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Additive manufacturing of highly entangled

polymer networks
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Incorporation of polymer chain entanglements within a single network can synergistically improve
stiffness and toughness, yet attaining such dense entanglements through vat photopolymerization
additive manufacturing [e.g., digital light processing (DLP)] remains elusive. We report a facile
strategy that combines light and dark polymerization to allow constituent polymer chains to densely
entangle as they form within printed structures. This generalizable approach reaches high monomer
conversion at room temperature without the need for additional stimuli, such as light or heat

after printing, and enables additive manufacturing of highly entangled hydrogels and elastomers that
exhibit fourfold- to sevenfold-higher extension energies in comparison to that of traditional DLP.

We used this method to print high-resolution and multimaterial structures with features such as

spatially programmed adhesion to wet tissues.

ntanglements are ubiquitous in nature,

with examples across length scales from

chromosomal DNA to dynamic tangling

of worms (I). Polymer entanglements in

melts have been well studied; however,
the role of entanglements on fatigue and frac-
ture of polymer networks is only recently ap-
preciated (2-4). Unlike chemical cross-links,
entanglements act as nonpermanent cross-
links that can slide past one another under
stress to simultaneously increase material mod-
ulus and toughness without embrittlement
or hysteresis. There is thus interest to lever-
age entanglements as reinforcements within
materials, including those produced through
emerging lithography-based additive manu-
facturing techniques, such as digital light pro-
cessing (DLP) (5), continuous liquid interface
production (6, 7), or computed axial lithog-
raphy (8, 9). Polymer melts with preexisting
entanglements are challenging to process ho-
mogeneously with these methods owing to
their extremely high viscosity (10). Hence, it is
beneficial to develop low-viscosity (monomer
or oligomer) resins that introduce entangle-
ments as the polymer chains form. Achieving
simultaneous chain growth and dense chain
entanglement requires precise control over
the resin composition (i.e., monomer, cross-
linker, and photoinitiator). One approach is to
use unusually low photoinitiator concentra-
tions (<0.01 wt.%) (3, 11, 12); however, this
results in slow reaction rates (over several
hours) that are not compatible with many vat
photopolymerization techniques (e.g., DLP)
that rely on rapid cross-linking within seconds
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(Fig. 1A). High photoinitiator concentrations
or radiant exposures considerably speed up
polymerization, but these approaches result
in excessive initiation points and chain ter-
mination events that establish a network with
high fractions of dangling ends (fig. S1). En-
tanglements on these dangling ends are not
trapped by covalent cross-links and therefore
fail to withstand higher loads under tension
(supplementary text). Hence, there exists a trade-
off for the vat photopolymerization of highly
entangled polymer networks where rapid re-
actions are needed for manufacturing, but this
reduces polymer crowding and the formation
of effective entanglements.

Combining light and dark polymerization
for 3D printing

DLP is a promising bottom-up vat photopo-
lymerization method that allows high-speed
fabrication of three-dimensional (3D) objects
through layer-by-layer projection of 2D sliced
images (13, 14). Despite the promise of DLP, pro-
cessing parameters, such as light-attenuating
additives to control resolution, oxygen inhibi-
tion, and diffusion limitations of the radical
mediated chain growth reaction, can introduce
gradients in monomer conversion that reduce
the overall concentration of long polymer
chains and resulting strength of the printed
object (Fig. 1B and fig. S2). To overcome this
mechanical performance-processability con-
flict, in this work, we introduce the one-step,
continuous-curing after light exposure aided
by redox initiation (CLEAR) process toward
the formation of highly entangled polymer
networks using vat photopolymerization meth-
ods. CLEAR allows spatial light illumination
(i.e., photopolymerization) to set the shape of
the object, whereas a complementary redox
reaction (i.e., dark polymerization) allows un-
reacted monomer within the object to slowly
reach complete conversion, which enables a high
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tangle (Fig. 1C). The continuous curing pre..c————

occurs at room temperature without the need for
additional steps that involve light or heat.

We first demonstrate the application of
CLEAR toward the processing of hydrogels.
Despite their interest in tissue repair, drug de-
livery, and as biomedical devices, mechanical
properties of 3D-printed hydrogels are often
considerably lower than those formed with
casting or molding (14, 15). We selected acryl-
amide as our model monomer and bis-acrylamide
at low concentrations as the cross-linker (3).
‘When formed through casting with very slow re-
action rates, hydrogels contained dense entangle-
ments and sparse cross-links, thereby achieving
both high modulus and high toughness (fig.
S3). For printing, the DLP resin contained a
mixture of monomer, cross-linker, photoinitia-
tor, and photoabsorber, whereas the CLEAR
resin comprises the same components with the
addition of redox initiators before 3D print-
ing (table S1). 'H nuclear magnetic resonance
(NMR) spectra of thin (100-um) films prepared
from the DLP and CLEAR resins in the ab-
sence of cross-linker indicate the disappearance
of acrylamide and the emergence of polyacryl-
amide (~98% conversion) for CLEAR, whereas
~95% of the acrylamide remained unreacted
for DLP (Fig. 1D). When measured with Fourier
transform infrared spectroscopy (FTIR), light
exposure of thin films (matching the same
energy of 0.2 J cm 2 delivered to a single layer
during printing) resulted in nearly 20% con-
version for both DLP and CLEAR resins dur-
ing irradiation (Fig. 1E). Whereas conversion
remains constant after irradiation for DLP, it
steadily increases to 100% for CLEAR as the
redox reaction (dark polymerization) complete-
ly consumes unreacted monomers. This dark
polymerization is also reflected through an in-
crease in storage modulus (G') with elapsed
time for CLEAR, compared with DLP, wherein
G’ remains unchanged after light irradiation
(Fig. 1F).

DLP and CLEAR hydrogel resins were 3D
printed into solid objects and swollen until
equilibrium. Hydrogels printed with CLEAR
exhibited nearly two- and fourfold increases
in elastic modulus (Et) and work of fracture
(W) under tension, respectively, over those
printed with DLP, and matched properties to
those obtained with casting (Fig. 2, A to C,
and fig. S4). CLEAR-printed hydrogels sus-
tained nominal stresses of up to 250 kPa (which
corresponds to a true tensile strength of nearly
1 MPa), whereas DLP-printed hydrogels were
substantially weaker and failed at low tensile
elongation, which was further illustrated through
the ability of CLEAR-printed hydrogel rings to
lift weight at a nominal stress of nearly 200 kPa
(Fig. 2D and movie S1). Moreover, the Er and W;
of CLEAR-printed hydrogels were independent
of the stretch rate across two orders of magnitude,
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Fig. 1. CLEAR printing. (A) Schematic representation of bottom-up vat
photopolymerization wherein a liquid precursor resin [containing monomer(s),
cross-linker(s), photoinitiator, and photoabsorber] is cross-linked into a
3D-printed object upon controlled light irradiation. (B) DLP requires rapid
photocrosslinking, high photoinitiator concentrations, and low viscosity resins.
Because of rapid initiation and incomplete conversion, the resulting polymer
network contains low concentrations of long chains with reduced entanglement.
(C) CLEAR printing incorporates redox initiators into the resin so that light
irradiation sets the shape of the part while redox initiators allow slow yet steady
conversion of unreacted monomer(s), resulting in a network with high

implying near-perfect elasticity (fig. S5). The-
oretical predictions for the elasticity of CLEAR-
printed hydrogels suggest 11-fold- to 15-fold-
higher levels of entanglements relative to co-
valent cross-links (supplementary text) (16).
CLEAR-printed hydrogels also exhibited in-
creased mechanical properties in compression
and under shear as well as increased poly-
mer content (after swelling) (fig. S6) and slower
diffusion of a fluorescent probe (fig. S7) rela-
tive to DLP, likely a result of increased poly-

Dhand et al., Science 385, 566-572 (2024;)

layer during DLP).

mer chain entanglements or effective cross-links
owing to improved monomer conversion within
the CLEAR hydrogels. When mapped at the
nanoscale through atomic force microscopy
(AFM), CLEAR-printed hydrogels exhibited
a 3.5-fold-higher modulus in comparison to
those fabricated with DLP (Fig. 2E), which
was observed throughout the entire depth of
the 2 layer, meaning that CLEAR drives the
entirety of the printed part to reach higher
conversion and not just the outermost xy
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concentrations of long polymer chains with greater physical entanglements.

hv, light exposure; RT, room temperature (ambient conditions); At, over time.
(D) H NMR spectra of thin (100-um thickness) films fabricated with DLP and
CLEAR resins in the absence of cross-linker to track the presence of (i)
acrylamide (monomer) and (ii) polyacrylamide (polymer) signals after process-
ing. (E) Conversion of C=C peak (cc-c, percentage) over time by FTIR and

(F) storage (G', pascals) and loss (G", pascals) moduli over time by rheology with
exposure to conditions that match DLP and CLEAR processes (purple shaded
area indicates light irradiation of t = 10 s, which mimics the exposure energy per

layers (17). All testing was performed on swol-
len hydrogels, which better represents the en-
vironment in which hydrogels are used, yet
this is not always the case in reported hydro-
gels and can dramatically reduce their me-
chanical performance (fig. S8). Despite being
3D printed and swollen, the Er and W; of
CLEAR-printed highly entangled single-network
hydrogels matched or exceeded the Et and W;
values of reported single-network hydrogels
(Fig. 2F and table S2) (4, 10, 15, 18-21I).
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Fig. 2. CLEAR enables 3D printing of highly entangled hydrogels with improved
mechanical properties. (A) Representative tensile stress (o, kilopascals)-stretch

(A, meters per meter) curve, (B) elastic modulus (E, kilopascals), and (C) work
of fracture (W kilojoules per cubic meter) for DLP- or CLEAR-printed hydrogels.
(D) lllustration of the tensile strength of DLP- or CLEAR-printed 3D rings
through their ability to lift weight. Scale bar, 10 mm. (E) (i) Distinct maps of
modulus (E, megapascals) along z depth as well as (ii) normalized modulus (Enorm)

for DLP- or CLEAR-printed hydrogels. (F) Comparison of Ey and W of previously
reported single-network hydrogels (noted “as cast” or “as printed” or after
being fully “swollen™) with our present work (table S2). Data are reported as
mean + SD; n = 4 hydrogels; ***P < 0.001; ****P < 0.0001 by student’s t test.
PEGDA, poly(ethylene glycol) diacrylate; MeHA and NorHA, methacrylate and
norbornene modified hyaluronic acid, respectively; GelMA, gelatin methacryloyl;
Am, acrylamide; PLL, poly(L-lysine) peptide-based crosslinked Am hydrogel.

Direct experimental characterization of en-
tanglements at atomistic scale is nontrivial. To
indirectly measure this, hydrogels were printed
without cross-linkers, where their stability
during swelling is due to entanglements.
The rate of dissolution was much slower for
CLEAR-printed hydrogels than for those printed
by DLP, as enhanced entanglement prolongs
dissolution (22) (fig. S9). The higher degree
of entanglement with CLEAR was also marked
by a substantial increase in polymer solution
viscosity and a shift in the crossover frequency
(fig. S9). When measured with gel permeation
chromatography (GPC) and dynamic light scat-
tering, the molecular weight and hydrodynamic
radius of polymer chains were similar be-
tween DLP and CLEAR printing (fig. S10 and
table S3). This further highlights that dense
entanglements within CLEAR-printed hydro-
gels may indeed be due to higher polymer con-
centrations and not chain length. Specifically,
increased monomer conversion combined with
an unusually low amount of water resulted in
chain crowding within CLEAR-printed networks.
To ensure limited network defects within CLEAR-
printed hydrogels that may influence entangle-
ments and mechanics, a degradable cross-linker
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[N,N'-bis(acryloyl)cystamine] was introduced.
In the presence of a reducing agent, the
disulfide-based cross-links degraded, and the
network underwent reverse gelation, indicat-
ing the absence of undesired chemical cross-
links between polymer chains (fig. S11). To
further demonstrate that changes in mate-
rial properties are due to entanglements and
not increased conversion alone, printed layers
were either under- or overcured during DLP (fig.
S12). Whereas CLEAR improved mechanics with
undercuring (low conversion), there was no
mechanical improvement with overcuring (high
conversion) when CLEAR was used. Despite
high conversion, overcuring failed to improve
the work of fracture, likely owing to increased
initiation points that reduced effective entan-
glements and would not be feasible for printing
of high-resolution structures or negative fea-
tures (fig. S12).

We next compared CLEAR- to DLP-printed
hydrogels that have undergone traditional post-
curing (e.g., light or heat) (17, 23). Although
postcuring DLP-printed hydrogels with light
(We = 287 kJ m™®) or heat (W; = 327 kJ m™®)
resulted in considerable improvements in the
work of fracture over DLP alone, hydrogels
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fabricated with CLEAR (IW; = 542 kJ m™®) ex-
hibited superior values (fig. S13). Further, poly-
mer content, modulus, and strength of CLEAR
hydrogels outperformed these existing methods
of postcuring (fig. S13) despite similar mono-
mer conversions. Unlike CLEAR, wherein the
initiation and propagation of chains occur in a
slow, steady manner, light or thermal methods of
postcuring are often more rapid, which may lead
to Kinetic trapping of polymer chains and low
conformational entropy that results in a lower
work of fracture. The precise control of tempera-
ture with thermal curing could potentially over-
come this limitation. Additionally, postcuring
with light can introduce mechanical heteroge-
neities owing to nonuniform light penetration,
whereas thermal curing can be difficult to adopt
for hydrogels because of water evaporation.
Taken together, the increase in strength of
CLEAR-printed hydrogels can be attributed to
(i) higher polymer content owing to enhanced
conversion that enables a higher ability to
carry load and (ii) higher density of chain en-
tanglements that function as cross-links under
low strains by transferring tension between
chains but slip at high strains to prevent cat-
astrophic failure. There are, however, numerous
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Fig. 3. CLEAR processing of highly entangled hydrogels into 3D objects
with complex topologies. (A) (i) Photograph of trabecular bone structure and
(i) fluorescence micrograph of auxetic patch fabricated through CLEAR. Scale
bars, 10 mm. (B) Multimaterial CLEAR printing through the switching of liquid resins
and visualized with different fluorescent tracers (yellow and gray). Fluorescence
micrographs of a multimaterial hydrogel in the shape of (i) a lattice (z direction) and
(i) an axial patch (xy direction). Scale bars, 5 mm. (C) Photograph of stiff hydrogels
processed into porous, flexible patches that (i) conform to an underlying curved

substrate and (ii and iii) are extensible. Scale bars, 30 mm. Shape recovery
without permanent deformation demonstrated through (D) (i to iv) compression
of auxetic octet-truss lattice and (E) (i to iv) stretching of 3D coil. Scale bars,
10 (D) and 5 mm (E). (F) Assembly and annealing of CLEAR-printed hydrogels with
open channels to form an enclosed serpentine channel photographed with the (i)
front and (ii) side view. Scale bar, 10 mm. (iii) Integration strength (joules per square
meter) of CLEAR-annealed hydrogels measured by a 180° peel test. Data are
reported as mean + SD; n = 5 hydrogels.

factors (i.e., presence of oxygen, temperature,
or wait time) that influence the redox reaction
within CLEAR (figs. S14 and S15), and this cur-
rent approach is thus beneficial mainly for
systems that use free-radical polymerizations
and exhibit low conversion during printing.
Although there are Kinetically driven differ-
ences between light and dark polymerization,
the latter can occur continuously under am-
bient conditions (fig. S16). One challenge is
that although the base resin (monomer, cross-
linker, photoinitiator, and photoabsorber) is
shelf stable for at least 28 days (fig. S17), the
long-term storage after the addition of redox
initiators is limited. The pot life (i.e., the op-
erating time window once the redox initia-
tors are added) for the CLEAR resin can be
tuned from 20 min to >3 hours by decreasing
the redox initiator concentration without chang-
ing the resulting mechanical properties (i.e.,
Er and W) (fig. S18). Although this presents a
drawback to reusing the resin, alternative meth-
ods (e.g., freeze-thawing or storage of resin un-
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der oxygen to quench the redox reaction) may
be adopted to address this limitation (fig. S19).

CLEAR printing of high-resolution

and diverse 3D structures

CLEAR printing can help resolve the mechan-
ical performance-processability conflict of
highly entangled hydrogels. Unlike soft or
brittle hydrogels that may be challenging to
process owing to their inability to support their
own weight or recovery from the build plate,
highly entangled hydrogels can be processed
into structurally complex materials. CLEAR
allows the generation of varied topologies (e.g.,
features that mimic trabecular bone, knotted
geometries, gyroid with interconnected voids,
or macroporous lattice structures) or open
channels within hydrogels (Fig. 3A and fig.
S20). Both DLP and CLEAR achieve high print
resolution and fidelity (~400-um nominal 2y
and z negative feature size, even after swell-
ing), and the dark polymerization does not
negatively impact resolution (fig. S21). CLEAR
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can also be used for multimaterial printing
to create heterogeneous regions in 2 and 2y
directions (Fig. 3B) as well as into porous
geometries that conform to curved surfaces
leading to materials that are “stiff yet flex-
ible” (Fig. 3C). Further, CLEAR-printed hydro-
gels can be shaped into auxetic structures,
such as a metamaterial lattice (e.g., octet truss)
(Fig. 3D and movie S2) or a coil (Fig. 3E) that
can sustain compressive or tensile loading with
minimal hysteresis (demonstrated through
the ability of the structures to recover their
original shape without plastic deformation
upon removal of load). Lastly, CLEAR can be
modified for a continuous printing approach
to further accelerate times for processing (fig.
$22), motivated by prior advances in lithogra-
phy printing (6).

There is also great interest in the integration
of dissimilar printed components into single
constructs (e.g., embedding electronic sensors
or integrating microfluidic circuits), which is
challenging with traditional printing (24). In
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this work, CLEAR is useful as an annealing
technique to assemble 3D printed hydrogel
devices without the need for any additional
reagents or substrate functionalization (Fig.
3F). The ongoing redox reaction (by means
of CLEAR) results in the formation of an en-
tangled polymer network at the interface when
two (or more) hydrogels are brought in contact.
This approach provides robust mechanical
interlocking, resulting in a high integration
strength (650 J m™2) that is similar to the frac-
ture toughness of the hydrogel itself. It is no-
table that the integration strength decreases
with time prior to contact (between immediate

to 4 hours), and the time window to achieve a
high integration strength is dependent on the
concentration of redox initiators and the time
required for printing the desired object (fig.
$23). As a proof of concept, an enclosed ser-
pentine reservoir was formed through the an-
nealing of hydrogels with open channels.
There are numerous other properties (e.g.,
the ability to suture to tissues, the ability to
dehydrate and rehydrate, and cytocompatibility)
that motivate the use of CLEAR-printed hydro-
gels in biomedicine (figs. S24 to S27 and Sup-
plementary Text). The versatility of CLEAR can
also be leveraged toward the printing of a wide

variety of hydrogel formulations with varying
chemical composition (figs. S28 and S29). These
span across a range of cross-linker concen-
trations as well as various types of monomers
and cross-linkers to improve the functionality
(e.g., mechanical properties, temperature re-
sponsiveness, supramolecular interactions, deg-
radation, or antifouling) of highly entangled
hydrogels while simultaneously achieving Et
and W; values as high as 140 kPa and 1.5 MJ m™>,
respectively (figs. S29 and S30). Further, the
benefit of CLEAR to improve mechanical prop-
erties advances beyond highly entangled hy-
drogels and can be extended to traditional
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Fig. 4. Spatially programmable tissue adhesion enabled by CLEAR printing
of highly entangled hydrogels. (A) Schematic representation of the adhesion
of a highly entangled hydrogel to tissue mediated by a bridging polymer
(chitosan) and the formation of physical intermolecular bonds. (B) Tough
adhesion of hydrogels to a variety of wet, ex vivo porcine tissues recorded as
interfacial toughness (I, joules per square meter). Data are reported as mean +
SD; n = 4 hydrogels. (C) Photograph of a porous patch (i) during and (ii) after
application to a porcine heart ex vivo in the presence of blood. Scale bars,

30 mm. (iii) Interfacial toughness (T, joules per square meter) for adhesion of
hydrogels in the absence or presence of blood. Data are reported as mean + SD;
n = 4; ns, not significant by student’s t test. (D) Schematic representation of a
channel formed upon adhesion of a hydrogel containing an open groove onto ex vivo
porcine stomach tissue. Photographs demonstrating (i and ii) robust sealing of
channel observed through perfusion of a tracer. Scale bars, 10 mm. (E) Directional
adhesion enabled through 3D-printed metamaterial bioadhesive based on steering
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the direction of crack propagation. Photographs illustrating (i) forward (high
strength) and (ii) reverse (low strength) peel directions from ex vivo porcine
heart tissue and (iii) quantification of force at steady state (Fs, Newtons).
Scale bar, 10 mm. Data are reported as mean + SD; n = 3; ns, not significant;
*P < 0.05; ***P < 0.001 by one-way analysis of variance with Tukey's post hoc
test. (F) Spatial patterning of adhesive regions (sticky) onto a nonadhesive
(slippery) hydrogel through multilayer 3D printing. Photographs depict the
peeling of (i) the patterned region and (i) unpatterned region of a hydrogel from
ex vivo porcine stomach. Arrows indicate tissue adhesion to the sticky region,
and the dotted circles denote the slippery region. Scale bars, 10 mm. (G) Hybrid
(elastomer-hydrogel) adhesive fabricated through multimaterial 3D printing
wherein adhesive hydrogel layers are incorporated to allow tissue attachment
of a highly entangled elastomer. Photographs demonstrating the (i) front and
(ii) side view of peeling the hybrid adhesive from underlying ex vivo porcine
stomach. Scale bars, 5 mm.
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hydrogels formed through chain- (e.g., dilute
acrylamide solutions) (fig. S31) or step-growth
(e.g., thiol-norbornene) reactions (fig. S32).
CLEAR is a fundamental method that can
also be implemented with various nonaqueous
polymer chemistries both in the presence or
absence of solvent (figs. S33 and S34). As an
example, we adopted CLEAR toward the print-
ing of highly entangled elastomers (fig. S33
and table S1). Specifically, hydroxyethyl acry-
late was used as a model monomer because of
its low vapor pressure and the low glass tran-
sition temperature of the resulting polymer.
CLEAR-printed highly entangled elastomers
had a higher Er of 1.9 MPa (twofold higher)
and W; of 25 MJ m™? (6.5-fold higher) than
those printed with DLP. When DLP was com-
bined with a common postprocessing method
(i.e., UV flood cure) for printed elastomers, the
Er (15 MPa) and W; (10 MJ m™>) values in-
creased but to levels inferior to those of CLEAR.
Additionally, CLEAR-printed elastomers ex-
hibited a nominal strength of 2.5 MPa (cor-
responding to a true strength of 38.5 MPa),
which was greater than that of DLP printing
alone (true strength of 4.9 MPa) or with UV
postcuring (true strength of 13.2 MPa).

Spatial programming of tissue adhesion
with CLEAR printing

Hydrogels are being developed as versatile tis-
sue adhesives owing to their tunability in phys-
ical properties and ability to deliver therapeutics
(25), yet the adhesion of stiff but brittle hydro-
gels is difficult as interfacial cracks are prone
to cause cohesive failure (26). Thus, improved
material toughness is desired to dissipate me-
chanical energy and limit crack propagation.
Several approaches (e.g., interpenetrating poly-
mer networks or composite hydrogels of soft
and stiff regions) have been described to toughen
hydrogels (27-29); however, these systems often
require multistep fabrication (30) and exhibit
pronounced mechanical hysteresis (31).
Highly entangled hydrogels provide a solu-
tion owing to their single-network design and
the ability to 3D print predefined geometries
(Fig. 4A) (32). To aid in adhesion through the
formation of interfacial bonds, carboxylic acid
groups were incorporated within highly en-
tangled hydrogels (fig. S35) (33, 34). CLEAR-
printed highly entangled adhesive hydrogels
(1:1 molar ratio of acrylamide:acrylic acid) ex-
hibited high Er of 220 kPa and W; of 774 kJ m™>,
nearly sixfold and 4.6-fold higher, respectively,
than those printed with DLP alone (fig. S36), as
well as low hysteresis (12.6% at a stretch of 2)
(fig. S37) and high human mesenchymal stromal
cell viability (>95%) (fig. S38). Robust adhesion
enabled by physical crosslinking (i.e., hydrogen
bonds or electrostatic interactions) (35) was
observed when the hydrogels were applied to
ex vivo porcine heart tissue, and the stability of
adhesion was further strengthened through
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mechanical interlocking with a well-established
bridging polymer (e.g., chitosan) (fig. S39) (36).
CLEAR-printed adhesive hydrogels exhibited
high interfacial toughness (I, averaging
from 265 to 895 J m™2) and shear strength
(up to 50 kPa) values when applied to a variety
of wet porcine tissues (e.g., heart, lung, stomach,
small intestine, or tendon) ex vivo (Fig. 4B and
figs. S40 and S41). For example, the interfacial
toughness (up to 1410 J m™2) attained with
CLEAR-printed, highly entangled, single-network
hydrogels was similar to that of cast double-
network hydrogels (400 to 1700 J m™2) and was
far higher than cast single-network hydrogels
(10 to 400 J m™2) using the same method of
adhesion (36-39).

Tough hydrogels can be rapidly fabricated
into desired shapes with features that would
be challenging to attain through traditional
casting or molding. For example, 3D print-
ing enables the processing of hydrogels into
auxetic structures that endow large bending
compliance to conform to the curved surfaces
of organs (e.g., porcine heart) (movie S3), even
in the presence of blood (Fig. 4C) (40). The
properties of CLEAR-printed adhesive hy-
drogels also allow for maintained adhesion,
even under large deformations, without de-
bonding or rupture (fig. S41), wrapping around
intestinal tissue while allowing peristaltic move-
ments (simulated through flow of phosphate-
buffered saline ex vivo) without constriction
(fig. S42) (40) and being press-fit into cartilage
defects ex vivo with a strong lateral integration
of nearly 43 kPa (fig. S43). CLEAR printing of
open grooves within highly entangled adhe-
sive hydrogels facilitates formation of enclosed
channels directly at a tissue interface without
leakage, which could be used for local delivery
of therapeutics or to deliver reagents to trigger
detachment (Fig. 4D). Furthermore, CLEAR
enables printing of hydrogels with tunable ad-
hesion realized through 3D ridges where the
strength of adhesion is spatially programmed
by altering ridge spacing (i.e., increasing ridge
spacing by a factor of two reduces the steady-
state peeling force from nearly 2.9 to 1.7 N) (fig.
S44)). Metamaterial patterns (e.g., through in-
clusion of nonlinear cuts) of adhesion can be
used to suppress crack propagation (41). CLEAR
printing of hydrogels with programmed non-
linear cuts allows directional adhesion, where
the forward direction entraps the propagating
cracks and steers them to the reverse direction
to achieve a high, steady force (Fg = 2.2 + 0.6 N)
of adhesion, whereas peeling in the reverse
direction requires only 0.4 N (about fivefold
lower) of force (Fig. 4E and movie S4). This
approach enhances adhesion and peel force
twofold compared with those of unpatterned
hydrogels without altering material composition.

It can be challenging to tailor the spatial ad-
hesivity of hydrogels to ensure reversibility when
desired for certain applications (e.g., removable
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wound dressings) (42). Although patterning
can be achieved with ultrasound (39) or the
modification of substrates (42), these approaches
are limited in 3D complexity, whereas multi-
material CLEAR printing is a simple approach
to discretize “sticky” (acrylamide and acrylic
acid) and “slippery” (acrylamide) regions in
the z or xy directions. When applied to tissue,
the slippery region within the CLEAR printed
patch is unable to adhere, which facilitates easy
removal without damage to the underlying sub-
strate, whereas the sticky regions ensure patch
bonding to the tissue (Fig. 4F and movie S5).
Multimaterial CLEAR printing can be used

to bond high-water content hydrogels to
elastomers, which overcomes challenges
of casting and molding approaches (43, 44,).
Multimaterial CLEAR printing also allows
the integration of an adhesive hydrogel layer
with an elastomer, thereby forming functional
hydrogel-elastomer hybrids that are tissue
adhesive and overcome the challenge of low
bridging polymer permeability into elasto-
mers (Fig. 4G and fig. S45) (45). These exam-
ples demonstrate the untapped potential of 3D
printing and CLEAR, which can open avenues
for the design of next-generation hydrogel-based
tissue adhesives for the sensing, monitoring,
and management of human health.
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