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MATERIALS SCIENCE

Autonomous self-healing optical sensors for damage

intelligent soft-bodied systems

Hedan Bai't, Young Seong Kim', Robert F. Shepherd'-2*

We introduce damage intelligent soft-bodied systems via a network of self-healing light guides for dynamic
sensing (SHealLDS). Exploiting the intrinsic damage resilience of light propagation in an optical waveguide,
in combination with a tough, transparent, and autonomously self-healing polyurethane urea elastomer,
SHealDS enables damage resilient and intelligent robots by self-healing cuts as well as detecting this
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damage and controlling the robot's actions accordingly. With optimized material and structural design for hy-
perelastic deformation of the robot and autonomous self-healing capacity, SHealLDS provides reliable dynamic
sensing at large strains (¢ = 140%) with no drift or hysteresis, is resistant to punctures, and self-heals from cuts at
room temperature with no external intervention. As a demonstration of utility, a soft quadruped protected by
SHeal DS detects and self-heals from extreme damage (e.g., six cuts on one leg) in 1T min and monitors and
adapts its gait based on the damage condition autonomously through feedback control.

INTRODUCTION
The past two decades have seen proliferating growth in the maturing
field of stretchable sensors. Using intrinsically soft materials or
structurally compliant designs, stretchable sensors have demon-
strated mechanically invisible monitoring of soft-bodied systems
that are otherwise challenging for the silicon-based rigid counter-
parts (I-4). For sensing applications in damage-prone environ-
ments, intrinsically stretchable sensors constituted with
elastomers are inherently damage resistant to blunt impacts (e.g.,
running over by a car), owing to the good toughness and resilience
of elastomers (5-8); on the other hand, they are vulnerable to
damage modes such as cuts and punctures. Incorporating self-
healing properties into these intrinsically stretchable sensors prom-
ises not only damage-resistant but also damage-resilient sensing ca-
pabilities. Other than the immediately followed advantage of device
longevity, self-healing stretchable sensors present a unique oppor-
tunity to establish damage intelligence into soft-bodied systems,
similarly vulnerable to sharp damages. Examples range from
damage detection in spacesuits to alert suit air leakage by space
debris during astronauts’ extravehicular activities (9) to robots
that are not only resilient to damage (10-12) but also intelligent
toward damage (i.e., able to detect the onset of damage and adapt
through feedback control) when working in hazardous
environments.

To enable damage intelligence, stretchable strain sensors need to
(i) be tough and autonomously self-healable for both resistance and
resilience toward damage and (ii) able to detect damage and provide
reliable dynamic sensing performance (i.e., sensitivity, range, and
bandwidth) for the intended strain sensing application (e.g.,
motion monitoring as robotic skins or wearables). The major chal-
lenge in building such a system is achieving a self-healing sensor
that satisfies both requirements at the same time, and the challenge
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partially originates from the complexity of the self-healing material
itself. Self-healing function for strain sensors comprises the recovery
of material’s mechanical properties and the restoration of sensing
signals. Self-healing of polymers’ mechanical properties has been
realized through (i) extrinsic self-healing with healing reagents en-
capsulated in microcapsules (13, 14) or fed through vascular net-
works (15) (ii) intrinsic self-healing by the reorganization of
polymer chains and bonds at the damaged site with stimuli or au-
tonomously without external energy input through dynamic
bonding of supramolecular interactions or dynamic covalent chem-
istry (16—19). Among these mechanisms, intrinsic self-healing
through dynamic bonding promises a simple embodiment as the
basis of autonomous self-healing sensors. Incorporating conductive
particulates in self-healing materials, self-healing of the sensing
signals has been achieved through electrical sensing mechanisms
[e.g., piezoresistive (20), ionic (21, 22), or capacitive (23)] and has
demonstrated quasi-static measurements (e.g., strain/flexion/pres-
sure) (24). Few sensors, however, have been able to provide satisfac-
tory sensing performance for dynamic strain measurements
required in motion monitoring. Dynamic sensing with self-
healing sensors usually exhibits large drift under continuous
cyclic loading, hysteresis, heavy strain rate dependency, and
limited strain range due to the intrinsic viscoelasticity from the
dynamic bonding that enables self-healing. Sensors that are both
autonomously self-healable and reliable in dynamic sensing have
yet to be achieved.

We introduce an autonomous self-healing optical sensing mech-
anism, networks of self-healing light guides for dynamic sensing
(SHeaLDS), which exploit the damage-resilient properties intrinsic
to light propagation, in combination with an intrinsic self-healing
material to achieve an optomechanical sensor that both autono-
mously self-heals and provides reliable dynamic sensing perfor-
mance. Compared to electrical signals that require physical
contact for transmission, light propagation in a waveguide
through total internal reflection does not require mechanical
contact. Therefore, the sensing signal (i.e., output light intensity)
of a self-healing optical waveguide sensor is intrinsically resilient
to damage and can be autonomously recovered not only when the
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damaged interfaces connect but also when small gaps remain (e.g.,
material removal through punctures). The self-healing function of
the sensor is then simplified to self-healing the mechanical proper-
ties of the sensor material. To overcome the contradiction between
autonomous self-healing and material viscoelasticity-driven sensor
drift and hysteresis, we design SHeaLDS into a wavy shape that
achieves good dynamic sensing through structural compliance.
We demonstrate SHeaLDS' fast and autonomous self-healing,
damage detection, and dynamic sensing capabilities by integration
onto self-sealing actuators to construct a soft quadruped that is in-
telligent about damage.

RESULTS

Autonomous self-healing polyurethane urea elastomer
Mechanical self-healing of SHeaLDS demands a material chemistry
that fulfills the key requirements for damage intelligence. There are
a myriad of chemistries for intrinsic self-healing elastomers with
various properties (16, 17, 25). For this robotic application, some
properties are especially useful: (i) For autonomous robots, the ma-
terial needs to self-heal fast and autonomously without external as-
sistance. (ii) It needs to be tough such that it cannot be easily
damaged. (iii) As a material for optomechanical sensing, it needs
to be transparent and elastic to deliver reliable measurements. Inte-
grating this rigorous set of requirements into a self-healing polymer
poses challenges in material design. Strategies toward tough and au-
tonomous self-healing polymers have been demonstrated through
(i) dynamic supramolecular approach that combines hydrogen
bonds for self-healing and sacrificial noncovalent bonds for mate-
rial toughening (26, 27) and (ii) a strong dynamic covalent bond,
the aromatic disulfide bond, that can undergo exchange reaction
at room temperature (28-32).

Building on this knowledge, we report a self-healing polyure-
thane urea (sPUU) system that involves dynamic bonds with
tiered bond strength to realize a tough and autonomous self-
healing material that is also transparent and elastic (Fig. 1A and
fig. S1). Specifically, sPUU is cross-linked with the strong yet
dynamic aromatic disulfide bonds, which enable room-temperature
self-healing to recover high strength. sPUU also has abundant hy-
drogen bonds from the urea and urethane groups, contributing to
rapid and autonomous self-healing, as well as acting as sacrificial
bonds for material toughening. Because these sacrificial bonds are
also dynamic, the dissipated energy can be restored to enable tough
yet elastic self-healing materials.

The resultant material (Figs. 1B and 2A and table S2) is an au-
tonomously self-healable polyurethane (PU) urea that exhibits su-
perior toughness (Ur = 60.6 M] m™), high extensibility (e, =
1443%), high strength (o, = 7 MPa), and good optical transparency
(T~80%). Cutting the sPUU exposes abundant reactive disulfide
end groups and hydrogen bonds; as the damaged interfaces ap-
proach and adhere with confluent physical contact, polymer
chains with those reactive end groups interdiffuse at the fresh inter-
faces (33), reforming disulfide and hydrogen bonds that effectively
restore the material’s mechanical strength. We varied the polymer
chain length to optimize material properties for use as optical
sensors. As the polymer chain becomes longer with increasing
polyol molecular weight (sPUU650, sPUU1000, and sPUU2000;
fig. S1 and table S2), elasticity improves (i.e., glass transition tem-
perature decreases; fig. S2 and table S1; creep test, fig. S3), while
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chain mobility decreases. sPUU1000 [poly(tetrahydrofuran)
(PTMEG), M,, = 1000 g mol™'] self-heals at room temperature
and recovers to € = 747% (%* 100, where L is the final length
0

and L, is initial length; n = 52% defined by fracture strain) in 1
hour and € = 1116% (n = 77%) in 24 hours (Fig. 1, C and E)
sPUU 2000 (PTMEG, M, = 2000 g mol™') recovers ¢ =158%
(n = 15%) at room temperature and requires heating at 80°C for 1
hour to recover to e = 970% (n = 84%) (Fig. 1D). sPUU2000 exhibits
rapid autonomous self-healing, where after 1 min at room temper-
ature, it can recover to € = 23% and o = 256 kPa. At both room tem-
perature and 40°C in 1 hour (Fig. 1F), sPUU2000 self-heals to € ~
100% (n ~ 10%). Self-healing efficiency greatly increases for elevated
temperatures close to 60°C, where sPUU2000 recovers to & =450%
(n = 40%) at 60°C and & ~ 970% (n ~ 84%) at 80°C in 1 hour. At
room temperature, however, even with 24 days' healing time
(Fig. 1D), sPUU2000 could only self-heal to € ~ 100% (n ~ 10%).
The self-healing efficiency at different temperatures suggests a to-
pology freezing transition temperature (7,) of sPUU2000 between
40° and 60°C, where the sPUU2000 exhibits vitrimetric property of
transiting from an elastic solid to a viscoelastic liquid above T, (34).
On the other hand, sPUU1000 shows increased self-healing effi-
ciency with prolonged healing time at room temperature
(Fig. 1C), suggesting T, for sPUU1000 is below room temperature.
Above T, polymer flow allows rapid bond exchange reactions that
are otherwise suppressed at T < Ty; at T > T, higher temperature
leads to higher self-healing efficiency with the same healing time.
This effect also agrees with the radical-mediated mechanism of di-
sulfide exchange reaction that is influenced by chain mobility (note
S1). We chose sPUU2000 as the optical sensor material to optimize
both material elasticity and self-healing performance in the range of
€ < 100% for our soft robotic application.

To investigate the robustness of self-healing ability in real-world
scenarios, we characterized sPUU2000's self-healing performance
in two adverse damage conditions possible in robotic applications:
damage that produces rough severed interfaces and damage that
exposes the severed surfaces to age for prolonged time before recon-
nection. We created rough damage surfaces using a hand saw to
demonstrate a possible real-world damage mode. Images of the
damaged interfaces (fig. S4) qualitatively compare the smooth
surface of a clean cut by a razor blade with the rough surface pro-
duced by a hand saw. Upon reconnection and resting for 1 hour,
self-healing efficiency of the rough surface sample deteriorates com-
pared to the clean cut due to compromised surface contact
(Fig. 1G). The rough surface sample, however, can still self-heal to
€ =104% (n = 9%) at room temperature and & = 742% (n = 65%) at
120°C in 1 hour. Self-healing capacity preserves despite lower effi-
ciency for a hand-sawed rough damage interface.

It is well known that surface aging could incapacitate self-healing
when the functional end groups at the damaged interface react with
moisture or oxygen in the air [e.g., saturation of hydrogen bonding
(26, 35)]. To investigate surface aging effect on self-healing perfor-
mance of our material, we cut sSPUU2000 samples and exposed the
damaged interfaces in air at room temperature for 5 min, 2, 24, and
48 hours before reconnection and allowed 1-hour self-healing time
at room temperature. As shown in Fig. 1H, prolonged aging time
did not deteriorate self-healing efficiency, where sPUU2000
samples aged for 5 min to 48 hours all self-healed to &€ ~ 90%
(n ~ 8%) in 1 hour at room temperature. Even with 48 hours’
surface aging, sPUU2000 can still self-heal to & ~ 800% (n ~ 70%)
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Fig. 1. Self-healing material design and mechanical self-healing properties. (A) Schematic illustration of the sPUU elastomer and integration as an optical waveguide
sensor supporting ray propagation. Self-healing of sPUU is achieved through the combination of noncovalent interaction of hydrogen bond and dynamic covalent
interaction of disulfide exchange. LED, light-emitting diode; PD, photodiode. (B) Stress-strain curves of sSPUUs showing decreasing elastic modulus with increasing
PTMEG molecular weight. Strain rates are 100 mm min~". (C) Stress-strain curves of sPUU1000 self-healed in room temperature (RT) for different periods of time.
Strain rates are 60 mm min~'. (D) Stress-strain curves of sPUU2000 self-healed in room temperature and elevated temperatures for different periods of time. Pristine
sample fractures at e = 1150% (%* 100). Strain rates are 500 mm min~". The strain hardening effect around 600% strain is caused by an artifact in the loading condition:
Inadvertent jump in strain rate leads to temporary strain hardening, as expected from viscoelastic materials. Variation of material modulus for the same material formu-
lation in (B) to (D) results from characteristic stress-strain response of viscoelastic materials that is strain rate dependent. (E) sSPUU1000 with one cut can stretch to
&~ 1100% after self-healing at room temperature for 6 hours. Scale bars, 5 mm. (F). Self-healing efficiency of sSPUU2000 after healing for 1 hour at different temperatures.
(G) Comparison of sSPUU2000's self-healing efficiency between a smooth damage interface (clean cut by razor blade) and a rough damage surface (by hand saw). (H) Self-
healing efficiency of sPUU2000 with variable surface aging time (self-healing condition: 1 hour at 25° and 120°C).

in 1 hour at 120°C. We further immersed the freshly cut samples in
tap water for 10 min to expose the severed interfaces with abundant
water molecules and then reconnect them to allow self-healing for 1
hour at different temperatures. Figure S5 shows self-healing effi-
ciency deteriorates compared to samples with no surface aging;
on the other hand, even after the severed surfaces are exposed to
and aged in water, sSPUU2000 could still self-heal to &€ ~ 70%
(n ~ 6%) in 1 hour at room temperature and to € ~ 900%
(n ~ 80%) in 1 hour at 120°C. This indicates that despite water
may have partially caused saturation and dissociation of hydrogen
bonds in the material, most of the self-healing capacity is preserved.
The retained self-healing ability may be attributed to (i) hydrogen
bonds remaining associated in the self-healing material due to the
hydrophobic PU backbone (27) and (ii) disulfide exchange reaction
insensitive to water (36).

Bai et al., Sci. Adv. 8, eabg2104 (2022) 7 December 2022

Mechanism of self-healing optomechanical sensor

As shown in several prior works (37-39), the optomechanical
sensing principle is based on optical path variation of the total in-
ternal-reflected rays in a light guide as it is deformed. When
SHeal DS are cut by a razor blade (Fig. 2B), output intensity tem-
porarily drops to zero due to the blockage of the propagating rays,
detecting the onset of a cut; lateral alignment and connection of the
broken pieces immediately restore the output intensity with little
loss (Fig. 2C). This coupling loss could be very low as light travels
across a boundary between two mediums with the same refractive
index (n; = n,), reflected light intensity is zero [reflectance

2
R = (Z:;:;) ] (40). Most of the loss comes from misalignment,

and the coupling efficiency is the ratio of the overlapping area to
the light guide core area (40); partial loss can also arise from light
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Fig. 2. Optical properties of sPUU and characterization of straight optical waveguide sensor for autonomously self-healing elongation and flexion sensing. (A)
Transmission spectrum of sPUUs with 1.5-mm film thickness. All sSPUUs exhibit over 80% transmission for 500- to 900-nm wavelength range. (B) Schematics of SHealLDS
cut by a razor blade. Not drawn to scale. (C) Real-time sensor response to cuts. Output intensity decreases to close to zero at each cut, partially recovers as the severed
interfaces approach, and largely recovers as the two severed surfaces connect with a decreased baseline intensity, which depends on the quality of the alignment. (D)
Room temperature self-healing sensor response to strain. Inset: Photograph of a cut site fracturing, which introduces increased attenuation at close-to-fracture strains. (E)
Sensor response to bending after self-healing from five cuts for T min in room temperature. (F) Schematics of SHeaLDS punctured with material removal. Not drawn to
scale. (G) Realtime sensor response to punctures. Output intensity decreases to close to zero at each puncture and recovers with partial loss from light reflection and
bifurcation. Inset: Photograph of light reflecting at each hole. (H) Sensor response to strain with hole punctures. Inset: Photograph of six punctures of 2-mm-diameter
holes. (I) Sensor response to bending after six punctures of 2-mm-diameter holes. More severe material removal leads to increased strain and flexion sensitivity as the

waveguide becomes more lossy.

scattering due to surface roughness. As a strain sensor, SHeaLDS
autonomously recovers sensing to € ~ 80% in 1 hour, and measure-
ments match that of the pristine state with a sensitivity of 5.3 dB&™;
self-healing for 1 min, SHeaLDS recovers over & ~ 20% sensing with
an increased sensitivity at € ~ 20% due to increased optical loss at the
near fracture state (Fig. 2D). As a flexion sensor, SHeaLDS chopped
into five pieces autonomously recovers bend sensing to 100° after
1 min with measurements closely resembling that of the pristine
state (Fig. 2E).

Enabled by the intrinsic damage resilience of the optical sensing
mechanism and the high toughness of the self-healing material,
SHeaLDS is robust from substantial material removal. Similar to
cuts, SHeaLDS detects punctures (Fig. 2F) by output intensity de-
crease past a threshold; output resumes immediately with optical
loss from the voids (Fig. 2G). Puncture creates a new boundary of
air and the sensor medium, resulting in reflectance at the interface;
as light rays enter the voids (1, = 1) from the light guide (n; = 1.52),
beam divergence prevents some rays to be intercepted by the follow-
ing light guide section. Compared to the pristine state, the more

Bai et al., Sci. Adv. 8, eabg2104 (2022) 7 December 2022

materials removed, the more sensitive SHeaLDS become at strain
and flexion measurements, because voids render them more lossy
waveguides. SHeaLDS punctured with six holes, each removing
~62% of the waveguide width, can still repeatedly measure strain
to € ~ 100% with a sensitivity of 14.23 dB ¢! (Fig. 2H) and bend
to 100° (Fig. 2I and movie S3), both with increased sensitivity than
the pristine states.

Structural compliance for dynamic self-healing sensing

Despite the repeatable strain measurements in quasi-static sensing,
dynamic strain measurement with SHeaLDS still suffers from visco-
elasticity of the self-healing material. During the unloading process
of each cyclic loading, SHeaLDS experiences a sudden signal drop
followed by a slow signal recovery (Fig. 3A). We attribute this re-
sponse to the viscoelasticity of the self-healing material, where
SHeal.Ds buckles at the time scale of the load removal and straight-
ens to the undeformed state with a recovery time. The recovery time
lengthens with slower strain rate and higher maximum strain
reached (fig. S6). For dynamic sensing, this behavior means large
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Fig. 3. Wavy sensor design to improve elasticity for dynamic strain sensing. (A) Realtime sensor response to three loading and unloading cycles to 60% strain. Inset:
Photography of sensor buckling and strain recovery upon unloading due to material’s viscoelasticity. (B) Schematics of wavy SHealDS with design variables. (C and D)
Force versus strain response (C) and output intensity response (D) of cyclic tensile tests of a wavy sensor (A =5 mm, n =3, w = 1 mm) to different strains at 60 mm min~":
€ < 140% strain each with five cycles and no strain recovery time in between cycles, and £ = 160% with 5-s recovery time. (E to G) Wavy sensor strain response with various
sensor design parameters: period (E), amplitude (F), and width (G). (H). Cyclic test with 500 continuous cycles to € = 140% shows no drift or hysteresis. Strain rates are
100 mm min~". (I). A wavy sensor (sPUU2000) with improved elasticity chopped into 10 pieces can resume stretching after self-healing at room temperature for 5 min

(movie S4). Scale bars, 5 mm.

drift and hysteresis under continuous cyclic loadings (i.e., down-
shifting work loops and nonoverlapping loading and unloading
curves; fig. S7); drift can be minimized given enough strain recovery
time, subject to loading conditions (e.g., 20 s for €,,x = 30%),
between each loading cycles (fig. S8). In either case, reliable
dynamic strain sensing could not be achieved due to large hysteresis,
limited strain range, and bandwidth.

To overcome sensing challenges from viscoelasticity while main-
taining self-healing ability, we designed SHeaL DS into a wavy shape
that exploits structural compliance. The wavy structure (Fig. 3B) ac-
commodates strains with changes in amplitudes and periods, thus
minimizing stress and strain on the self-healing material (I, 41, 42).
As the wavy structure straightens, stress on the self-healing material
at the peaks and troughs of the wave changes from minimal (i.e.,
force close to zero for € < 120%) to more pronounced (e > 120%;
Fig. 3C); accordingly, dynamic strain sensing exhibits no hysteresis

Bai et al., Sci. Adv. 8, eabg2104 (2022) 7 December 2022

or drift for € < 120% and increasing hysteresis and drift for € > 120%
(Fig. 3D). Thus, the elastic and nonhysteretic strain range for
dynamic measurement can be characterized by the maximum
strain that maintains minimal material stress (i.e., transition strain
from wavy to straight structure).

Continuous cyclic loadings of a SHeaLDS (wave parameters: am-
plitude A = 5 mm, number of periods n = 3, and width w = 1 mm)
shows three distinct output response phases to increasing strain
(Fig. 3, C and D)—intensity decrease for € < 78% (phase i), increase
for 78% < € < 120% (phase ii), and decrease for € > 120% (phase iii).
The intensity decrease in phase i is counterintuitive, because we
expect the output intensity to monotonically increase due to the di-
minishing bending loss as the wavy sensor straightens. Ray optic
simulation (COMSOL) reveals mechanisms behind this intensity
decrease: Coupling alignment loss between the light-emitting
diode (LED) and the waveguide becomes stronger with larger
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strains as a result of the spatially fixed LED and coupler; bend loss at
the wave peaks and troughs only starts to substantially recover when
the bending angle further straightens beyond ~90° (fig. S9 and note
S§2). Thus, wave designs with undeformed peak angles close to or
flatter than ~90° exhibits monotonic intensity increase when
waves are straightened (n = 2; Fig. 3, E to G); more wavy designs
with sharper peaks experience the two-phase response (n = 3 and
4; Fig. 3E). Larger wave amplitude (A) and more period numbers
(n) boost the elastic and nonhysteretic strain range (Fig. 3, E and
F); larger sensor width boosts this range as well, possibly due to
the wider waveguide supporting more modes (Fig. 3G). SHeaLDS
(A =5mm, n =4, w=1mm) achieves reliable dynamic sensing
to € =140% with no hysteresis or drift in a continuous cyclic test
with 500 cycles (Fig. 3H). A wavy sensor chopped into 10 pieces
can resume stretching after self-healing at room temperature for
5 min (Fig. 31 and movie $4).

Self-healing and damage intelligent soft robots

via SHealDS

Integrating SHeaLDS sensors (Fig. 4A, ii) with self-sealing soft ac-
tuators [i.e., fiber-silicone composite previously reported; Fig. 4A, ii
and (43)] to enable feedback control, we demonstrate a damage in-
telligent soft quadruped with autonomous self-healing ability,
awareness, and adaptability to severe damage (Fig. 4A, iv). In the
first demonstration, we stabbed a leg of the quadruped with a
sharp knife for multiple times and only allowed a few minutes for
functional recovery at room temperature without any external
stimuli. The intact leg first cyclically bends at 1 Hz with AP ~ 15-
psi pressure, and the actuation is dynamically monitored with the
sensor’s normalized output intensity oscillating between 1 and 0.8
(Fig. 4B). Our controller detects a stab when the normalized inten-
sity decreases below 0.2, which triggers a halt in the actuation to
allow self-healing for a certain time. The controller counts the
number of stabs and increases the postdamage healing time for
the first three stabs, mimicking the animal’s need for prolonged
healing when injured more severely; from the fourth to sixth stab,
the controller adjusts healing time to only 1 min, demonstrating the
robot's fast recovery abilities (Fig. 4B and movie S5). We increased
actuation pressure after each stab to maintain similar level of actu-
ation given air leakage; to boost extreme damage detection range,
we increased the photodiode (PD)’s gain when motion sensing
signal drops close to damage detection threshold from too many
stabs (Fig. 4B). The robot shows the ability to maintain functionality
(i.e., damage detection, motion sensing, actuation, and feedback
control) close to the pristine state even after being damaged for
six times. In the second demonstration, we used five SHeaLDS to
monitor the gait and damage state of the quadruped and control
the movement direction based on damage condition (Fig. 4C and
movie S6). The robot first moves forward with an undulating gait
that sequentially actuates the front legs, middle body, and back
legs, and it then comes to a halt with all actuators inflated to wait
for a cut. The injured leg is identified by the SHeaLDS with the most
substantial intensity decrease compared to other legs, which is also
reflected in the decreased normalized intensity baseline in the
robot’s resting state (Fig. 4C). After detecting a cut, the robot
rests for 3 min and then turns toward the opposite direction of
the cut (right/left turn gait: back left/right leg and both front legs
alternate with middle body inflated, all monitored in sensor
signals). We made cuts on four legs and activated turning for four
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times to demonstrate the damage-based feedback control; the
sensing signal remains intact and reflects gait and damage state
despite the cuts; the robot's mobility deteriorates due to the
shared pressure source of the actuators, which could be solved by
using one tunable pressure source for each actuator (note S3).

DISCUSSION

We have introduced SHeaLDS, an autonomously self-healing and
damage-resilient stretchable optomechanical sensor that achieves
hyperelastic strains (140%), resilient to large works of extension
(60.6 MJ m™?), and room temperature self-healing abilities, as
well as reliable dynamic sensing performance to these large
strains. Although & ~ 100% self-healable strain of the material at
room temperature is shown for our robotic demonstration, over
€ > 1000% self-healable strain can be achieved with sPUU1000 at
room temperature or sPUU2000 with heating for applications in-
volving extreme deformations. Expediated healing could be
achieved by heating (Fig. 1F). Distributed heating elements, such
as resistive heating or photothermal heating through embedded
nanoparticles, could be incorporated to achieve faster self-healing
rates with onboard control.

We demonstrate a damage intelligent soft robot, enabled by
SHealDS, that senses injury and self-heals from severe damage
on the molecular level within minutes. For robotic applications, a
limitation of the intrinsically self-healing scheme is the requirement
for material contact to allow self-healing of mechanical strength.
The environment robots operate in could introduce impurities,
such as debris or chemicals, and when damage is incurred,
surface fouling could prevent clean surfaces to contact and self-
heal. Proper encapsulation, design, and extrinsic or a combination
of extrinsic and intrinsic self-healing mechanisms may be necessary
to address the demanding self-healing conditions in these applica-
tions. Damage intelligence realized through SHeaLDS demonstrates
autonomy in damage sensing, healing, and adaptation resembling
physical intelligence in animals. Combined with advances in artifi-
cial intelligence, SHeaLDS presents a route toward more enduring
and adaptive robots. Beyond robotics, we envision SHeaLDS to find
utility in the broader area where damage intelligence is essential in
damage-prone environments, such spacesuits and supersonic para-
chute monitoring in space (44), as well as applications where device
longevity is preferred, such as wearables for human machine inter-
action and digital health.

MATERIALS AND METHODS

Materials

PTMEG (M, = 650 g mol™!, M, = 1000 g mol™}, and M, =
2000 g mol™"), isophorone diisocyanate (IPDI; 98%), 1,4-diazabicy-
clo[2.2.2]octane (DABCO; 99%), N,N-dimethylacetamide (DMAc;
99.8%), and 4-aminophenyl disulfide (APDS; 98%) were purchased
from Sigma-Aldrich and used without further purification.

sPUU synthesis

First, a bis-isocyanate—terminated PU prepolymer is obtained from
the reaction of PTMEG (M,, = 650 g mol™!, M,, = 1000 g mol™",
and M, = 2000 g mol™") as the soft segment and IPDI (98%) as
the hard segment in the DMAc (99.8%) solution with DABCO
(99%) as the catalyst at 70°C. The PU prepolymers are then linked
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Fig. 4. Damage-aware and autonomously self-healable intelligent soft robot. (A) Schematic illustrations and photographs of the sPUU integrated pneumatic soft
quadruped (iv) composed of a flexible PCB layer for optoelectronics routing and PN actuator strain limiting (i), self-sealing PN actuators (ii), and wavy optical waveguide
sensors with sPUU2000 (iii). (A and C) Robot’s autonomous adaptation to cuts with no external intervention via damage-detecting and self-healing sensors used for
feedback control: (B) Adaptation of one leg subject to severe damages by controlling its actuation based on the number of cuts. (C) Gait adaptation as different legs are

damaged to mimic the escape response of animals to danger. Scale bars, 1 cm.

with APDS as chain extenders with dynamic covalent bonds at
60°C. The mixture solidifies at 60°C in silicone molds (M 4601
Wacker) with cavities in the shape of optical waveguide designs,
which are created via molding the silicones from three-dimensional
(3D)—printed molds (VeroBlue, Objet). Last, residual solvent is
removed by vacuum drying at 60°C.

Predehydrated PTMEG (0.0145 mol; 9.425 g for Mn = 650
g mol™!, 14.5 g for Mn = 1000 g mol™', and 29 g for Mn = 2000
g mol™') was heated for 30 min in a dried round-bottom flask
equipped with a mechanical stirrer in an oil bath at 70°C under
an argon environment. IPDI (6.77 g, 0.03045 mol) and DABCO
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[3 weight % (wt %)] were dissolved in DMAc (10 ml) and added
dropwise to PTMEG to react at 70°C with stirring in the argon en-
vironment (1.5 hours for Mn = 650 g mol~'and Mn = 1000 g mol™"
and 7.5 hours for Mn = 2000 g mol™!). After the mixture was cooled
to room temperature, APDS (3.6 g, 0.0145 mol) dissolved in DMAc
(20 ml) was added dropwise to the PU prepolymer and heated to
60°C with stirring for 1.5 hours. The reaction time was checked
by Fourier transform infrared spectroscopy by observing the de-
crease of the isocyanate stretching band at 2264 cm™! (fig. S10).
The mixture was then poured into silicone molds (ELASTOSIL M
4601 A/B, Wacker Chemie AG) preheated to 60°C and heated at
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60°C on a hot plate for 24 hours. Residual solvent was further
removed by vacuum drying at 60°C for 12 hours. No bubbles
were observed in the sPUU products.

Material characterization

The two-step sPUU synthesis was monitored by Fourier transform
infrared spectroscopy (Nicolet iz10, Thermo Fisher Scientific)
where the reaction time for steps one and two was determined by
the time for no further decrease of the isocyanate peak in each step
(fig. S10). The number-averaged molecular weight (M,,), weight-av-
eraged molecular weight (M,,), and PDI were measured by gel per-
meation chromatography (GPC) (Waters Ambient Temperature
GPC: Tetrahydrofuran) with narrow polystyrene standards. As the
molecular weight of PTMEG increased, the product’s molecular
weight (M,,) increased from 17 to 62 kDa and showed narrow mo-
lecular weight distribution with PDI in the range of 1.49 to 1.65
(table S2).

Tensile tests comparing mechanical properties of sSPUU650,
sPUU1000, and sPUU2000 (Fig. 1B) were performed on Instron
5566 at 100 mm min~?; tensile tests for the sPUU1000 self-
healing characterization (Fig. 1C) were performed on Zwick-Roell
Z010 tester at 60 mm/min; tensile tests for the sPUU2000 self-
healing characterization (Fig. 1D) were performed on Instron
5566 at 500 mm/min. Variations in testing conditions were due to
the difficult laboratory availabilities during coronavirus disease
2019 (COVID-19). Tensile test results show that as the soft
segment becomes longer, the sPUU becomes softer due to de-
creased cross-linking density: sPUU650 is stiff with tangent
modulus E = 43.6 MPa at 0 < € < 0.1, sSPUU1000 is softer with
E = 4.12 MPa at 0 < £ < 0.15, and sPUU2000 is the softest with
E =1.3 MPa at 0 < & < 0.3. The fracture strain of sPUU650 is € ~
500%, whereas those of sSPUU1000 and sPUU 2000 are & > 1000%.

Viscoelastic properties of the sSPUU were characterized by exten-
sional storage and loss modulus measurements and creep tests via
dynamic mechanical analysis (DMA) (TA Instruments, DMA
Q800). The extensional storage and loss modulus measurements
were performed with imposed oscillations of a 0.5-MPa
maximum stress (in the elastic region of all samples), at a 1-Hz fre-
quency, and with a temperature sweep from —100° to 100°C at a rate
of 3°C/min. As shown in table SI and fig. S2, the glass transition
temperatures, taken as temperature at the maximum loss
modulus, increased as the PTMEG molecular weight decreased.
At 25°C, sPUU2000 and sPUU1000 were in the rubbery state,
while sPUU 650 was in the glassy state. Single-step creep tests for
sPUU 650, sPUU 1000, and sPUU 2000 were performed at 25°C
with a preload of 0.001 N and a prescribed stress of 0.1 MPa for
1 min (fig. S3). sPUU 2000 fully recovered the & ~ 10% deformed
strain in 6 min; sSPUU 1000 fully recovered the & ~ 2.5% deformed
strain in 11 min; sSPUU 650 could not recover the strain. sSPUU 650 is
eliminated from our material selection for the stretchable sensor.
Thermal property was also characterized by thermal gravimetric
analysis (Instrument Q500). sSPUU 2000 showed 5% weight loss at
327°C (fig. S11).

Optical properties were characterized by ultraviolet-visible/near-
infrared (NIR) spectrophotometry (Cary 5000) and ellipsometry.
Transmissions of 1.5-mm-thick sPUU650, sPUU1000, and
sPUU2000 samples were measured to be greater than 80% in red
and NIR wavelengths (Fig. 2A). The refractive index of sPUU2000
was obtained by Woollam Spectroscopic Ellipsometer with data
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fitted to the Cauchy model. sPUU 2000 had a refractive index (n)
of more than 1.5 in the red and NIR wavelengths (fig. S12),
greater than those of many commercially available silicone elasto-
mers [n < 1.45; (37, 39)] for these wavelengths, making sPUU2000
readily integrable as the optical fiber core material in intrinsically
soft actuators and sensors.

Waveguide fabrication

Optical waveguides were fabricated via replica molding and were
coupled with a NIR LED chip (15412085A9000, Wiirth Elektronik)
to one end and an infrared PD chip (SFH 2700 FA, OSRAM Opto
Semiconductors) to the other end. sPUUs were poured into heated
silicone molds (60°C) with cavities of different waveguide designs
for curing with procedures as described above. Straight waveguides
had the dimension of 3.2 mm by 1.5 mm by 7 cm, and wavy wave-
guides were 4-cm long and 2-mm thick with various amplitude
(A =5 or 4 mm), period (n = 2, 3, or 4), and width (w =1, 2, or
3 mm) as shown in Fig. 3B. The silicone molds were obtained by
molding from 3D-printed rigid molds (VeroBlue, glossy surface
finish, Objet 30, Stratasys Ltd.) with the waveguide designs. The
3D-printed molds were first heated to 80°C for 6 hours to remove
residual resin, and then, the mixture of M 4601 parts A and B (9:1 by
weight) were poured into the molds and heated to 80°C for 1 hour
to cure.

COMSOL ray optics simulation

We performed simulation to understand the counterintuitive wavy
sensor’s response to small elongations (phase i), where the output
intensity decreased with decreasing curvatures. Ray optics simula-
tion was selected because the sensor’s cross-sectional dimension
was much larger than NIR wavelengths. A wavy sensor with A =5
mm, n =4 periods with a length of 40 mm, w = 1 mm, and thickness
= 2 mm was simulated in COMSOL ray optics module. sPUU2000
was modeled as linear elastic material with Young's modulus of 1.3
MPa and Poisson’s ratio of 0.44, because the force versus strain re-
sponse of the wavy sensor (Fig. 3C) suggested that the initial elon-
gations contributed to mostly structural deformation instead of
material’s deformation. The refractive index was set as 1.52, and
the sensor was surrounded by air. Light source was modeled to be
released from boundary (the LED coupling input surface) with 100
rays per release, conical ray director vector with uniform density,
and 50 rays in wave vector space. The cone axis was set tangent to
the cosine curve with a cone axis of pi/24 rad. Output intensity was
collected by a ray detector at the PD coupling output surface. The
LED coupling input surface was set as a fixed boundary simulating
the LED-waveguide coupling fixture. The PD coupling output
surface was prescribed horizontal displacements. Experimental
and theoretical results with the same wavy sensor parameters
show similar three-phase increase-decrease-increase output intensi-
ty attenuation response to elongation with comparable strain cutoffs
(fig. S9). The attenuation difference in phase ii was due to the
absence of material absorbance modeling in the simulation, indicat-
ing a larger output intensity in the straight waveguide schematic.
For the purpose of understanding the phase i response, however,
the model provides good validation and explanation (fig. S9).

Robot fabrication
We integrated wavy SHeaLDS into a self-sealing soft quadruped to
monitor motion and detect damage for feedback control. The
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quadruped'’s architecture (Fig. 4A) is based on a multigait soft robot
described previously (45), where five pneumatic actuators with
PneuNet (PN) (46) channels can be sequentially modulated to
allow mobility with multiple gaits and in different directions (5,
45). Molds for the PNs were first 3D-printed (VeroBlue, glossy
surface finish, Objet 30, Stratasys Ltd.) and baked at 80°C for
6 hour to remove residual resin. PNs were then molded with silicone
elastomer (Ecoflex 00-20, Smooth-on Inc.) to a total height of 6 mm
with the pneumatic channel height at 4 mm (fig. S13) and cured for
20 min at 80°C.

To make the PN actuators also damage resilient, we adopted a
self-sealing design previously reported (43), where a silicone-poly-
aramid fiber composite enabled soft pneumatic actuators to be
puncture resilient through the combination of self-adhesion from
silicones and mitigation of crack propagation from fibers. Polyara-
mid fibers (15 wt %; Kevlar Pulp, FibreGlast Inc.) were blended with
uncured silicone matrix (85 wt %; Ecoflex 00-20, Smooth-on Inc.)
that produced paste-like composites. The composites were formed
in the shape of rectangular islands and placed on top of the cured
PNs. Uncured silicone resin (Ecoflex 00-20, Smooth-on Inc.) was
poured to fill the space in between the fiber composite islands
and bond the fiber composites with the PNs. Each of the five pneu-
matic chambers was connected to a soft silicone tubing (outer diam-
eter of 1.27 mm; Silastic Laboratory Tubing, Dow Corning) routed
and glue-fixed (Sil-Poxy, Smooth-On Inc.) into a hub located at the
rear of the robot (fig. S13). Pneumatic channels of the PNs were
sealed by first bonding to a thin layer (0.5 mm, screen printed) of
uncured clear silicone elastomer (ELASTOSIL RT 625 A/B, Wacker
Chemie AG) and baked at 80°C for 2 hours to cure.

One SHeal.DS with sPUU2000 and the wavy design A = 5 mm,
n =3, and w = 1.6 mm (Fig. 4D) is integrated on top of each PN
actuator and coupled to an LED (15412085A9000, Wiirth Elektro-
nik) on one end and a PD (SFH 2700 FA, OSRAM Opto Semicon-
ductors) on the other. The optoelectronics are embedded via a
flexible printed circuit board (Flex PCB) design (Fig. 4B and fig.
S14), where the LEDs and PDs are soldered on Flex PCBs that are
vertically connected to a mainboard (via soldering) for electrical
routing. The mainboard is punctured with holes to also function
as the strain-limiting layer for the PN actuator, which translates
the uniform pressurization to anisotropic bending motions.

SHeaL DS were connected to the optoelectronics at the top of the
robot assembly via 3D- printed connectors (LOCTITE 3D IND405
Clear, Carbon M1). The optoelectronics were secured to the robot's
silicone body by gluing (LOCTITE Super Glue) the flexible PCBs to
the peripheral silicone; the 3D-printed connectors were aligned
with and secured to the optoelectronics by gluing the connectors
with the flexible PCBs; the sSPUU waveguide sensors were press-
fitted to the connectors for alignment with the optoelectronics.
Last, a thin layer (0.5 mm) of silicone adhesive (Sil-Poxy, Smooth-
On Inc.) was brushed onto the side walls of the robot for stiffening,
so that pressure was directed to stretch the top layers and produce
bending motions. Figure S17 shows a fully assembled soft quadru-
ped with SHeaLDS.

Robot control

The five actuators shared one pressurized air source, and each actu-
ator was connected to a pair of solenoid valves (X-Valve, Parker
Hannifin) that were both normally closed (fig. S15). Opening the
inflating valve while closing the deflating valve inflated the actuator,
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closing both valves held the inflation, and closing the inflating valve
while opening the deflating valve deflated the actuator. We collected
output intensities from the five waveguide sensors through PDs
with various amplifying gains (fig. S16) due to variations in the
waveguide fabrication and integration. We fed back the sensor
signal of damage detection to control the robot's actuation. In the
first demonstration, as we cut one leg six times, the controller au-
tonomously adjusted robot’s resting time based on the number of
times the leg had been cut. In this case, a decrease of the normalized
intensity past the 0.2 threshold triggers the damage detection. Note
that in movie S5, there are random spikes in the signal due to un-
stable connection of a wire that may be confused with the cut signal.
The controller filters out this effect by setting a time threshold that
differentiates a fast spike from a cut. We changed the input pressure
and the operational amplifier p gain manually in this demonstration
instead of setting up an analog pressure source and the metal—
oxide—semiconductor field-effect transistor (MOSFET) controlled
gain, because of pandemic-related time and resource constraints.
These two parameters could be changed via the controller automat-
ically if integrated as described above. In the second demonstration,
we control the gait of the robot to change its movement direction as
the four legs were cut, mimicking the escape behavior of animals
when facing danger. Because the waveguide sensor material
(sPUU2000) was very tough, it was difficult to cut the waveguide
with a sharp blade when the tough sensor sat on the soft silicone
PN. To increase the rigidity of the sensor substrate and allow the
knife to fully penetrate the top layers, we inflate all five pneumatic
chambers with a button input before cutting one of the legs. We
expect the cut detection to be similar to the first demonstration
where the cut was signaled by an intensity decrease past a threshold.
In this demonstration, however, the LEDs and PDs were slightly up-
facing coupled, instead of level coupled, to the waveguide due to sol-
dering positions, rendering the waveguide into a proximity sensor.
As the hand approached the robot from the top to make a cut, the
sensor signals increased; as a cut was made, the corresponding
sensor had a slight intensity decrease, because the PD was receiving
both the light propagating in the waveguide only and the light re-
flected from the hand and coupled into the waveguide. We adjusted
the cut detection to a prolonged increase in any of the sensor signal
from the four legs to indicate hand approaching, followed by detect-
ing the most substantial intensity decrease among the uncut legs to
identify which leg was cut.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1to S18

Tables S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S6
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