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ABSTRACT: Conductive and self-healing (SH) hydrogels have been receiving SD“:'_-'P_ Self-healing
. . . . . . . rinting
continuous attention, which could broaden the design of ionotronic devices for
health monitoring systems and soft robots with the ability to repair damage
autonomously. So far, three-dimensional (3D) fabrication of such SH hydrogels
is mainly limited to traditional molding/casting or extrusion-based 3D printing
methods, which limits the formation of sophisticated structures with high-
resolution features. Furthermore, the need of external stimuli (e.g., water, heat,
and pH change) to achieve SH behavior could restrict their wide application.
Herein, we report an ion-conductive SH hydrogel suitable for a home-built high-
resolution and high-speed 3D printing process, micro continuous liquid
interface production (#CLIP). This material system relies on interpenetrating
polymer networks (IPN) hydrogel formed by physically cross-linked poly(vinyl
alcohol) combined with chemically/ionically cross-linked poly(acrylic acid) and
ferric chloride. By carefully optimizing the resin’s composition, we can balance
high-resolution printability and superb SH capability, at the same time manifesting sufficient ion conductivity. Specifically,
complex 3D structures with microscale features (down to 100 gm) can be printed at speeds up to 16.5 pum s~'. Upon damage
occurs, hydrogen bonds within hydroxyl and carboxyl groups, as well as ionic bonds generated from ferric ions, contribute
together to achieve fast and high efficiency SH, which can restore 90% (100%) of the original mechanical strength at room
temperature within 4 h (8 h) without any external stimulus. In addition, both the as-printed and self-healed hydrogels manifest
superior ion conductivity and stretchability. Therefore, the SH hydrogels can be rapidly printed and tailored as customized
wearable sensors, and the sensing capabilities were quantitatively investigated and compared. In terms of applications, SH
hydrogel-based knuckle sensors were prototyped to detect a finger’s folding and unfolding motions.

1. INTRODUCTION including changes in pH, temperature, and light, to reassociate
polymer chains, others utilize the bonding agents within the
material network to achieve SH.

From the manufacturing perspective, SH hydrogel structures
are usually fabricated by traditional methods, such as molding
or casting, which have limitations for achieving 3D objects with
sophisticated structures.'* ' In contrast, additive manufactur-
ing (AM) technologies, also known as 3D printing, have been
explored to directly fabricate customized 3D hydrogel
structures.”>” > Heretofore, 3D SH hydrogels have been
commonly fabricated by extrusion-based 3D printing pro-

Hydrogels are soft materials capable of holding large amounts
of water in physically and/or chemically cross-linked three-
dimensional (3D) hydrophilic polymer networks.' > They are
receiving enormous attention for wide applications, such as
drug release, tissue scaffolds, and electronic skin.*® Partic-
ularly, 3D hydrogels with ionic conductivity have been
explored in ionotronic devices to mimic human skin, which
can be directly applied to sense load, deformation, temper-
ature, etc.” Benefiting from their high stretchability and fatigue
resistance, hydrogels can be applied on complex surfaces for
improved performance.*” However, once a crack occurs, the
hydrogel’s mechanical strength decreases rapidly as the crack Received: May 2, 2023
propagation leads to irreversible failure.'’ Therefore, the self- Accepted: May 16, 2023
healing (SH) ability has been considered to be imparted to Published: May 18, 2023
extend their lifetime performance for practical applica-

tions."'~"* Till recently, SH hydrogels have been realized via

various strategies."~'" While some require external stimuli,
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Figure 1. Design concept and preparation of ion-conductive SH hydrogel. (a) Chemical structures of the major components to form the IPN
hydrogel. (b) SH mechanism supported by hydrogen bonds formed by hydroxyl groups in PVA, as well as ionic bonds formed between ferric
ions and carboxylate ions from PAA. (c) Schematic illustration of the preparation, 3D printing, and SH processes of the hydrogel with a
corresponding photo of the 3D printed lizard whose tail was cut and self-healed. Scale bars: 5 mm.
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Figure 2. 3D printing via #CLIP. (a) Schematic illustration of the #CLIP system. (b) Optical images of 3D printed overhanging beams with
aspect ratios of 2, 3, and 4, using representative resins with 1 wt % FeCl;»6H,0. (c) Comparison of Young’s modulus with various
concentrations of PVA and FeCl;*6H,0. Error bars represent standard deviation, n = 4 independent replicates. (d) 3D printed needles and
pillars with base diameters ranging from 100 to 900 ym incrementally, with an aspect ratio of 4:1. (e) 3D printed multiscale octet truss

structures. Scale bars: S mm.

cesses, such as direct ink writing (DIW).”*** For example, Liu
et al. reported using a DIW bioprinter to print hydrogels with
SH capability enabled by reassociated chains after being heated
above gel—sol temperature.”® Darabi et al. also reported
utilizing DIW to print hydrogel capable of healing autono-
mously because of hydrogen bonding and ionic interactions.””
However, those printing techniques are still experiencing
challenges, such as resolution, printing speed, structural
complexity, and mechanical integrity.30 In detail, the printing
resolution of DIW is typically in the range of hundreds of
micrometers.”* The inherent speed-accuracy trade-off resulting
from the point-by-point serial nature significantly constrains
the overall scalability in manufacturing 3D parts with fine
features.” Moreover, due to the relatively low stiffness of the

1728

material, the fabrication of overhanging features is challenging
without supporting structures.””*’

To overcome those challenges, vat photopolymerization
(VP) strategies, such as stereolithography (SLA) and digital
light processing (DLP), have been reported to fabricate
hydrogels with improved geometrical complexities and
resolution.””*> For example, Caprioli et al. successfully utilized
DLP to print 3D hydrogels from poly(vinyl alcohol) and
acrylic acid with the SH effect promoted by hydrogen bonds
within the interpenetrating networks.”® However, besides the
drawback that the SH efliciency is only 70% and printing
resolution is limited to millimeter scale, a continuous high-
humidity environment is demanded during the slow DLP
printing. It is worth noting that there are remaining difficulties
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in balancing the SH performance and rapid high-resolution 3D
printing. Hydrogels with excellent SH performance typically
contain a large water content, which weakens the mechanical
strength and makes forming complex self-standing 3D
structures challenging.m’%’37 Furthermore, external stimuli
(e.g, water and heat) are required to enhance the SH
performance, which limits the applicability.'>**** Therefore,
high-resolution 3D printing of efficient autonomous SH
hydrogel at high speeds remains challenging.

Herein, we successfully developed a 3D-printable inter-
penetrating polymer network (IPN) hydrogel system that not
only presents distinguished SH efficiency without applying an
external stimulus but also manifests satisfactory ionic
conductivity for sensing. By incorporating physically cross-
linked poly(vinyl alcohol) (PVA) and chemically/ionically
cross-linked poly(acrylic acid) (PAA) and ferric chloride
(FeCl;) networks, these double networks entangle and
interpenetrate each other (Figure la). Benefiting from the
hydrogen bonds and migration mobility of PVA, paired with
the strong ionic bonds between diffused ferric ions (Fe’") and
carboxyl groups (—COO7) in PAA (Figure 1b), the hydrogel
is capable of repairing damaged areas autonomously
(schematics shown in Figure 1c).”””*" To achieve high-
resolution 3D printing of the hydrogel (Figure 1c), a home-
built high-speed microcontinuous liquid interface production
(uCLIP) system was developed (Figure 2a and Supporting
Information Section 3).*° Compared to most vat-polymer-
ization processes, such as projection micro stereolithography
(PuSL) or digital light processing (DLP), yCLIP has the
advantage of fabricating sophisticated 3D structures with
smooth surface finish and homogeneous mechanical properties
at high speeds (up to 16.5 um-s~' in this work). More
importantly, the significantly shortened printing time mini-
mizes the impact of dehydration and enables the stable
fabrication of functional 3D hydrogels especially those with
high water concentration.”’ Through systematic character-
izations, we varied the compositions of the resins to achieve a
balance across the mechanical properties, printability, and self-
healing efficiencies of the IPN hydrogels, which has not been
achieved before (Figure S1). Moreover, the home-built yCLIP
produced self-healing hydrogel manifested excellent conduc-
tivity, which can be tailored as flexible ionotronics, such as
wearable sensors. To the best of our knowledge, this work
provides the first strategy for rapid 3D printing of high-
resolution (<100 ym) ion-conductive hydrogels equipped with
ultrahigh self-healing efficiency without the need for external
stimuli.

2. RESULTS AND DISCUSSIONS

2.1. Material System Design. The photocurable resin for
3D printing of the SH hydrogel was prepared by homoge-
neously mixing PVA aqueous solution with the chemical
network precursors, acrylic acid (AA) solution. The AA
solution contains AA monomers, poly(ethylene glycol)
diacrylate (PEGDA) as chemical cross-linker, ferric chloride
(FeCl;:6H,0) as both ionic conductors and physical cross-
linker,"* and (2,4,6-trimethylbenzoyl) phosphine oxide (TPO)
as water-soluble photoinitiator (Figure 1la, details in the
Supporting Information Section 2). In addition, ferric chloride
could also improve printing resolutions benefiting from the
strong absorption in the UV range.”” PVA and PAA were
selected to form the IPN hydrogel system because of the high
mobility of polymer chains and extensive bond-forming groups
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(carboxyl and hydroxyl groups).***> Upon physical damage,

the PVA chain diffusion across the interface can form new
hydrogen bonds not only among its own hydroxyl groups
(—OH)*****" but also with the carboxylic groups (—COOH)
of PAA,*® hence, contributing to the SH ability (Figure 1b). In
previously reported hydrogel systems without the addition of
ferric ions (Fe**), the PVA’s concentration needs to be raised
to above 15—30 wt % to enable satisfactory SH effect®>*’
which significantly increases the resin’s viscosity, consequently
leading to failure of high-resolution printing by uCLIP.”
Alternatively, to improve the SH capabilities without the
demand for high PVA concentration, ferric chloride was
introduced into the system to form the dynamic ionic bonds
between ferric ions and carboxyl groups of PAA in addition to
the hydrogen bonds (Figure 1b)."***" By combining these
two-pronged strategies, the SH efficiency can efliciently reach
over 90% (both stress and strain) within a reasonable healing
time frame (<4 h), even for the resin with PVA’s concentration
as low as 9 wt %. The SH capability of the 3D printed
structures can be visualized by the two printed dumbbell-
shaped specimens with/without the addition of methyl blue
dye. These two specimens were cut and recontacted together
for SH (Figure 1b). After 24 h of SH at room temperature, the
blue color diffusion from the dyed half to the other indicates
efficient mobility within the IPN, and the healed specimen can
withstand stretching over 250% strain before failure. Besides
the excellent SH performance, benefiting from the high water
concentration (up to 67 wt %) and free ions (Fe®*), the IPN
hydrogel also shows ion-conductivity up to 4.76 X 107" + 2.28
x 107" S m™', which is comparable with previously reported
strain sensing devices.”' ~>> The porous networks benefiting
polymer chain and ion migration were confirmed by
characterizing the freeze-dried samples with scanning electron
microscope (SEM) (Supporting Information Section 4, Figure
SS).

2.2. Rapid 3D Printing by Micro-Continuous Liquid
Interface Printing (uCLIP). To yield rapid high-resolution
3D printing of the IPN hydrogels, we have developed a home-
built micro continuous liquid interface printing (uCLIP)
process (Figure 2a), which overcomes limitations associated
with traditional SLA or DLP processes, such as long fabrication
time scale due to stepwise layer-by-layer curing, stair-stepping
roughness caused by delamination and movement, and
inhomogeneous printout because of solvent evaporation during
the long printing period.”* Specifically for the hydrogel, a
longer printing time will lead to dehydration of the hydrogels,
affecting the homogeneity of the printed parts.”®>> To achieve
rapid high-resolution printing, yCLIP uses an oxygen-
permeable and optically transparent window to generate a
thin polymerization-free zone, referred to as a “dead zone”,
near the window due to inhibition induced by oxygen
molecules.”' As a result, continuous printing can be realized
by allowing the resins to reflow into the printing area
simultaneously as the platform moves up. For the uCLIP,
the computer-aided design (CAD) models were first sliced into
a series of 2D grayscale bitmaps with various slicing layer
thicknesses along the printing direction. By further reducin
slicing thickness, a smooth surface finish can be achieved.”
The sliced bitmap patterns were then projected via a UV light
engine with desired light intensity onto the window to
selectively cure the resin above the “dead zone” into solid
structures. Simultaneously, as shown in Video S1, the printing
platform was continuously raised upward at the appropriate
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speed, which was measured and retrieved by using a speed-
working curve model (Supporting Information Section 4,
Figure S3).

To achieve high-resolution and reliable 3D printing of
hydrogels, it is crucial to maintain reasonable mechanical
strength, particularly stiffness, to ensure the final printed
samples’ freestanding structures and shape fidelity. In this IPN
hydrogel system, the concentrations of AA and PVA in the
hydrogel play a vital role in determining its mechanical
strength as they form the backbone network.™**° In our study,
we found that the capability of shape retention (Figure S6) and
the mechanical strength (Figure S12) of the cured hydrogels
was significantly improved by increasing AA concentration
while keeping PVA’s concentration constant. As shown in
Figure S6, a minimum of 20 wt % AA is required to construct
sufficient self-standing 3D structure with overhanging features,
while the printout from resins with AA concentration below 20
wt % showed unrecognizable 3D structures (Figure S6). This
indicates that raising chemical cross-linking density can
effectively enhance the shape retention capability of the
hydrogels. Additionally, the marginally increased viscosity of
reins as the incremental AA concentration did not affect
printability (Figure S9b) and can be neglected. To optimize
the printability and self-healing efficiency, the effect of PVA
concentration was further investigated while maintaining the
minimum sufficient concentration of AA. It is important to
note that as the concentration of PVA rises, the viscosity of the
resin also increases in a monotonic manner (Supporting
Information Section S, Figure $9a). The higher viscosity makes
the replenishment of fresh resins into the “dead zone” even
more challenging.*’ Specifically, when the PVA content is
higher than 11 wt %, printings made with yCLIP resulted
undercuring or even failure to form complex structures with
large cross-section areas (Figure S7).

Furthermore, we systematically characterized the effect of
resins’ compositions on Young’s modulus (Figure 2c) and
explored the corresponding printability as well as the shape
retention performance indicated by printed overhanging
structures (Figure 2b). In detail, dumbbell-shaped samples
(Supporting Information Section 6, Figure S11) were printed
from resins with various concentrations of PVA (9 and 11 wt
%) and FeCl;6H,0 (0.00—1.25 wt %) by uCLIP under
appropriate parameters retrieved from the speed-working
curve. Then the tensile tests were performed by a customized
mechanical tester (details in Supporting Information Section 6
and Video 2), and Young’s modulus was then calculated by
taking the gradient of the stress—strain curves up to the
fracture point’” (details in Supporting Information Section 6).
Through tests, we found that resin with PVA concentration up
to 11 wt % still enabled the rapid printing on yCLIP though it
manifested the increasing viscosity. Likewise, a study was also
conducted to determine the concentration of ferric chloride, as
the significant ionic cross-linker was reported to contribute the
consequential amount of effects on self-healing performance.’”
As shown in Figure 2¢, Young’s modulus of the hydrogel
increased gradually with the rise of PVA concentration from 9
to 11 wt %. Specifically, in the case without ferric chloride
(0.00 wt % FeCl;:6H,0), Young’s modulus of the hydrogel
increased from 0.11 to 0.16 kPa, which confirms that the
backbone network and hydrogen bonds produced by PVA
have a significant effect on the mechanical strength of the
hydrogel.”™ Upon adding 0.25 wt % FeCl;-6H,O into the
hydrogel material, a significant improvement was observed in
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Young’s modulus. This enhancement was attributed to a
synergistic effect resulting from the crack bridging provided by
the covalent cross-linking network, as well as hysteresis
achieved through unzipping the ionic cross-linking network.>”
However, by further increasing the concentration of ferric
chloride in the system, Young’s modulus of the 3D printed
hydrogel decreased gradually. This is due to the reduced cross-
linking density resulting from the intense UV absorption of
ferric chloride, which is consistent with the photorheology
measurements (lower plateau modulus after photocuring in
Figure S10). Given the strong absorption of UV light by ferric
chloride, we determined that a concentration of 1.25 wt % was
the upper limit that could provide sufficient irradiation
penetration depth to facilitate acceptable printing speed and
curing depth of yCLIP.

To optimize the resins’ capability of shape retention,
rationally designed structures consisting of overhanging
beams with an aspect ratio of 2, 3, and 4, respectively, were
printed from resins previously tested (representative printout
examples are shown in Figure 2b, and other examples are
shown in Supporting Information Section 4, Figure S6—S8).
For example, the printed hydrogels using resins containing 9 or
11 wt % PVA show satisfactory shape retention (defined as
good shape retention in Table 1 and Table 2), making the

Table 1. Shape Retention Capability, and Printing
Resolution of Hydrogels with Various Compositions®

FeCl,-6H,0 (wt %)

0.00 0.25 0.50 0.75 1.00 1.25
PVA (wt %) 7 LO LO LO LA Ll Ll
9 O O O v 0 LA

11 T) D Tl D Tl D TI .* TY .* T) .>{<

“Shape retention: 1, good; |, poor; printing resolution: [,

acceptable; [], unacceptable; *, preferred.

Table 2. Shape Retention Capability and Printing
Resolution of Hydrogels with Various AA®

AA (wt %)
10 15 20 25 30
PVA (wt %) 11 Lo Lo 1 1, W 1, W*

“Shape retention: 1, good; |, poor; printing resolution: [,
acceptable; [], unacceptable; *, preferred.

fabrication of complex 3D structures possible. In contrast, the
counterpart printed from resins containing 7 wt % PVA
showed unsatisfied deformations during and after the printing
(defined as poor shape retention in Table 1). Besides
printability, printing resolution is another important criterion,
which can be evaluated vertically and laterally. The vertical
resolution was determined as the curing depth (Cd), which
ensures precise polymerization thickness. Resin compositions
that can achieve the desired Cd to match the slicing layer
thickness of 5 ym with appropriate printing parameters were
classified as acceptable resolution vertically. The printing
parameters for each resin composition were determined using a
speed-working curve. (Supporting Information Section 4,
Figure $3).*"% It was found that resin with the concentration
of FeCl;-6H,0 being 0.50 wt % or less failed to produce 3D
structures with recognizable features due to thicker optical
absorption depth (Table 1).°" Based on the characterization
results, different combinations of PVA (9—11 wt %), FeCl,:
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Figure 3. Characterization of SH properties of the 3D printed hydrogels. (a) Schematics of characterization of SH efficiency. 3D printed
dumbbell-shaped samples were cut in the middle and then reattached together to be stored in a sealed environment for later tensile tests. (b)
Comparison of SH efficiency of the hydrogels with increasing content of FeCl;*6H,0, and PVA concentrations of 9 and 11 wt %. (c) SH
efficiencies of the hydrogels for various healing times. (d) The ultimate tensile stress and (e) elongation at break of SH and original samples
with various healing times. Error bars represent standard deviation, n = 6 independent replicates. (f) 3D printed solid Pikachu with SH tail
as “print-and-joint”. (g) SH cuboid assembled with octet truss units printed from resins with/without methylene blue (individual units are

shown in Figure S16). Scale bars: 3 mm.

6H,0 (0.75—1.25 wt %), and AA (20—30 wt %) were selected
for the following printing characterization. As an example to
achieve optimal vertical resolution, the corresponding printing
speed V, of ~16.5 um s™' (or ~13 um s™') was selected for a
representative resin containing 11 wt % PVA and 1 wt %
FeCl;-6H,0 (or 11 wt % PVA and 1.25 wt % FeCl;-6H,0).
This high speed enables the fabrication of 10 mm-height
complex structures in just ~10 min, which is significantly faster
than the 12 h printing process with the PuSL system in our
previously reported work.”> Moreover, the theoretical lateral
resolution for our yCLIP system was determined to be 7.6 X
7.6 pm/pixel based on the optical projection system. During
the printing process, features comprising multiple pixels can be
retained. To experimentally explore the printable limit of
feature sizes, a series of microscale features, e.g, dots, were
printed and measured (Supporting Information Section 4,
Figure S4). The resins that successfully produced dots with
desired dimensions (smallest feature = 100 ym) (error <5%)
were determined to be resolution-acceptable in Table 1 and
Table 2. To further demonstrate the 3D printing resolution, we
performed a series of tests using structures composed of arrays
of rods and needles with a high aspect ratio of 4:1 and base
diameters ranging from 100 to 900 um (Figure 2d). This range
of base diameters is particularly significant, as it covers a wide
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range of potential applications, from the creation of small-scale
biomedical devices to the development of complex micro-
electronic components. In addition to these tests, we also used
UCLIP to demonstrate the printability of the representative SH
hydrogel resin. This allowed us to create various complex 3D
structures, such as octet truss lattice structures with over-
hanging components of varying dimensions, including beam
diameters ranging from 150 ym to 1 mm (Figure 2e). Taken
together our findings confirmed the capability of the
technology to rapidly fabricate high-resolution, intricate 3D
structures with great accuracy and precision. These results are
significant because they indicate that this strategy can be
applied to a wide range of fields, including microscale devices,
tissue engineering, and advanced electronics to create complex
structures with high resolution and fidelity (Video S1).

2.3. Characterization of SH Hydrogels. The self-healing
(SH) capability of the 3D printed hydrogel was quantitatively
characterized by performing tensile tests on the as-printed and
self-healed dumbbell-shaped samples. As illustrated in Figure
3a, batches of samples were printed from different resin
compositions with corresponding optimal printing parameters
(i.e., printing speed and light intensity) according to the speed
working curve (Figure S3c). For each batch, half of the
samples were cut in the middle, reattached together manually
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100%). Strain rate: 50 mm s~ . (f) 3D printed wearable hydrogel sensor to detect a finger’s folding and unfolding motions at various bending

angles.

within a short time, and then healed autonomously in a sealed
environment without any external stimuli, which are termed as
self-healed samples hereafter for simplification. It is worth
mentioning that each batch, including self-healed and as-
printed samples, was sealed in the same container for the same
time to maintain the identical storage condition to minimize
the influence from dehydration. Once the specific time had
been reached for each batch, tensile tests were performed on
self-healed and as-printed samples to evaluate the SH
efficiency. The SH efficiency is defined in terms of the ratios
of mechanical strength of self-healed samples over the as-
printed samples, of which elongation at break (&) and ultimate
tensile stress (¢) was utilized,****** as expressed below:

SH%(S) = gself—healed/gas—printed (1)

SH%(O-) = CFself—healed/Uas—pxintec] (2)

We first explored the effect of hydrogen bonds and ionic bonds
on SH performance by evaluating the SH efficiency of
dumbbell-shaped samples printed from resins with PVA
concentrations of 9 and 11 wt % paired with various
concentrations of FeCl;-6H,0 (0—1.25 wt %) (Table S1).
The SH efficiencies (SH%(¢) and SH%(s)) for the printed
hydrogels after 24 h of healing were measured and calculated
according to the aforementioned protocols. As shown in Figure
3b, without the presence of ferric chloride (0 wt % FeCl;
6H,0), the SH efficiencies of the printed hydrogels are all
lower than 50% regardless of whether the PVA’s concentration
is 9 or 11 wt %, which means these hydrogels can only restore
less than half of the original strength. As the FeCl;-6H,0
concentration increased incrementally to 1 wt %, the SH
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performance was gradually improved up to 100%, and the
printed hydrogels can achieve full restoration in mechanical
strength with 1 wt % FeCl;-6H,0. This phenomenon indicates
the strong effect on SH supported by the ionic bonding
provided by ferric ions. However, it was also found that the SH
efficiency tends to decrease when the concentration of FeCl;-
6H,0 increases to 1.25 wt %. This could be possible due to the
excess ferric chloride acting as UV absorbers, which
significantly suppressed the photoinitiation, thus resulting in
a lower polymerization rate and fewer PAA chains during 3D
printing. On the other hand, the SH efficiency did not exhibit a
significant difference between hydrogels with different PVA
concentrations (9 and 11 wt %) at the same level of ferric
chloride, which could possibly be a result of saturated
hydrogen bonds and PVA migration within the IPN. In
addition, to investigate the effect of AA concentration on SH
performance, SH tests were also performed on hydrogels
prepared by resins containing AA concentration from 20 wt %
to 30 wt % while maintaining 11 wt % PVA (Table S1). It was
found that the SH performance decreased significantly from
~100% (SH%(c) and SH%(e)) to ~45% (SH%(c)) and 40%
(SH%(¢)) (Figure S14). This phenomenon can be attributed
to the reduced mobility of ferric ions and hydrogen migration
within the denser network introduced by higher chemical
cross-linking density.”> Although increasing cross-linking
density effectively improves the printability of the resin, the
minimum required AA concentration of 20 wt % was selected
to balance SH efficiency, 3D forming, and mechanical strength
of the hydrogel synergistically, along with 1 wt % FeCl;-6H,0O
and 11 wt % PVA as representative feedstock for yCLIP and
later studies.

To explore the time dependence of the SH efhiciency of the
3D printed hydrogel, various healing time from 1 to 48 h was
applied to the cut samples to restore their mechanical strength
(details in Supporting Information Section 7, Figure S15). As
shown in Figure 3c, the printed hydrogel specimen from
selected resin exhibited a high-efficiency SH after healing for 4
h, restoring over 90% of its mechanical strength, which
indicates that the hydrogel can achieve a high SH efliciency in
a short time without needing any external stimulus. Though
there are some 3D printable SH hydrogels being reported,
most of them still require tens of hours to days to
autonomously restore the mechanical strength,’>®” and some
others should demand external stimulus including water and
heat to achieve satisfied SH performance.”**® Moreover, after
healing for 8 h, it approached full restoration in terms of
ultimate stress and elongation at break, and maintained steady
improvement for longer durations (Figure 3c). It is worth
noting that the ultimate stress and elongation at break of both
as-printed and self-healed samples at different storage times
gradually increased, which is mainly caused by the slow
dehydration of the samples (Figure 3d, e). Therefore, storing
the self-healed samples and original samples in the same sealed
environment for the same time is essential to obtain a valid
comparison, with ambient conditions being consistent. To
visualize the SH, we printed a series of 3D structures with the
optimal resin composition and processing parameters. For
example, as shown in Figure 3f, a Pikachu and its long tail were
printed separately by yCLIP, then attached together, and self-
healed for 4 h by taking advantage of the superior SH
capability. This provides an alternative approach, termed as
“print-and-joint”, to produce sophisticated structures contain-
ing large overhanging features rather than through adding
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supporting structures. As illustrated in Figure 3g, a series of
octet truss units were printed (Figure S16) using resin with
and without methylene blue and were assembled together in
cross combination to form into a single part. The significant
color diffusion further indicates sufficient mobility within the
porous IPN. Consequently, we demonstrate the capability of
postassembly of 3D printed hydrogels by taking advantage of
the SH feature, which could grovide potential opportunities for
reconfigurable soft robot.**®”

2.4. Electrical and Piezoresistive Properties of 3D
Printed SH Strain Sensors. Benefiting from a large amount
of water (~67 wt %) and mobility of free ions (i.e., Fe**, CI7),
the 3D printed SH hydrogel also shows satisfactory ion
conductivity.”””" The conductivity of the printed hydrogel
with varying concentrations of ferric chloride was first
measured by a home-built characterization setup (details in
Supporting Information Section 8 and Supporting Information
Section 8, Figure S17). At different ferric chloride concen-
trations, the resistance of a series of specimens with varying
thicknesses was measured to retrieve the conductivity (details
in Supporting Information Section 8, Figure S18). In detail, the
samples without ferric chloride manifest a conductivity of 1.69
X 107 + 8.14 X 10~* S m™!, which is mainly originated from
carboxyl groups (—COOH) within PAA.”* By raising FeCl;-
6H,0 concentration up to 1.25 wt %, the conductivity
approximately linearly increases up to 4.76 X 107" + 2.28 X
107" S'm™' (Figure 4a), which is about three magnitudes
higher than those without ferric chloride. More importantly,
this conductivity is comparable with the state-of-the-art ion
conductive hydrogels.”” To visually demonstrate the ion-
conductivity, 3D printed hydrogel was utilized to compose a
circuit to provide power for a LED (Video S3). These results
further supported our hypothesis that the free ions introduced
by the ferric chloride contribute the most and can significantly
improve the conductivity.

Strain sensing using the conductive hydrogel can be
accomplished by measuring the change in resistance of the
hydrogel in response to applied mechanical strain or
deformation. When the hydrogel is subjected to mechanical
strain, its dimensions and surface area changes, which can alter
the electrical properties of the material, such as its resistance to
the flow of electrical current.”* To validate the feasibility of
applying the hydrogel for sensing applications, piezoresistive
properties, the relative resistance change (AR/R,) in response
to mechanical strain(¢) variation of the printed samples was
characterized using a motorized stage (details in Supporting
Information Section 8) and a coupled multimeter. The
hydrogel’s relative resistance (AR/R,) was formulated as
AR/R, = (R — Ry)/R,, where — is the resistance after uniaxial
stretching and R, is the resistance before stretching. The
mechanical strain (¢) was calculated as € = (1 — 1,)/I,, where
is the hydrogel’s length after stretching and [ is the length
before stretching (Figure 4b). In addition, the relative
resistance changes versus strains of the strain sensor can be
fit into a parabolic equation AR/R, = 0.3984¢* + 0.7146¢.”> As
the strain increased from 0% to 300% with the rate of 1 mm
s7!, the relative resistance increased significantly and steadily
up to 5.59 and 4.56 for the as-printed and self-healed
hydrogels, respectively (Figure 4). It is worth mentioning
that there is no distinct signal decaying for the self-healed
specimens compared with the as-printed ones, confirming the
applicability of the ion-conductive hydrogel as strain sensors
even after cut and healing. Cyclic tensile loadings with the
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strain of 50% and 100% were applied to the hydrogel to
evaluate the sensing behavior. High repeatability of relative
resistance response was observed, and a gradually increased
magnitude of response was demonstrated when tensile strain
increased (Figure 4c). Furthermore, to better assess the long-
term stability of the resistance response with mechanical
cycling, the sensors, including as-printed (Figure 4d) and self-
healed sensors (Figure 4¢), were stretched 80 times with strain
up to 50% and 100% at a strain rate of SO mm s~'. Though
there is a gradual upward trend of the relative resistance due to
the slow dehydration of the hydrogel over the long cyclic
stretching, the resistance response, especially the peak-to-peak
amplitude (A,,), is reasonably stable throughout the long-
cyclic test. Ongoing studies are being conducted to reduce the
dehydration of the SH hydrogel.

Benefiting from optimized printability, excellent tensile
elongation, and stable piezoresistivity before and after self-
healing, customized wearable strain sensors were rapidly
printed from the hydrogel via pCLIP. The sensors were
applied to the finger joint to detect the folding motion of the
forefinger to demonstrate its feasibility (Figure 4f and Video
S4). With both ends being fixed on the finger, the hydrogel
sensor is subject to being stretched to corresponding strain
when the forefinger is folded. It can be seen that the relative
resistance change (AR/R,) of the strain sensor can be reflected
in levels corresponding to various bending angles (6 from 0° to
90° as shown in Figure 4f, i—v). In particular, the relative
resistance immediately rebounded as the finger returned from
full bending (Figure 4f, vii) to full relaxation (Figure 4f, viii) of
the sensor. This confirms that the 3D printed SH ion-
conductive hydrogel can respond to deformation rapidly as
stretchable electronic skin.

3. DISCUSSION

In summary, we have developed a photocurable hydrogel
system that not only shows outstanding self-healing perform-
ance without the need for external stimulus but also possesses
ion conductivity and piezoresistivity for wearable sensing
applications. More importantly, we have systematically studied
the printability and developed a high-resolution and high-
speed 3D printing strategy for printing this hydrogel via
UCLIP. In the hydrogel system, interpenetrating networks were
realized by combining chemically and ionically cross-linked
PAA/Fe*" with robust physically cross-linked PVA chains. The
sufficient chain and ion migration within the porous network
enables promising SH performance. Upon damage, the
hydrogel can restore its mechanical strength from the new
physical bonds formed by the hydroxyl and the carboxyl
groups within PVA and PAA, as well as ionic bonds generated
between the ferric ions and the carboxyl groups from PAA.
The cut hydrogel could autonomously recover over 90% of its
original mechanical strength after healing for 4 h and achieve
complete self-healing after 8 h. This strategy overcame the
challenges in 3D printing of PVA hydrogels that typically
originated from the trade-off between the requirement of
reducing viscosity for resin replenishment and the necessity of
high PVA concentration to enable healing capability. For
future work, we are currently working on optimizing resin
compositions and exploring additional approaches, such as
utilizing solvent exchange to partially replace water with
glycerol,’® to mitigate the effects of hydrogel dehydration.
These pCLIP printed high-resolution conductive hydrogels
offer superior advantages over traditional methods, enabling
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the creation of complex and customized structures. These
hydrogels have the potential for rapid, high-resolution 3D
fabrication with self-healing capabilities, making them ideal for
constructing patient-specific artificial implants and tissues that
are intrinsically 3D with extended lifetime.
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