to function as a local
Joule heater. The Joule heating element can be used to
locally heat the punctured area for several minutes to melt
the TPE layer and self-heal the puncture damage, allowing
the actuator to continue to operate as before. After self-
healing, the circuit can be reconfigured by increasing the
applied current until electromigration and thermal failure
occurs, resulting in an open circuit failure. This resets the
damage detection network, allowing a new damage event
to be detected, self-healed, and reconfigured. As previously
noted, silicone elastomers have exceptional thermal stability
and are not degraded at the elevated temperatures required
for healing or reconfiguration.

B. Manufacturing

The series of inflatable bladders was fabricated by mixing
and degassing a silicone elastomer (ExSil 100, Gelest) at
a ratio of 100:1 prepolymer to crosslinker. The uncured
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elastomer was then cast into a PTFE mold and cured at 100
◦C for 8 hours. A Styrene-ethylene-butylene-styrene (SEBS)
TPE (H1521, Asahi Kasei) was dissolved in toluene at a
ratio of 25 g SEBS to 70 ml solvent. The dissolved SEBS
was degassed for 10 minutes before being cast onto a glass
sheet and left under a fume hood overnight to allow the
toluene to evaporate. The LM elastomer damage detection
layer was fabricated as described above in Section II. To
bond the layers, both were treated with oxygen plasma,
while one layer was submerged in an aqueous solution of
4% v/v APTES (440140, Sigma Aldrich) for 15 minutes
and then dried with compressed air [51], [52]. The layers
were assembled and placed in an oven at 80 ◦C for 15 min-
utes. Although the presented demonstration is predominately
flat, other geometries, such as cylindrical shapes, could be
achieved using injection or compression molding techniques.

C. Validation of Self-Healing Actuator

The self-healing soft robotic actuator was pressurized with
dyed water and punctured using a precision knife while under
pressure (Fig. 5B, C). This puncture event damaged both the
damage detection layer and self-healing TPE layer, causing
the red fluid to leak out of the actuator and electrically
connect traces 2, 3, and 4 (Fig. 5D). After depressurizing the
actuator, a current of 0.5 amps was applied between traces
2 and 3 to locally increase the temperature, melt the self-
healing TPE layer, and seal the puncture (Fig. 5E, F). As
shown in the thermal images, the surface temperature of the
LM elastomer composite reached over 210 ◦C (Fig. 5). After
approximately 2 minutes, the current was increased until
electromigration and thermal failure occurred, reconfiguring
the electrical network. The actuator was then pressurized
again, and no water leaked from the puncture location, indi-
cating the actuator was successfully healed without manual
intervention or external healing mechanisms. To fully reset
the damage detection layer, a current ramp was applied to the
second circuit (between traces 3 and 4) until electromigration
and thermal failure occurred, effectively reconfiguring the
damage detection layer to its initial state. There was no
visible changes to the surface of the actuator after the healing
and reconfiguration cycles.

This demonstration highlights the self-healing capabilities
of the soft robotic actuator, which can autonomously detect
and repair damage to restore functionality without requiring
manual intervention or external mechanisms. This innovative
approach improves the resilience and performance of soft
robotic actuators, enabling their widespread adoption in var-
ious applications, particularly in dynamic and unpredictable
environments. Nonetheless, additional experimentation is re-
quired to fully understand the limitations of the system, such
as the maximum number of damage and healing cycles that
can be sustained by the self-healing actuator [23].

V. CONCLUSIONS

In summary, we have introduced a self-healing artificial
muscle capable of detecting material damage and facilitating

self-repair autonomously, without the need for manual in-
tervention or external healing mechanisms. Damage events,
such as extreme pressure or punctures, are detected and
localized by monitoring the formation of new electrical net-
works between existing traces. These newly formed electrical
networks created by damage events enable localized Joule
heating to activate the self-healing material layer. The Joule
heating element is used to locally heat the punctured area,
melt the self-healing TPE layer, and seal the damaged area.
By continuing to increase the applied current, the newly
formed electrical network can be reconfigured using con-
trolled electrical and thermal mechanisms to create physical
discontinuities and restore the functionality of the damage
detection layer. This system-level integration of active dam-
age detection and autonomous self-repair can be seamlessly
incorporated into a wide range of soft, flexible, or rigid mate-
rials without increasing mechanical stiffness. As a result, this
technology can support various emerging applications, from
bio-inspired soft robotics to wearable computing. This is
especially relevant for soft robotics designed for agricultural
applications, which are often exposed to sharp objects such
as twigs, thorns, plastic, or glass that can cause damage to
these systems.
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