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ABSTRACT: Adhesives are ubiquitous, but the mutual exclusion
between hyperelasticity and adhesiveness impedes their uses in
emerging techniques such as flexible/stretchable electronics. Herein,
we propose a strategy to synthesize hyperelastic adhesives (HEAs), by
designating hyperelasticity and adhesiveness to the bulk and the
surface of a polymer network, respectively. The bulk is hyperelastic but
nonadhesive, and the surface is viscoelastic but adhesive, while the
HEA is hyperelastic and adhesive. We exemplify the principle by
synthesizing poly(butyl acrylate) as the bulk and poly(butyl acrylate-
co-isobornyl acrylate) as the surface. The resulting HEA exhibits a low
hysteresis of 4% at 100% strain and an adhesion energy of 270 ] m™
Moreover, the HEA is optically transparent, thermally stable,
spontaneously adhesive to various materials, and mechanically stable
against cyclic load, relaxation, and creep. We demonstrate two
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applications enabled by the unique combination of hyperelasticity and adhesiveness. The proposed strategy is generic, paving new

avenues for stretchable yet resilient adhesives for diverse applications.
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B INTRODUCTION

their microfabrication is complex, time-consuming, and

Adhesives, natural or synthetic, are ubiquitously used to bind
different items together and resist their separation.' The
burgeoning flexible/stretchable electronics have imposed a
new challenge for adhesives: to bind the various components
of a sophisticated system in a flexible/stretchable manner.
Applications include flexible displays,” " stretchable touch
panels,5 foldable screens,® skin electronics,’ implantable
medical devices,” and soft robotics.” Existing polymeric
adhesives, such as the quintessential pressure-sensitive
adhesives (PSAs),'° are readily soft and stretchable; however,
their prominent viscoelastic nature severely hampers their uses
in engineering practices where prolonged static/dynamic
deformations are expected. For example, residual strain
accumulates under cyclic stretching to cause buckling,'" slow
relaxation gives rise to a substantial level of residual stress,'”
which is often the culprit of surface cracking'”® and stress
corrosion,'* and the strain mismatch between the adhesive and
adherend leads to wrinkling.'> Whereas intense efforts have
been devoted recently to developing adhesives with mitigated
viscoelasticity,' *'°>* previous works have mostly employed
monolithic polymer networks which inevitably compromise
between two contradictory properties: i.e., hyperelasticity and
adhesiveness. Although subtle microstructures have been
constructed on the surface of hyperelastic elastomers,”* ™’
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difficult to scale up.

The conflict between hyperelasticity and adhesiveness is
inherent in a homogeneous polymer network. Hyperelasticity
is a bulk property and relates to the reversible change of the
entropy of polymer chains,”® which dictates that the change in
the configuration of the polymer chain takes place without a
dissipative process such as intermolecular friction. In
comparison, the adhesiveness of a polymer network is mostly
a surface property and relates to intermolecular interactions.”
The polymer chains on the surface must interact strongly with
the surface of the adherend to engender a relatively high
interfacial adhesion, I';, so as to maintain the cohesion of the
adhesive—adherend interface, which is pivotal for effectively
transferring a large deformation into the bulk of the adhesive
and/or the adherend to elicit energy dissipation, I',. The sum
of I'; and I'y, determines the apparent adhesion energy for the
adhesive.’® As illustrated in Figure 1A, in general, a
hyperelastic polymer network is highly cross-linked such that

Received: July 15, 2022
Accepted: October 3, 2022

https://doi.org/10.1021/acsami.2c12658
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ping+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weiyu+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunfeng+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyi+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maochun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Canhui+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.2c12658&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12658?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12658?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12658?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12658?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12658?fig=tgr1&ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.2c12658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Polymer chain:

N
Crosslink: o
Interlink: A

A

Research Article

A

AV . , , _
r/ St Elastic s Viscoelastic Stress Elastic
I - Z 7 Z
r’d
)
Hysteresis test Strain Strain Strain
} Force Non-adhesive Force Adhesive Force Adhesive .
* 4 . /, .
\4 O Large dissipation . 5
Adhesion test - - :
Displacement Displacement Displacement

Figure 1. Schematics of various polymer networks. (A) A highly cross-linked polymer network of short chains. The network is hyperelastic in the
bulk but nonadhesive at the interface, showing negligible hysteresis but low adhesion energy. (B) A loosely cross-linked polymer network of long
chains. The network is adhesive at the interface but viscoelastic in the bulk, showing high adhesion energy but enormous hysteresis. (C) A
heterogeneous polymer network with short chains in the bulk and long chains at the interface. The network is hyperelastic in the bulk and adhesive
at the surface, showing negligible hysteresis and high adhesion energy. The surface polymers can be interlinked robustly to the bulk polymers via

covalent/physical bonds (blue triangles) and/or topological entanglements.

the number of polymer chains per unit volume is large and the
length of the polymer chain between two cross-links is short
(Figure 1A). Entropic elasticity predominates in such a
polymer network, which is hyperelastic in the bulk but
nonadhesive at the interface. In cyclic tension, the stress—strain
curves almost coincide, showing negligible hysteresis. In T-
peeling, the nonadhesive surface cannot bear high stress and
only activates a small fracture process zone in front of the crack
tip, rendering a low adhesion energy. In contrast, a viscoelastic
polymer network is loosely cross-linked or even just physically
entangled. The number of polymer chains per unit volume is
small, and the polymer chains are long (Figure 1B).
Viscoelasticity prevails due to time-dependent molecular
processes such as the release of chain entanglements or the
relaxation of dangling chains.”® Such a polymer network is
adhesive at the interface but viscoelastic in the bulk, showing
high adhesion energy but enormous hysteresis. In this sense, it
is inexpedient to resolve the hyperelasticity—adhesiveness
conflict based on monolithic polymer networks. The need
for a general strategy for the design and synthesis of
hyperelastic adhesives is urgent for the field yet remains unmet.

Here we report a strategy to resolve the conflict by
designating hyperelasticity and adhesiveness to the bulk
polymers and the surface polymers, respectively (Figure 1C).
The resulting heterogeneous polymer network is stretchable
and resilient, yet sticky, and will be termed a hyperelastic
adhesive (HEA). In a HEA, the bulk polymers are highly cross-
linked to be resilient and the surface polymers are loosely
cross-linked to be sticky. The bulk is much thicker than the

surface to dominate the hyperelastic characters. The surface
polymers are interlinked robustly to the bulk polymers to
invoke the elastic dissipater mechanism for elevated adhesion
energy.”” Such robust interlinks can be achieved via covalent/
physical bonds and/or topological entanglements. To demon-
strate the proposed principle, we select the acrylate polymers
and synthesize a series of HEAs, with the optimized version
showing a hysteresis as low as 4% at 100% strain and an
adhesion energy of 270 J m™> The HEA is optically
transparent, thermally stable, and spontaneously adhesive to
diverse solids, including ceramic, glass, metal, elastomer,
plastic, and wood. Within the reliability paradigm, HEA
exhibits stability superior to the viscoelastic adhesive counter-
parts against cyclic load, relaxation, and creep. The unique
combination of hyperelasticity and adhesiveness enables novel
applications, such as ionic sensors with highly stable electrical
performances and rapid response and recovery speed and
lamellar structures with suppressed wrinkling under cyclic
bending. The general design strategy of the HEA opens ample
space not only to investigations of the fundamentals of soft
adhesives in physics, chemistry, and materials science but also
to practical applications of stretchable and resilient adhesives
across various fields.

B RESULTS AND DISCUSSION

The working principle of a HEA requires two distinct polymer
networks: one hyperelastic and the other adhesive. We select
the acrylate polymers for exemplification, with the chemical
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Figure 2. Synthesis and optimizations of HEA. (A) Chemical structures of the ingredients for the synthesis of a hyperelastic nonadhesive PBA
network (black dashed frame), a viscoelastic adhesive P(BA-co-IBA) network (blue dashed frame), and a HEA network consisting of hyperelastic
PBA bulk and adhesive P(BA-co-IBA) surface (red dashed frame). (B) Nominal stress—strain curves of HEA, PBA-2%, and P(BA-co-IBA)-0.1%.
(C) Photos of dumbbell-shaped samples of PBA-2%, P(BA-co-IBA)-0.1%, and HEA at different strains as indicated. (D) Cyclic load—unload curves
of HEA, PBA-2%, and P(BA-co-IBA)-0.1%. (E) Hystereses of various polymer networks. (F) Peel force—displacement curves of HEA, PBA-2%, and
P(BA-co-IBA)-0.1%. (G) Adhesion energies of various polymer networks.

structures of the ingredients being given in Figure 2A. For the
hyperelastic bulk, butyl acrylate (BA), polythylene(glycol)
diacrylate (PEGDA), and 2-hydroxy-2-methylpropiophenone
(Irgacure 1173) are used as the monomer, cross-linker, and
photoinitiator, respectively, to synthesize a homopolymer
poly(butyl acrylate) (PBA) network. The hyperelastic
characters of PBA can be tuned via adjusting the amount of
PEGDA. PBA-x% means that the weight percentage of
PEGDA with respect to BA is x%. For the adhesive surface,
isobornyl acrylate (IBA), 20 wt %, is added in addition to the
ingredients used for PBA to form a random copolymer
poly(butyl acrylate-co-isobornyl acrylate) (P(BA-co-IBA))
network. Similarly, the adhesive characters of P(BA-co-IBA)
can be tuned via adjusting the amount of PEGDA, and P(BA-
co-IBA)-y% means that the weight percentage of PEGDA with
respect to the total weight of monomer is y%. In addition, the
adhesive characteristics of P(BA-co-IBA) can also be tuned by
varying the molar ratio between BA and IBA,”” since the steric
hindrance effects of the pendant side group of IBA facilitate the
formation of network defects: e.g, dangling chains.** The
thicknesses of the bulk and surface of the resulting HEA are
about 1 mm and 50 pm, respectively.

We first characterize the properties of PBA and compare
with those of a highly elastic silicone elastomer, polydime-
thylsiloxane (PDMS, Sylgard 184, curing ratio 10/1) (Figure
S1). Uniaxial tension shows that PBA-1% and PBA-2% are
more stretchable and softer than PDMS. The hystereses of all
PBAs tested, of 5.6%, 0.9%, and 0.3% for PBA-1%, PBA-2%,

PBA-3%, respectively, are lower than that of PDMS, 7%. T-
peeling tests give adhesion energies, calculated by I' = 2F/
w,”> where F, is the steady-state peel force and w the width of
sample, of 23.4, 6.44, 3.00, and 0.20 ] m™2 for PBA-1%, PBA-
2%, PBA-3%, and PDMS, respectively. We then characterize
the properties of P(BA-co-IBA) and compare with those of
VHB 4905 (3M), a commercially available and widely used
soft, stretchable, and transparent acrylate adhesive (Figure S2).
Both P(BA-co-IBA) and VHB are highly stretchable and show
pronounced hysteresis. The adhesion energies are 2028, 151,
97, and 225 J m™2 for P(BA-co-IBA)-0.1%, P(BA-co-IBA)-
0.5%, P(BA-co-IBA)-1%, and VHB 4905, respectively.

Now that we have a group of hyperelastic polymer networks
and a group of adhesive polymer networks, we seek to
synthesize and optimize HEAs with tactfully combined
hyperelasticity and adhesiveness. Specifically, we select PBA-
2% for the bulk and P(BA-co-IBA)-0.1% for the surface. We
use a two-step method: synthesize a hyperelastic PBA-2%
andthen coat it with a thin layer of P(BA-co-IBA)-0.1%.
Targeting low hysteresis and high adhesion energy, we
optimize the synthetic conditions (Figures S3 and S4) and
optimally set the precuring time of P(BA-co-IBA)-0.1% as 1
min. The resulting HEA has a bulk/surface thickness ratio of
10/1. Moreover, the effects of additional UV illumination on
the bulk properties of PBA-2% (Figure SS) and the effects of
copolymerization of IBA and the content of PEGDA on the
adhesion of the HEA (Figure S6) are also examined.
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Figure 3. Characterizations of HEA. (A) Scanning electron microscopic images showing the lamellar structure composed of a layer of PBA-2%
sandwiched by two layers of P(BA-co-IBA)-0.1%. (B) Images showing the cohesive failure of HEA during and after 180° peeling. (C)
Transmittance against wavelength in the range of 400—800 nm. The inset shows a piece of HEA placed on a sheet of paper printed with logos. (D)
Thermogravimetric analysis from 40 to 500 °C. (E) Glass transition temperature measurements of HEA, PBA-2%, and P(BA-co-IBA)-0.1%. (F) 90°
peel force—displacement curves of HEA on various substrates. Al,O; ceramic, silica glass, stainless steel, PDMS elastomer, PMMA plastic, and
basswood are used. (G) Adhesion energy of HEA on various substrates. The inset photos illustrate the adhesion of HEA to different objects. (H)

Property chart of various materials.

Next, we characterize the performances of as-prepared
HEAs. The uniaxial tensile stress—strain curve of HEA is
expectedly comparable to that of PBA-2%, while P(BA-co-
IBA)-0.1% is softer and more stretchable (Figure 2B), with
their mechanical properties being summarized and compared
in Table S1. Figure 2C showcases the dumbbell-shaped
samples of HEA, PBA-2%, and P(BA-co-IBA)-0.1% at
undeformed and deformed states with various strains as
indicated. In the hysteresis tests with 100% strain, HEA and
PBA-2% show tiny loops while P(BA-co-IBA)-0.1% shows a
pronounced loop (Figure 2D). The hystereses of various
polymer networks are compared in Figure 2E. In particular, the
hysteresis of HEA, 4%, is even lower than that of PDMS, 7%.
The hysteresis of HEA is almost independent of the maximum
strain (Figure S7). In cyclic tension with progressively
increased maximum strain, HEA and PBA-2% are highly
resilient while P(BA-co-IBA)-0.1% exhibits the Mullins effect
(Figure S8). Moreover, the mechanical responses of the HEA
barely change as the strain rate varies from 0.0125 to 0.1 s/,
again manifesting the hyperelasticity of the HEA (Figure S9).
In addition, the time and temperature dependences of the
HEA and its constituents are further studied and compared

(Figures S10 and S11), which indicate prominent linear
viscoelasticity. In T-peeling tests, the plateaued peel force of
the HEA is larger than that of PBA-2% but smaller than that of
P(BA-co-IBA)-0.1% (Figure 2F). Nevertheless, the adhesion
energy of HEA, 270 ] m™2, is still higher than that of VHB
4908, 225 J m~* (Figure 2G). Recall that the HEA has a total
thickness of 1.1 mm with a bulk/surface thickness ratio of 10/
1. In general, the total thickness does not affect the
hyperelasticity, i.e. hysteresis, while the total thickness affects
the adhesiveness of the HEA. Adhesion energy is positively
related to the size of the fracture process zone during the peel
test. The size of the fracture process zone is a material
parameter and scales with the fractocohesive length, defined as
the ratio of the fracture toughness over the work of the
fracture.”® When the characteristic length of the sample (the
thickness of P(BA-co-IBA)-0.1% in the case of the HEA) is
smaller than the fractocohesive length, the thicker the sample,
the larger the adhesion energy. When the characteristic length
of the sample is larger than the fractocohesive length, the
adhesion energy becomes independent of the thickness.”> We
have synthesized HEAs with a 2 mm PBA-2% bulk and an
~300 ym P(BA-co-IBA)-0.1% surface layer. The thicker HEA
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strains of 25% for HEA and PBA-2% and 50% for P(BA-co-IBA)-0.1%. (D) Schematic of the HEA subjected to a lap shear of stress magnitude 7.
(E) Creep test of HEA and P(BA-co-IBA)-0.1% under a shear stress of 50 kPa. (F) Relaxation of HEA and P(BA-co-IBA)-0.1% with a shear strain

of 100%.

exhibits a hysteresis of 6.7% and an adhesion energy of 400 J
m™2. The higher adhesion energy of thicker HEA implies that
the fractocohesive length of P(BA-co-IBA)-0.1% is greater than
its thickness.

The HEA possesses a lamellar structure with sharp interfaces
(Figure 3A). These interfaces need to be robust to avoid
premature interfacial failure and to effectively elicit bulk
dissipation in PBA-2% and P(BA-co-IBA)-0.1%. Notably, the
similarity of the chemistries of PBA and P(BA-co-IBA)
facilitates the formation of a robust interface through
topological entanglements such that, during the peel, a
cohesive fracture propagates along the PBA layer (Figure
S12) instead of the interface between PBA and P(BA-co-IBA)
in the HEA (Figure 3B). Soft and stretchable adhesives are
frequently used in assembling optoelectronic devices such as
display panels, where optical transparency and tolerance over a
wide temperature range can be vital. In this regard, the HEA is
highly transparent to meet the requirement, with an average
transmittance of 91% in the range of 400—800 nm (Figure
3C). Thermogravimetric analysis scanning from 40 to 500 °C
reveals that the HEA is stable up to 250 °C (Figure 3D). In the
low-temperature regime, HEA is stable down to —34.6 °C, and
a second glass transition temperature, —50.7 °C, is detected
(Figure 3E). The two temperatures correspond to the
constituents of PBA-2% and P(BA-co-IBA)-0.1%, respectively
(Figure S13). The wide temperature range should fulfill the
requirements of many engineering applications. The loss factor
of HEA is smaller than that of P(BA-co-IBA)-0.1% because the
HEA is more elastic at the T, value of P(BA-co-IBA)-0.1%. The
loss factor of HEA is also smaller than that of PBA-2% because
at the T, value of PBA-2%, which is much lower than the T,
value of P(BA-co-IBA)-0.1%, P(BA-co-IBA)-0.1% can be even
more elastic than PBA-2%.

The adhesion of the HEA relies on the physical interactions
between the loosely cross-linked long P(BA-co-IBA)-0.1%
polymers and the surface of the adherend, so that spontaneous
and strong adhesion is anticipated on various substrates. We
perform 90° peeling tests on different materials, including
ceramic, glass, metal, elastomer, plastic, and wood (Figure 3F),
and compare their adhesion energies, calculated as I" = F/w,
in Figure 3G. Because the IBA and BA segments are both
polar, the HEA adheres more strongly to polar substrates than
to nonpolar substrates. Yet, despite the dissimilarity of
chemistry between HEA and PDMS, an adhesion energy of
~130 J m™? is still achieved. The inset photos demonstrate the
versatility of objects that can be pasted on and lifted up by
HEA. Unlike common PSAs,*”*® the contact time does not
profoundly affect the adhesion energy of HEAs (Figure S14).
We summarize the properties of the HEA, including
stretchability, adhesion, hysteresis, transmittance, and stability,
and compare with those of its parent materials, as well as
PDMS and VHB 4905 in the property chart (Figure 3H).
Notably, the HEA exhibits marvelous all-round properties.

During its lifespan, an adhesive often needs to carry
prolonged static/cyclic loads. We probe the long-term stability
of the HEA using uniaxial tension and shear. First, we apply
uniaxial tension with a prescribed strain (Figure 4A). Under a
cyclic load with a maximum strain of 100%, the stress—strain
curves of the HEA stabilize over 10000 cycles (Figure S1S).
We plot the ratio of the peak stress of a certain cycle 6** over
the peak stress of the first cycle 6,"** as a function of cycle
number (Figure 4B). The ratio remains mostly unchanged for
HEA and PBA-2% while it gradually decreases for P(BA-co-
IBA)-0.1%. In the relaxation test, the stresses of the HEA and
PBA-2% hold steady while the stress of P(BA-co-IBA)-0.1%
keeps decreasing (Figure 4C). Second, we apply a lap-shear
test with a prescribed shear stress (Figure 4D). A monotonic
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Figure S. Applications of HEA. (A) Sequential images showing the residual deformation of ionic HEA and P(BA-co-IBA)-0.1%. (B) Baseline
resistance and residual strain as a function of the number of cycles. (C) Response and recovery times of ionic HEA, PBA-2%, and P(BA-co-IBA)-
0.1%. (D) Hyperelastic adhesive ionic sensor adhering to a robotic index finger with the working principle schematized. (E) Images showing the
original state, the bent state, and the recovered state of the robotic index finger, during which the ionic sensor adapts well to the deformation. (F)
Continuous resistance monitoring of ionic P(BA-co-IBA)-0.1% and ionic HEA attached on a robotic index finger. (G) Lamellar structure consisting
of a layer of HEA sandwiched between two PET films being compressed to bend. (H) Schematic illustrating the deformation process of the
lamellar structures with HEA (top) and P(BA-co-IBA)-0.1% (bottom). (I) Images showing the wrinkle-free lamellar structure with the HEA and
the wrinkled lamellar structure with P(BA-co-IBA)-0.1% after 1000 cycles of bending. (J) Simulation results of the repeated bending of the lamellar

structure with P(BA-co-IBA)-0.1% at the 201st cycle.

lap-shear test is performed to obtain the shear strength, ~200
kPa, and the shear strain to rupture, ~300% (Figure S16).
Under a creep test with a shear stress of 50 kPa, the shear
strain of HEA goes up slightly and then plateaus while the
shear strain of P(BA-co-IBA)-0.1% keeps upshifting (Figure
4E). We further measure the creep recovery time, defined as
the time to regain 80% of deformation. We apply a stress of 50
kPa, hold it for 100 s, then unload to zero force while we keep
recording the strain for 3 min and obtain about 16.2 s for the
HEA and about 48.6 s for P(BA-co-IBA)-0.1% (Figure S17). In
a relaxation test with a shear strain of 50%, the shear stress of
the HEA drops somewhat and then stabilizes while the shear
stress of P(BA-co-IBA)-0.1% keeps going down (Figure 4F).
The stability of the HEA is understood as follows. The
hyperelastic PBA-2% can be modeled as a spring, and the
viscoelastic P(BA-co-IBA)-0.1% can be described by the Zener
model. Under uniaxial tension, PBA-2% and P(BA-co-IBA)-

0.1% are in parallel (Figure S18). Since the modulus (378.6
kPa) and the thickness (1 mm) of PBA-2% are larger than
those of P(BA-co-IBA)-0.1% (191.4 kPa and 0.1 mm), the
mechanical responses of the HEA are dominated by the
hyperelastic PBA-2%. For example, the stiffness of HEA is
Eugahuea = Eppahesa + Ep(pa-co18a)ltp(pa-co-18a) X Eppalippa. In
the lap-shear scenario, PBA-2% and P(BA-co-IBA)-0.1% are in
series (Figure S19). When it is subjected to a step constant
shear stress, the PBA-2% layer barely creeps. While the P(BA-
co-IBA)-0.1% layer may creep somewhat, the creep displace-
ment is small due to the thin thickness, the covalent cross-
links, and the robust interfacial interlinks. Likewise, the PBA-
2% layer relaxes negligibly but the P(BA-co-IBA)-0.1% layer
relaxes under a constant shear strain.

We further characterize the stability of the HEA under harsh
conditions. The HEA maintains high optical transparency at a
high relative humidity of 95% for 24 h, at either 25 or 60 °C
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(Figure S20). Strong adhesion is preserved at both high (60
°C) and low (=20 °C) temperatures (Figure S21). Under a
cyclic fatigue fracture test, the HEA exhibits an interfacial
fatigue threshold of 25 J] m™ (Figure S22). The fatigue
threshold can be theoretically estimated by invoking the Lake—
Thomas model.”” Dropping off the dimensionless prefactor,
the Lake—Thomas theory predicts that the fatigue threshold of
a polymer network is I', = JLn®*/V, where ] is the bond energy,
L the length per repeat unit, n the number of repeat units
between two cross-links, and V the volume of the repeat unit.
In our experiments, representative values are J = 3.3 X 107" J,
V = Myonomer/PNa = 2.6 X 1072 m®, L = 0.447 nm, and n =
Nmonomer/ 2MpEGDA = 2170, where M ... is the molar mass of
monomer, p is the density, N is Avogadro’s constant, #,,,pomer
is the number of monomers and nppgp, is the number of
PEGDAs. With these, we estimate the fatigue threshold to be
26.4 ] m™? which agrees well with experiment.

The unique combination of hyperelasticity and adhesiveness
enables new functionalities that have been previously
inaccessible for monolithic polymer networks. For example,
together with the merits of low dielectric constant and
dissipation factor (Figure S23, Table S2), the HEA promises
potential applications as an insulating adhesive for soft
electronics. As another example, ionic sensors need not only
to be soft and stretchable to accommodate deformation but
also to be adhesive to firmly anchor on the object monitored.*’
Nevertheless, in addition to the lack of adhesiveness, most
stretchable ionic sensors exhibit prominent residual strains,
causing significant shifts of the baseline resistance which are
detrimental to applications. Here we synthesize a stretchable,
resilient, and adhesive ionic sensor by incorporating lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) into the matrix
of the HEA,*' without severely altering the mechanical
properties (Figure S24). An electrochemical impedance
spectroscopy (EIS) measurement gives an ionic conductivity
of 6.5 X 107* S cm™ (Figure S25). As shown in Figure SA,
after being elongated to a strain of 100% and then released, the
ionic HEA recovers its original shape well, while a large
residual strain persists in the ionic P(BA-co-IBA)-0.1% such
that the sample even buckles. Under a consecutive load—
unload tensile test with maximum strains of 50%, 100%, 150%,
and 200%, each repeated five times, the ionic HEA has a
mostly constant baseline resistance and a slight increase in
residual strain, while the ionic P(BA-co-IBA)-0.1% keeps
shifting its baseline resistance and residual strain (Figure SB).
We evaluate the dynamic response/recovery speed of different
ionic sensors by knocking a 20 g weight on the sensor (Figure
SC). Whereas the response times are all shorter than 10 ms,
the recovery speed of ionic P(BA-co-IBA)-0.1%, ~81.5 ms, is
much slower than those of ionic PBA-2%, ~10 ms, and ionic
HEA, in either parallel or serial mode. We demonstrate the
application of ionic HEA as a resistive sensor for continuously
monitoring the motion of a robotic finger (Figure SD). The
strong adhesion ensures that the ionic HEA adheres firmly to
the robotic finger during deformation (Figure SE). Under
cyclic bending, the baseline resistance of ionic P(BA-co-IBA)-
0.1% keeps changing over time, while the baseline resistance of
ionic HEA is stable (Figure SF). Note that a change in the
transparency of the ionic sensor upon stretching is important
for wearable applications. For the HEA, the transmittance
decreases, for instance, from ~92.3% at 0% strain to ~87.8% at
50% strain at S00 nm, which can be attributed to the
crystallinity caused by the alignment of the polymer chains.'"**

As another example, we demonstrate the uses of HEA for
assembling thin laminates. Such a scenario of using soft
adhesives to assemble multiple layers of distinct mechanical
properties is becoming pervasive, for instance, in the flexible/
stretchable screens of portable devices,"”*”*' whereby
repeated deformation is unavoidable. However, the existing
optically clear adhesives, adhered to adherends of much higher
modulus, suffer from creep over repeated deformations,
resulting in an interfacial fracture or Wrinkling,15 both of
which dramatically deteriorate the optical performances of the
devices. Here we mitigate this issue by using the HEA. Without
losing generality, we fabricate a laminate sample by
sandwiching a layer of HEA with two layers of PET films,
with thicknesses of 25 and 200 ym, and bend it through lateral
compression from the two edges (Figure SG). Subjected to
bending, the adhesive layer shears significantly, and con-
spicuous sliding occurs between the two PET layers (Figure
S26). After releasing, the HEA can spring back rapidly whereas
a viscoelastic adhesive such as P(BA-co-IBA)-0.1% cannot,
exerting in-plane compression to the thinner PET film. As a
result, the HEA laminate will remain flat, while that with P(BA-
co-IBA)-0.1% will wrinkle (Figure SH). We verify the above
hypothesis by carrying out cyclic bending with a radius of
curvature of ~2 cm. As expected, the structure with HEA
remains flat while wrinkles gradually appear in the lamellar
structure with P(BA-co-IBA)-0.1% after cyclic bending (Figure
SI). Furthermore, we conduct a finite element simulation to
analyze the wrinkling process under a plane-strain condition,
by modeling the P(BA-co-IBA)-0.1% layer as a viscohypere-
lastic and the PET layers as a linear elastic, with the material
parameters being obtained from experiments. Shear of the
viscoelastic layer accumulates with the cycles of bending,
resulting in the relative sliding of the PET layers and an
inhomogeneous stress distribution (Figure S27). Eventually,
wrinkles form due to the in-plane compression in the thinner
PET film (Figure SJ).

B CONCLUSION

In summary, we report a design strategy to synthesize
stretchable and resilient adhesives by decoupling the hyper-
elasticity and the adhesiveness in a heterogeneous polymer
network. The resulting HEA possesses a low hysteresis of 4%
at 100% strain and a high adhesion energy of 270 J] m™
Excellent optical transparency, thermal stability, and non-
specificity as well as long-term stability against cyclic fatigue,
relaxation, and creep are manifested. We demonstrate two
applications enabled by the unique combination of the marked
performances of the HEA. The proposed principle of the HEA
is simple and generic. The design and synthesis of HEAs with
various attributes provide plentiful possibilities for broad
engineering applications.

B MATERIALS AND METHODS

Materials. All chemicals were purchased and used without further
purification. Butyl acrylate (BA; Macklin, C12617411) and isobornyl
acrylate (IBA; Aladdin, K2019110) were used as monomers.
Polyethylene(glycol) diacrylate (PEGDA-600; Shanghai D&B Bio-
logical Science and Technology Co. Ltd., China) and Irgacure-1173
(I-1173; Aladdin, H110280) were used as the cross-linker and
photoinitiator, respectively. Benzophenone (BP; Aladdin, L1917127)
was used as a hydrogen-stripping photoinitiator for surface treatment.
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI; Aladdin,
H2118038) salt was used for ionic conductivity. For commercial
elastomers, polydimethylsiloxane (PDMS) Sylgard 184 from Dow
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Corning was synthesized with a weight ratio (base over cross-linking
agent) of 1/10 at 65 °C for 4 h. The acrylate adhesive VHB 4905 was
purchased from 3M company, whose glass transition temperature
(T,) value is —40 °C; its time-dependent properties are characterized
in Figure S28.

Synthesis of Materials. PBA-x%. Monomer BA, cross-linker
PEGDA, and photoinitiator 1-1173 were mixed to form a
homogeneous precursor. The mass percentages, with respect to BA,
were fixed at 1 wt % for I-1173 and varied from 1 to 5 wt % for
PEGDA. Then, the precursor was injected into a glass mold, which
was spaced by a 1 mm thick spacer, and cured under ultraviolet light
(365 nm, 30 W) for 30 min at room temperature. The surfaces of the
glass mold were coated with release films for easy demolding.

Synthesis of P(BA-co-IBA)-y%. The monomers BA and IBA (mass
ratio with respect to BA was 1/4), PEGDA as a cross-linker, and
photoinitiator 1-1173 as were mixed to form a homogeneous
precursor. The mass percentages, with respect to monomer, were
fixed at 0.1 wt % for I-1173 and varied from 0.1 to 1 wt % for PEGDA.
Then, the precursor was injected into a glass mold, which was spaced
by a 1 mm thick spacer, and cured under ultraviolet light (365 nm, 30
W) for 30 min at room temperature. The surfaces of the glass mold
were coated with release films for easy demolding.

Synthesis of the HEA. HEA was synthesized in two steps: we
prepared the hyperelastic PBA-2% (corresponding to a cross-linker/
monomer molar ratio of 0.43%) and then coated it with thin layers of
P(BA-co-IBA)-0.1% (corresponding to a cross-linker/monomer molar
ratio of 0.023%). The resulting cross-link densities are about 0.015
and 0.0086, respectively, for PBA-2% and P(BA-co-IBA)-0.1%,
provided that the molecular weight between two cross-links can be
calculated using the equation M. = RTp/G’, where M, is the
molecular weight, R is the universal gas constant, 8.314 J K" mol™!, T
is the absolute temperature, p is the density of the polymer, and G’ is
the plateaued storage modulus measured from a rheology test (Figure
S13). For coating, the precursor of P(BA-co-IBA)-0.1% was precured
under ultraviolet light for 1 min under a nitrogen atmosphere,
followed by immediate cooling to room temperature, to obtain a
viscous precured solution. The prepared PBA-2% was immersed into
a benzophenone solution (2 wt % in ethanol) for 2 min, dried at 65
°C for 1 min, dip-coated into the precured P(BA-co-IBA)-0.1%
solution, and suspended in the air for 1 min. Finally, the sample was
covered with two pieces of PET film and exposed to ultraviolet light
(365 nm, 30 W) for 20 min. The resulting HEA had a thickness of
~1.1 mm. The synthesis of ionic HEA was identical with the synthesis
of HEA except that 2 M LiTFSI was added during the preparation of
the precursor of PBA-2%.

Mechanical Characterizations. Tensile and Hysteresis Tests.
All specimens for tensile and hysteresis tests were cut into a dumbbell
shape S mm in width and 30 mm in gauge length using a laser cutter
(Epilog, Fusion Pro 36). The samples were loaded onto a tensile
machine (Instron 5966, 100 N load cell) and stretched at a loading
velocity of 30 mm min~' at room temperature. For cyclic tests, a
fatigue testing machine (Instron E3000, 250 N load cell) was used
and a force-controlled mode with a triangular loading profile with a
frequency of 1 Hz was applied. Hereafter, unless otherwise specified,
each mechanical characterization was repeated at least three times.

Peeling Test. To measure the adhesion energy, the specimens were
cut into a rectangular shape with areal dimensions of width X length =
20 mm X 80 mm. For T-peeling, two pieces of 25 ym thick PET
backings were glued on the two surfaces of the adhesive. An Instron
5966 instrument with a 100 N load cell was used for the monotonic
peeling test, and an Instron E3000 instrument with a 250 N load cell,
operated at a force-controlled mode with a triangular loading profile
with a frequency of 1 Hz, was used for the fatigue test of adhesion.
For 90° peeling, the top surface of the adhesive was glued to a layer of
25 pm thick PET backing and the bottom surface was directly
attached onto the substrate. The peel velocity was fixed at 30 mm
min~!, and the experiments were performed at room temperature.

Lap Shear Test. For room-temperature shear, samples were cut
into a square shape with a side length of 20 mm. In monotonic lap
shear, a piece of adhesive was sandwiched between two pieces of 1

mm thick acrylate sheets, which were fixed on a tensile machine
(Instron 5966, 10 kN load cell) and pulled at a velocity of 30 mm
min~". For high- and low-temperature shear, samples were cut into a
square shape with a side length of 2 mm. The tests were performed
using a dynamic thermomechanical testing machine (TA, Q850, 18N
load cell) with a loading velocity of 2.5 N min™".

Stress Relaxation. Stress relaxation tests were performed on an
Instron 5966 instrument. For tensile stress relaxation, samples were
cut into a dumbbell shape S mm in width and 30 mm in gauge length,
stretched to a prescribed strain at a velocity of 30 mm min~', and held
at that strain for 12 h. For lap shear stress relaxation, four pieces of
adhesive were symmetrically adhered to four pieces of acrylate sheets,
as schematized in the inset of Figure 4E, and subjected to the
prescribed shear strain at a velocity of 30 mm min~'. During
relaxation, the force was continuously recorded.

Creep. A lap shear creep test was conducted by symmetrically
adhering four pieces of adhesive to four pieces of acrylate sheets and
loading the adhesives to a prescribed shear stress at a velocity of 30 N
min~' using a universal tensile machine (Instron 5966, 100 N load
cell). The variation of strain as a function of time was continuously
recorded for 12 h.

Fatigue Adhesion. A 180° peel was used to study the fatigue of
adhesion (Figure S22). Cyclic loads with a triangular profile and
frequency of 1 Hz were applied using an Instron ElectroPuls E3000
instrument. The difference of displacement at the maximum force
between two cycles is twice the crack growth, Ad = 2Ac, which was
directly recorded by the tensile machine. Fatigue threshold occurs
when the crack no longer propagates at a steady state and the
difference of displacement is almost zero.

Material Characterizations. Transmittance. The ~1.1 mm thick
HEA films, which were balanced under different humidity conditions,
were fixed on the sample holder of a UV—vis spectrophotometer
(Metasha, UV-8000). The wavelength ranged from 400 to 800 nm.

TGA. TGA was performed on a TA Instruments (QS00 TGA)
apparatus with temperature scanning from 40 to 500 °C at a heating
rate of 10 °C min~! under an N, atmosphere.

Glass Transition Temperature Measurement. DA dynamic
mechanical analysis was performed on a DMA machine (TA
Q850), which measured the storage modulus G’ and the loss
modulus G”" as a function of temperature, in tension mode. The test
frequency was fixed at 1 Hz, and the temperature was scanned from
+10 to —80 °C at a cooling rate of —2 °C min™". Figure S15 plots the
storage modulus G, the loss modulus G'/, and tan ¢ as a function of
temperature of the HEA, PBA-2%, and P(BA-co-IBA)-0.1%. The glass
transition temperature T, was identified at the peak of tan J.

Electrical Characterizations. Dielectric properties were measured
using a Keysight E4991B impedance analyzer from 10 MHz to 1 GHz.

Electrochemical Impedance Spectroscopy (EIS). The impedance
tests were performed on an electrochemical workstation (CHI6000E,
CH Instruments, Inc.) equipped with a temperature chamber. Sample
sizes were 10 X 10 mm”* with 1.1 mm thickness. The top and bottom
sides of the samples were both directly fixed with stainless steel
electrodes. The amplitude of the testing voltage amplitude was set at
0.5 V.

Finite Element Analysis. To better understand the evolution and
distribution of stress and strain in the PET/P(BA-co-IBA)-0.1%/PET
lamellar structure during cyclic bending, we conducted a finite
element analysis using the commercial software SIMULIA Abaqus/
Standard. Since the width of the sample was much greater than the
thickness, we simulated the bending as a 2D plane-strain problem.
The thicknesses of the top PET, the intermediate P(BA-co-IBA)-0.1%,
and the bottom PET were set as 0.025, 1, and 0.2 mm, respectively.
PET was modeled as a linear elastic material with a Young’s modulus
of 2 GPa and a Poisson’s ratio of 0.3. P(BA-co-IBA)-0.1% was
modeled as an incompressible viscohyperelastic material by using a
neo-Hookean elasticity of modulus 100 kPa and a Prony series for
viscoelasticity, with coeflicients and characteristic times being
obtained by fitting the relaxation curve in Figure 4c. CPE4H elements
were adopted for P(BA-co-IBA)-0.1% and CPE4 elements for PET.
Visco steps with a tolerance of 0.001 in viscoelastic strain were used in
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the simulations. Half of the laminate was modeled by symmetry, with
a displacement boundary condition being applied to the edge.
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