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Abstract
Nature excels in both self-healing and 3D shaping; for example, self-healable human organs feature functional
geometries and microstructures. However, tailoring man-made self-healing materials into complex structures faces
substantial challenges. Here, we report a paradigm of photopolymerization-based additive manufacturing of selfhealable elastomer structures with free-form architectures. The paradigm relies on a molecularly designed
photoelastomer ink with both thiol and disulﬁde groups, where the former facilitates a thiol-ene photopolymerization
during the additive manufacturing process and the latter enables a disulﬁde metathesis reaction during the selfhealing process. We ﬁnd that the competition between the thiol and disulﬁde groups governs the photocuring rate
and self-healing efﬁciency of the photoelastomer. The self-healing behavior of the photoelastomer is understood with
a theoretical model that agrees well with the experimental results. With projection microstereolithography systems,
we demonstrate rapid additive manufacturing of single- and multimaterial self-healable structures for 3D soft
actuators, multiphase composites, and architected electronics. Compatible with various photopolymerization-based
additive manufacturing systems, the photoelastomer is expected to open promising avenues for fabricating structures
where free-form architectures and efﬁcient self-healing are both desirable.

Introduction
Natural living materials, such as animal organs, can
autonomously self-heal wounds. Inspired by natural living
materials, scientists have developed synthetic self-healing
polymers capable of repairing fractures or damages at the
microscopic scale and restoring mechanical strengths at
the macroscopic scale1–3. The healing capability usually
relies on extrinsic curing-agent encapsulates released
upon fractures4,5 or on intrinsic dynamic bonds, such as
dynamic covalent bonds6,7 and physical bonds8–15, that
autonomously reform after fracture-induced dissociations. Thanks to their healing capability, these polymers
have enabled a wide range of applications, such as ﬂexible
electronics16–18, energy transducers12,19, soft robotics20,21,
lithium batteries22, water membranes23, and biomedical
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devices24. Despite the success in syntheses and applications, the existing self-healing polymers are still facing a
critical bottleneck—deﬁciency in 3D shaping. This bottleneck makes synthetic self-healing polymers different
from living materials (such as human organs) that usually
feature functional geometries and microstructures.
Additionally, a number of promising applications of selfhealing polymers demand complex 2D/3D architectures,
such as soft robotics20,25, structural composites26,27, and
architected electronics28. However, the architecture
demand of self-healing polymers has not been sufﬁciently
fulﬁlled, as the existing 3D methods of shaping selfhealing polymers include only molding17 and directwriting29–32, which are either time consuming or limited
in their formation of complex 3D architectures33,34.
Here, we report a strategy for photopolymerizationbased additive manufacturing (AM) of self-healing elastomer structures with free-form architectures. The strategy relies on a molecularly designed photoelastomer ink
with both thiol and disulﬁde groups, where the former
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facilitates a thiol-ene photopolymerization during the AM
process and the latter enables a disulﬁde metathesis
reaction during the self-healing process. Using projection
microstereolithography systems, we demonstrate the rapid
AM of single- and multimaterial elastomer structures in
various 3D complex geometries within a short time (e.g.,
0.6 mm × 15 mm × 15 mm/min = 13.5 mm3/min). These
structures can rapidly heal the fractures and restore their
initial structural integrity and mechanical strengths to
100%. We ﬁnd that the competition between the thiol and
disulﬁde groups governs the photocuring rate and selfhealing efﬁciency of the photoelastomer. The self-healing
behavior of the photoelastomer is understood with a theoretical model that agrees well with the experimental
results. To demonstrate potential applications of the 3Dprintable self-healing elastomers, we present a selfhealable 3D soft actuator that can lift a weight ten times
its own weight, a nacre-like stiff-soft composite that
restores the toughness to over 90% after fracture, and a
self-healable force sensor with both dielectric and conductive phases. Equipped with the capability of rapid
photopolymerization that is compatible with various AM
systems, such as stereolithography35,36, self-propagation
photopolymer
waveguide37,38,
two-photon
litho39,40
graphy
, and PolyJet printing41, the new self-healing
photoelastomer system is expected to open promising
avenues for fabricating structures where free-form architecture and efﬁcient self-healing are both desirable20,42.

Materials and methods
Materials

Vinyl-terminated polydimethylsiloxanes (V-PDMS,
molar mass 6000–20,000 g/mol) and [4–6% (mercaptopropyl)methylsiloxane]-dimethylsiloxane (MMDS) were
purchased from Gelest. Iodobenzene diacetate (IBDA),
toluene, tributylphosphine (TBP), 1,6-hexanediol diacrylate (HDDA), phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (photoinitiator), Sudan I (photoabsorber),
and ethanol were purchased from Sigma-Aldrich. The
chemicals were used as purchased without further puriﬁcation. Carbon grease was purchased from GM
chemicals.
Synthesis and characterization of material inks

To prepare the experimental elastomer ink, 0.5 g of
IBDA was ﬁrst mixed with 5 mL of toluene in a nitrogen
environment with magnetic stirring for 6 h. Then, 1 g of
MMDS was oxidized by adding different amounts of the
IBDA solution (0 g, 0.35 g, 0.7 g, 1 g, and 1.2 g) for 1 min.
Subsequently, 1.95 g of V-PDMS, 1 wt% photoinitiator,
and 0.1 wt% photoabsorber were added and mixed for
another 1 min. The 0.1 wt% of TBP was then added and
mixed for another 1 min. To prepare the control elastomer ink, 1 g of MMDS, 1.95 g of V-PDMS, 1 wt%
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photoinitiator, and 0.1 wt% photoabsorber were mixed for
5 min. Raman spectroscopy measurements were performed using a Horiba Raman infrared microscope with
an acquisition time of 1 min. The spectra of the material
inks from 200 to 1800 cm−1 were collected using a laser
excitation wavelength of 532 nm.
Additive manufacturing

The single- and multimaterial stereolithography systems
were described elsewhere35,36. To fabricate the multimaterial structures, we ﬁrst divided the computer-aideddesign (CAD) model of a biphase composite into two
models with respective phases. Each phase model was
then sliced into an image sequence with a prescribed
spacing in the vertical direction. Then, two image
sequences were alternatively integrated into one image
sequence. The images were sequentially projected onto a
resin bath that was ﬁlled with a material ink. The ink
capped with a motor-controlled printing stage was
exposed to the image light (405 nm) and solidiﬁed to form
a layer structure bonded to the printing stage. As the
printing stage was lifted up, the wheel was rotated to
deliver the ethanol beneath the printing stage. With the
printing stage lowered into the ethanol, the printed
structure was washed, and the ethanol residue was subsequently absorbed by the cotton pad. Then, another
material ink was delivered beneath the stage by the
rotational wheel. By lowering the stage by a prescribed
height and illuminating another image, a second material
layer could be printed on the existing structures. By
repeating these processes, we printed multimaterial
structures. To fabricate single-material structures, we just
simpliﬁed the process by using one image sequence and
removing the intermediate cleaning process. Note that a
traditional stereolithography system with acrylic-based
resins has an oxygen-rich layer to quench the photopolymerization close to the printing window43, and this
oxygen-rich layer can facilitate the manufacturing process
by reducing the adhesion between the printed part and
the window43. However, the thiol-ene photopolymerization system cannot be quenched by the oxygen44. To
enable easy separation between the solidiﬁed part and the
window, we employ a Teﬂon membrane with a low surface tension (~20 mN/m) to enable low separation forces.
In addition, all fabricated samples were heated for 2 h at
60 °C to remove the residual toluene and ethanol and then
postcured in a UV chamber for an additional 1 h (same
wavelength as the AM system) to ensure the samples were
fully polymerized.
Photocuring depth test

A 10 mm × 10 mm square image was illuminated on the
printing window using different photoexposure times
for the experimental elastomers with various IBDA

Yu et al. NPG Asia Materials (2019)11:7

concentrations. The thicknesses of the photocured parts
were measured at the cross-sections by using an optical
microscope (Nikon ECLIPSE LV100ND).
Self-healing test

The dog-bone-shaped samples (thickness 4 mm) were
ﬁrst additively manufactured. Then, the samples were cut
into two pieces with a blade and brought into contact with
an additional force (~0.5 N) on two sides to ensure good
contact. The samples were then put on a hot plate at 60 °C
for various healing times. Both the original and healed
samples were clamped by using two rigid plates in a
tensile testing machine (Instron 5942) to be uniaxially
stretched until rupture with a low strain rate of 0.06 s−1.
The microscopic images of the damaged and healed
interfaces were taken with an optical microscope (Nikon
Eclipse LV100ND).
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Self-healable electronics

The self-healable conductive elastomer ink was synthesized by adding 50 wt% carbon grease to the selfhealing elastomer ink. The self-healable conductive elastomer samples were fabricated using the single-material
stereolithography system. A University of Southern California (USC) Trojan pad was fabricated (width 10 mm,
length 10 mm, and thickness 1 mm) with the dielectric
phase self-healing elastomer and the conductive phase
conductive elastomer was fabricated using the multimaterial stereolithography system. The resistance was
measured with a source meter (Keithley 2400). The voltage (10 V AC) for powering the LED was provided by the
source meter. The force sensor was fabricated by laminating the Trojan pad between of two same-size, selfhealable elastomer pads. A compressive force was applied
and measured by the Instron machine with two plastic
compression plates.

Mechanical test of the experimental elastomer

The storage and loss moduli of the experimental elastomer at frequencies of 0.1–10 Hz and temperatures of
25–165 °C were tested using a dynamic mechanical analyzer (TA instrument RSA III). The cyclic tensile tests of
the experimental elastomer were conducted using an
Instron 5942 with a low strain rate of 0.006 s−1.
Self-healable actuator

The 3D actuator was ﬁrst designed and additively
manufactured. A 10 g weight was hanged at the bottom of
the actuator that was connected to a syringe pump. When
the syringe pump was moved, the weight was lifted up. A
camera was used to image the distance change of the
weight. Then, we cut the actuator in half with a blade and
contacted back to heal for 2 h at 60 °C. Once healed, the
actuator was used to lift the 10 g weight again for multiple
cycles.
Self-healable composite

The experimental composites (width 10 mm, length 15
mm, and thickness 1 mm) with stiff phase HDDA and
soft phase self-healing elastomer were ﬁrst additively
manufactured. Then, a small notch was made at the
center edge of the samples. The notched samples were
clamped and stretched in the Instron tensile tester with a
low strain rate of 0.06 s−1. The ﬁrst group of control
samples included pure HDDAs and self-healing elastomers that were the same size as the experimental composites. The second group of the control samples
included composite samples with stiff phase HDDA and
soft phase non-self-healing elastomer (also the same size
as the experimental composites). These two control
sample groups underwent similar tensile tests as the
experimental composites.

Results
Molecular design of the self-healable photoelastomer

The molecular design of the self-healing elastomer with
integrated photopolymerization and self-healing features
is based on the coexistence of thiol (R-S-H) and disulﬁde
(R-S-S-R′) groups (Fig. 1a). The photopolymerization is
achieved by harnessing the high-rate and high-yield thiolene crosslinking reaction in which the thiol groups
(R-S-H) and alkene groups (H2-C = C-HR′) react to form
alkyl sulﬁdes (R-S-C-C-H2R′) under the photoinduced
radical initiation (Fig. 1a, b)44. Efﬁcient self-healing is
achieved by harnessing dynamic disulﬁde bonds that
undergo disulﬁde metathesis reactions (assisted by a catalyst tributylphosphine) to bridge the fractured interface
(Fig. 1c)45. To introduce the disulﬁde groups in the
polymer network, we partially oxidize the thiol groups
using a highly efﬁcient oxidant, iodobenzene diacetate
(IBDA) (Fig. 1a)46,47. After the partial oxidation, the thiol
and disulﬁde groups coexist in the material ink to form
thiol-disulﬁde oligomers. After the photopolymerization,
the dynamic disulﬁde bonds will be covalently integrated
within the crosslinker regions (Fig. 1a).
To prove the concept, we employed [4–6% (mercaptopropyl)methylsiloxane]-dimethylsiloxane copolymer
(MMDS, Fig. S1a) and vinyl-terminated polydimethylsiloxane (V-PDMS, Fig. S1b) to provide the
thiol groups and alkene groups, respectively48,49. Both
chemicals have relatively low viscosities (below 200 cSt)
that are suitable for the stereolithography process. VPDMS, which has a relatively high molar mass
(6000–20,000 g/mol), constitutes the polymer backbone
and enables the high ﬂexibility and stretchability of the
elastomer. The material ink is used in a projection
microstereolithography system to enable the rapid
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Fig. 1 (See legend on next page.)
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(see ﬁgure on previous page)
Fig. 1 Additive manufacturing of self-healing elastomers. a Molecular design of the self-healing elastomer. MMDS with thiol groups was ﬁrst
oxidized with the IBDA to form a thiol-disulﬁde oligomer. The oligomer then undergoes a photoinitiated thiol-ene reaction with the V-PDMS with
alkene groups to form a solid elastomer. The elastomer embeds dynamic disulﬁde bonds within the crosslinker region. b Stereolithography-based
additive manufacturing process. An image sequence sliced from a computer-aided-design (CAD) model is sequentially projected onto a resin bath to
form a layer-by-layer structure. c Schematics to show the disulﬁde bond enabled self-healing process. The fractured interface can be healed through
a disulﬁde metathesis reaction. d–h The manufactured samples: d a logo of the University of Southern California, e a circular cone, f a pyramid lattice
unit, g a cup, and h an octet truss lattice. i Self-healing of a shoe pad sample. The fabricated shoe pad can sustain a 540-degree twist. Once cut, the
shoe pad is brought into contact to heal for 2 h at 60 °C. Then, the healed shoe pad can sustain the 540-degree twist again. The scale bars in (d–i)
represent 4 mm

prototyping of various 2D/3D elastomer structures,
including a logo of the University of Southern California
(Fig. 1d), a circular cone (Fig. 1e), a pyramid (Fig. 1f), a
cup (Fig. 1g), and an octet truss lattice (Fig. 1h). The
manufacturing process is rapid with a speed of ~25 μm/
s for each layer and approximately 5–60 min for each
structure shown in Fig. 1d–h. The manufacturing
resolution can reach as low as 13.5 μm (Fig. S2). The
elastomer not only can be 3D printed to nearly any 3D
architecture but can also self-heal fatal fractures. As a
simple demonstration in Fig. 1i, we fabricate a delicately
patterned shoe pad that can be ﬂexibly twisted by 540
degrees. We then cut the pad into two parts and contact
back to heal for 2 h at 60 °C. After the healing process,
the sample can sustain the 540-degree twist again.
Characterization of the self-healing property

Next, we characterize the self-healing property of the
synthesized photoelastomer (Fig. 2). We design two types
of photoelastomers: experimental elastomers with IBDAenabled disulﬁde bonds (Fig. 1a) and control elastomers
without the disulﬁde bonds (the molecular structure in
Fig. S3). Both elastomer inks can be 3D printed into dogbone-shaped samples (Fig. 2a). Then, we cut the samples
into two parts and brought them into contact for various
healing times (0–270 min) at 60 °C. Subsequently, the
samples were uniaxially stretched until rupture. We can
verify the self-healing property of the experimental elastomer from three aspects. First, the existence of the disulﬁde bond in the experimental elastomer was veriﬁed by
Raman spectroscopy measurements that show a new peak
with a band at ~520 cm−1 (Fig. S4). This new band is
consistent with the Raman band in the reported disulﬁdebond-enabled self-healing polymers (500–550 cm−1)50,51.
Second, microscopic images show that the crack gap of
the fractured experimental elastomer is nicely bridged
after 2 h of healing at 60 °C (Fig. 2b, c). Third, we ﬁnd that
the tensile strengths of the experimental elastomers gradually increase with increasing healing time until a plateau at ~100% of the original strength after 60 min
(Fig. 2d). However, the tensile strengths of the control
elastomers reach a plateau of only 40% of the original
strength after 60 min at 60 °C (Fig. 2e, f). This result shows

that the dynamic disulﬁde bonds play a central role in
healing the fractured interface to restore 100% strength.
Without the disulﬁde-bond-enabled interfacial bridging,
the interfacial bonding of the control elastomer possibly
stems from the noncrosslinking chain entanglement
around the fracture interface52; however, this chain
entanglement effect cannot lead to 100% interfacial selfhealing.
For the experimental elastomer, we can further carry
out self-healing tests for more than 10 cycles, and the
corresponding healing strength ratios (tensile strength of
the healed sample over that of the original sample) remain
at 90–100% (Fig. 2g and S5a). It is also noted that due to
the solvent-free character, the elastomer samples do not
show any visible volume shrinkage during the 10-cycle
healing process (each 2 h at 60 °C) (Fig. S5b). This character enables the self-healing elastomer to be intrinsically
different from the reported directly written self-healing
hydrogels29–31. In addition, we ﬁnd that the mechanical
properties of the experimental elastomer remain almost
unchanged after being immersed in DI water for 24 h (Fig.
S6), which makes these elastomers dramatically different
from the moisture-sensitive self-healing elastomers with
hydrogen bonds9,16.
Although the experimental elastomer displays a relatively low Young’s modulus (~17.4 kPa), the frequency
sweep test veriﬁes that its storage modulus (Young’s
modulus) is much larger than the loss modulus (500–600
Pa) over a wide frequency range (0.1–10 Hz) (Fig. S7a).
This result shows that the elastic character of the
experimental elastomer dominates the viscous character.
Additionally, we further test the storage-loss moduli of
the experimental elastomer over a wide temperature
range (25–165 °C), and we ﬁnd that the elastomer remains
stable and that the elastic character prevails (Fig. S7b).
Moreover, this low-viscosity feature can also be veriﬁed by
the cyclic tensile tests which show low hysteresis over
three sequential loading-unloading cycles (Fig. S8).
Competition between photocuring and healing

The IBDA-enabled partial oxidation is an approach to
regulate the photocuring and self-healing properties.
Since the total concentration of thiol groups (cT0) is
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Fig. 2 Characterization of the self-healing property. a Self-healing process of a dog-bone-shaped elastomer sample. A dog-bone-shaped sample
is ﬁrst cut with a blade and brought into contact to heal for 2 h at 60 °C. The healed sample is then uniaxially stretched. The scale bar represents 5
mm. b, c The optical microscope images of the b damaged and c healed interfaces. The scale bars in (b, c) represent 50 μm. d Nominal stress-strain
curves of the original and self-healed experimental elastomers for various healing times. The nominal stress is calculated as the force over the initial
cross-section area of the sample neck. e Nominal stress-strain curves of the original and self-healed control elastomers for various healing times.
f Healing strength ratios of the experimental and control elastomers as functions of the healing time at 60 °C. The healing strength ratio is deﬁned as
the healing strength of the self-healed sample over that of the original sample. The theoretically predicted relationship between the healing strength
ratio and the healing time of the experimental elastomer agrees well with the experimental results. g Healing strength ratios of the experimental
elastomers for 10-cycle healing tests (each 2 h at 60 °C)

initially provided, the concentrations of thiol (cT) and
disulﬁde groups (cd) in the material ink are conserved
(cT þ 2cd  cT 0 if we assume the ink volume is approximately unchanged). The number of thiol group affects the
photocuring rate, and the number of disulﬁde group
inﬂuences the healing performance; therefore, the photocuring rate and the healing efﬁciency are expected to be
competitive. This point can ﬁrst be veriﬁed by the Raman
spectroscopy measurements: the Raman peak associated
with the disulﬁde bond becomes stronger as the IBDA

concentration increases (Fig. 3a), indicating that disulﬁde
bond concentration increases as more oxidant IBDA is
applied. To further verify the competition, we carried out
photocuring experiments to measure the relationship
between the curing depth and the photoexposure time for
various IBDA concentrations (Fig. 3b). We ﬁnd that the
curing depth H has an approximately linear relationship
with the photoexposure time t, written as H  k ðt  t0 Þ,
where k is the curing coefﬁcient (μm/s) and t0 is the
threshold time for the curing depth growth. The curing
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Fig. 3 Competition between the photocuring and self-healing. a Raman spectra of the elastomer ink with various IBDA concentrations η (wt%).
The band at ~520 cm−1 corresponds to the disulﬁde bond. b Photocuring depth of the photoelastomer ink as a function of the photoexposure time
for various IBDA concentrations. The slope is deﬁned as the photocuring coefﬁcient k (μm/s). c Nominal stress-strain curves of the original and selfhealed elastomers (2-h healing at 60 °C) for various IBDA concentrations. d The photocuring coefﬁcients and healing strength ratios (2-h healing at
60 °C) of the photoelastomer as functions of the applied IBDA concentration. The shadow region with IBDA concentration η = 2.2–2.8 wt%
corresponds to rapid photocuring and rapid healing

coefﬁcient k represents the photocuring rate during the
AM process. The curing coefﬁcient k decreases with
increasing IBDA concentrations (η = 0–3 wt%) because
more IBDAs transform more thiol groups to disulﬁde
groups (Fig. 3b). At the same time, we ﬁnd that the
healing strength ratios of the cured elastomers within 2 h
healing time (at 60 °C) increase as the IBDA concentration
increases within η = 0–2.6 wt% (Fig. 3c). This result
conﬁrms that the properties of photocuring and selfhealing are indeed competitive, and judicious selection of
the IBDA concentration is required to enable both rapid
photocuring and rapid self-healing. We further ﬁnd that
when the IBDA concentration is greater than η0 = 2.6 wt
%, the healing strength ratio reaches a plateau at 100%
(Fig. 3d). To enable both rapid curing and rapid selfhealing ( > 90% within 2 h at 60 °C), we choose the IBDA
concentration η = 2.2–2.8 wt% to carry out the oxidation
experiments. If the IBDA concentration is out of this
range, rapid photocuring and rapid healing cannot be
achieved simultaneously.
Theoretical modeling of the self-healing behavior

To theoretically understand the self-healing behavior of
photoelastomers, we develop a polymer-network-based
model that is an extension of a model we recently
developed for self-healing hydrogels crosslinked by
nanoparticles53 (model details in SI and Figs. S9-S13). The

theory employs a bell-like model to analyze the
stretching-induced dissociation of the dynamic disulﬁde
bonds during the tensile loading process54 and a
diffusion-reaction model to capture the chain interpenetration and recrosslinking during the self-healing
process55–57. Using this theoretical model, we can consistently explain the experimentally measured stressstrain behaviors of the original and self-healed samples
(Fig. S13). The predicted healing strength ratios also agree
well with the experiments (Fig. 2f). To further verify the
theory, we carry out the self-healing experiments at various temperatures (40–60 °C). The experiments show that
a higher temperature leads to a more rapid healing process. Our theory can also consistently explain the
experimentally measured relationships between the healing strength ratios and healing time for various temperatures (Fig. S13c). It is worth noting that the
temperature plays a key role during the self-healing process. As identiﬁed from the theoretical model, the selfhealing capability of the designed photoelastomer is
governed by the polymer chain diffusion and disulﬁde
group-enabled reaction across the fractured interface. A
higher temperature enables the more rapid diffusion of
polymer chains across the fractured interface. Additionally, according to Bell’s theory54, increasing the temperature will increase the vibrational excitation of the sulﬁde
atoms and favor the reformation of disulﬁde bonds during
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the self-healing process. Both of these aspects have been
well captured in our theoretical model. We expect that
this theoretical framework can be further extended to
understand self-healing soft polymers with various
dynamic bonds, including dynamic covalent bonds6,7,
hydrogen bonds8–10, metal-ligand coordination11,12, and
ionic interactions14,15.
Applications of additively manufactured self-healing
elastomers
Self-healable 3D soft actuator

To demonstrate potential applications, we ﬁrst present a
self-healable 3D soft actuator (Fig. 4a–c). The actuator is
composed of a series of circular cones that can be shrunk
inward to enable a contraction when a negative pressure is
applied (Fig. 4a, the experimental setup in Fig. S14). When
a negative pressure 30 kPa is applied, the actuator (~1 g)
can lift a 10 g weight (~10 times its own weight) a distance
of 6 mm. Then, we cut the actuator into two parts and
bring them into contact to heal for 2 h at 60 °C. Once the
actuator is self-healed, it can lift the 10 g weight a distance
6 mm again (Fig. 4a, b). The pressure-distance curve of
the healed sample is very similar to that of the original one
(Fig. 4c). This lifting efﬁciency (lifting weight per selfweight) is comparable with existing contraction actuators
that are fabricated with molding or assembly methods19,58. Compared with the soft actuators fabricated
using the traditional molding method21,25, the
stereolithography-enabled fabrication of the self-healable
soft actuator requires less time and material consumption.
Compared with the AM-enabled soft actuators composed
of nonhealable materials59,60, this soft actuator harnesses
the self-healing elastomers to enable 100% healing after
fatal fractures.
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(Fig. 4e and S16b). Since the crack propagates through the
soft phase, we bring the two fractured parts back to heal
for 2 h at 60 °C. After the healing process, the sample can
sustain the tensile load again, and the toughness is ~90%
of that of the original composite (Fig. 4d, e). As a control
experiment, we manufacture a stiff-soft composite with
nonhealable soft elastomers that only shows 14.5% of the
original toughness in the second load (Fig. 4e and S16c).
Self-healable architected electronics

The self-healing photoelastomer is dielectric; to enable
electronic conductivity, we dope carbon-blacks into the
elastomer ink (Fig. 4f, see Methods). We additively
manufacture a ﬂexible composite pad with a dielectric
elastomer phase and a conductive elastomer phase with a
contour path of the USC Trojan. We show that the
sample is conductive along the Trojan path to power an
LED, and can also be bent at a large angle (~120°). Since
both phases in the composite pad are self-healable, we
then bring two parts back to heal the interface for 4 h at
60 °C. The healed pad becomes conductive again and can
be used to power the LED. We ﬁnd that the resistance of
the healed sample only changes by 9% (Fig. 4g). The
composite pad can be used as a self-healable force sensor,
as the resistance of the conductive pathway decreases with
an increase in the compressive force (Fig. 4h). This result
is likely due to the effective spacing between carbon black
particles within the conductor becoming smaller when a
compressive force is applied16. The relationship between
the relative resistance and the applied force can be used as
a sensing signal to inversely predict the applied force.
When we cut the structure and heal back for 4 h at 60 °C,
we obtain a self-healed force sensor with the resistanceforce curve close to that of the original force sensor
(Fig. 4h).

Self-healable structural composite

Natural structural materials, such as nacres and teeth,
feature outstanding toughness, primarily due to their
multiphase composition in which both stiff and soft
phases are arranged in complex architectures26,27. These
structural composites motivate tremendous efforts in
creating tough synthetic composites with multiple phases26,27; however, these natural and synthetic composites
are generally not self-healable. Here, we demonstrate AM
of a healable nacre-like composite composed of a nonhealable stiff plastic phase and a healable soft elastomer
phase (Fig. 4d, the multimaterial stereolithography system
is shown in Fig. S15). During the photopolymerization
enabled AM process, a thiol-acrylate reaction is triggered
to enable a relatively strong interfacial bonding between
the two phases (Fig. S16a)61. Under a tensile load, the
crack in the composite sample (with a small crack notch)
propagates through the soft phase in a wavy pattern,
inducing a greater toughness than the parent materials

Discussion
In summary, we present a molecularly designed photoelastomer ink that can enable stereolithography-based
AM of elastomers with rapid and full self-healing. The
dual functions of photopolymerization and self-healing
are achieved by molecularly balancing the thiol and disulﬁde groups in the material ink. As a model self-healing
photoelastomer, the material system with adequate
modiﬁcations should be easily translatable to other
photopolymerization-based AM systems, such as selfpropagation photopolymer waveguide37,38, two-photon
lithography39,40,62, and PolyJet printing41. The AM of
self-healing elastomers with various tailored 3D architectures is expected to open various application possibilities not limited to the demonstrated 3D soft actuators
(Fig. 4a–c), structural composites (Fig. 4d, e), and ﬂexible
electronics (Fig. 4f–h) but may also include artiﬁcial
organs, biomedical implants, and bionic sensors and
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Fig. 4 Applications of additively manufactured self-healing elastomers. a–c Self-healable 3D soft actuator. a Negative pressure actuation can
enable the additively manufactured elastomer actuator to lift a 10 g weight by 6 mm. The inset shows the CAD model of the elastomer actuator. The
actuator is then cut in half and brought into contact to heal for 2 h at 60 °C. The self-healed actuator can be actuated again by the negative pressure
to lift the 10 g weight by 6 mm. The scale bar represents 5 mm. b The cyclic lifting distance of the 10 g weight as a function of time of the original
and self-healed actuators. c The relationships between the negative pressure values and the lifting distances of the original and self-healed actuators.
d, e Self-healable structural composite. d A notched stiff-soft composite is ﬁrst uniaxially stretched until a rupture and then brought into contact to
heal for 2 h at 60 °C. The healed composite is then uniaxially stretched again until a rupture. The scale bar represents 3 mm. e The toughnesses of the
original and healed experimental composites, single materials (pure plastic and pure elastomer), and the original and healed control composites. The
toughness is deﬁned as the enveloped area of the uniaxial nominal stress-strain curves until the rupture per unit sample area. f–h Self-healable
architected electronics. f A ﬂexible Trojan pad with a self-healable elastomer phase and a self-healable conductor phase can power an LED. Once cut
and healed after 4 h at 60 °C, the self-healed Trojan pad can again sustain bending and power the LED. The scale bar represents 4 mm. g The
resistance of the conductive path of the Trojan path before and after self-healing. h The relationships between the normalized resistances and the
applied force of the original and self-healed force sensors. The normalized resistance is calculated as the resistance normalized by the resistance for
the force-free state. The inset shows the working paradigm of the force sensor

robotics20,25,42,63,64. In addition, in nature, the disulﬁde
bond is a reversible cross-link that provides tunable stability to folded structures of proteins with speciﬁc

mechanical functions, such as molecular sensing,
switching, and signaling65,66. The AM of biomimetic
materials with dynamic disulﬁde bonds may open

Yu et al. NPG Asia Materials (2019)11:7

possibilities for materials with protein-like functions.
Moreover, as a model system to incorporate desirable
material properties (i.e., self-healing) into the existing AM
system, the molecular design strategy may be extended to
various other salient properties, such as stimulus actuation41,67 and mechanochromism68. To that end, the presented strategy may motivate molecular designs of various
unprecedented material inks for emerging AM systems to
enable rapid prototyping of 3D structures that cannot be
fabricated with traditional shaping methods38,69–71.
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