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Optically transparent pressure-sensitive adhesive (PSA) sheets are widely used in display technologies, where
high optical clarity and low haze are essential. Beyond transparency, these PSA sheets must also exhibit reliable
adhesion and the ability to follow surface irregularities. While soft and flexible materials typically accommodate
uneven surfaces well, they often suffer from poor adhesive reliability or insufficient creep resistance post-
lamination. In this study, we developed a knitted polymer (KP) elastomer that achieves a balance between
step-following ability and mechanical durability. The KP elastomer is composed of a primary polymer grafted
with cyclodextrins (CDs), and a second polymer that penetrates the cavities of CDs. Additionally, aluminum ions
form chelate cross-links within the second polymer network, enhancing its structural integrity. This dual-network
architecture imparts both step-following ability through movable cross-linking and creep resistance via
aluminum chelate cross-linking. The elastomer also demonstrates mechanical robustness, allowing for stretch-
induced debonding through simple stretching. Furthermore, the PSA sheet can be fully removed from sub-
strates by dissolution in an appropriate solvent. This work presents an innovative PSA system that supports the

circular use of display components and addresses emerging needs in advanced display manufacturing.

1. Introduction

Optically transparent adhesive sheets are indispensable components
in modern display technologies, including televisions, smartphones,
automotive displays, and wearable devices [1-9]. As displays evolve
toward thinner and larger formats [10], adhesives must maintain their
ability to follow surface topographies such as ink steps, touch sensor
wiring, printed circuits, semiconductor elements, and contaminating
dust [1,11]. These ink steps typically range from 0.1 to 10 pm in height
and must be embedded by an adhesive layer with a thickness of up to 1
mm [12]. Adhesive materials for these applications are commonly
categorized into liquid adhesives and elastomeric pressure-sensitive
adhesive (PSA) sheets. While liquid adhesives offer superior wetting
and step-following capabilities, their handling poses challenges due to
flowability and volume shrinkage upon curing. In contrast, PSA sheets
offer advantages in terms of ease of cutting, alignment, and bonding, but
often exhibit insufficient step-following capabilities [10,12].

Various PSA chemistries have been explored, including acrylics,
epoxies, natural rubbers, silicones, and urethanes [3,6,13-20]. Among
these, acrylic-based PSAs are particularly well suited for optical appli-
cations due to their high transparency, tunable properties, and cost-
effectiveness [9,14,21,22]. Conventional design strategies for acrylic
PSAs involve light cross-linking of low-glass-transition-temperature (Tg)
polymers to maintain tack and followability [12,23]. However, minimal
cross-linking often compromises adhesion durability and creep resis-
tance. Therefore, PSAs for display applications must achieve a delicate
balance between softness (to embed ink steps) and mechanical tough-
ness (to resist creep deformation) [10]. Additionally, given the high cost
and functionality of display components, these adhesives must be
removable to allow for recovery and reuse of valuable parts [4,7,10,24].
As such, current research is focused on developing PSAs that combine
reliable adhesion with controlled debonding [25-33].

In this study, we report a uniform PSA sheet that simultaneously
exhibits high conformability and toughness. The key innovation lies in
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the synergistic use of two types of non-covalent cross-links: aluminum
chelate cross-linking and movable cross-linking. Aluminum-chelated
networks are well established in both academic and industrial PSAs
[34-39] and are now also employed in self-healing and shape-memory
materials owing to their reversible coordination bonds [40,41]. Such
cross-links form through interactions between mono- and multi-
coordinated metal ions and carboxylate ligands [42]. We selected
aluminum ions due to their strong complex-forming ability and com-
mercial availability [40]. Movable cross-linking, on the other hand, has
been extensively studied for its ability to enable stress dissipation and
mechanical reinforcement in polymer networks [35,43-46]. Notable
approaches include host-guest chemistry [47,48], polyrotaxane archi-
tectures [49,50], and cyclodextrin (CD)-based movable cross-linking
[30,51,52]. In our previous work, we developed a knitted polymer
(KP) system consisting of a primary CD-grafted polymer and a second
polymer threaded into the CD cavities [43,53]. This architecture pro-
vided high elasticity and the ability to combine dissimilar polymers. In
the present study, we synthesized a KP elastomer from poly(ethyl
acrylate) and a copolymer comprising n-butyl acrylate (BA), methyl
acrylate (MA), and acrylic acid (AAc). Movable cross-links were estab-
lished through CD inclusion, while aluminum chelation was introduced
via carboxylic acid groups. The resulting KP elastomer exhibits excellent
adhesive performance, including peel strength, creep resistance, and
step-following capabilities—even at high cross-link densities. Notably,
KP-AC(10) allows for stretch-induced debonding and can be thermally
remolded after removal. Furthermore, residues that remain on sub-
strates can be readily dissolved in acetylacetone, ensuring complete
removal.

Here, we present a robust, optically transparent PSA that offers both
high performance and environmental compatibility. This system facili-
tates the reuse of substrates and enables adhesive recycling, addressing
emerging needs in the advanced display industry (Fig. 1).

2. Results and discussion
2.1. Design strategy and preparation of the PSA
We synthesized a series of KP elastomers, along with several control

_ﬁ‘
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samples, to investigate the effects of different cross-linking interactions
on material properties and each chemical structure (Fig. 2). KP-AC(x)
was designed as referenced in our previous work. Its recyclable, movable
cross-linked PSA had 0.5 mol% of CD, and the theoretical Ty was about
—26 °C. Within these constraints, we selected some monomers as a
second polymer. MA was the hard segment and a small-radius monomer
to promote the generation of movable cross-linking. BA was a soft
polymer to provide the PSA wettability and superior adhesive property.
AAc provided two functions: acting as the cross-linking site for
aluminum chelation and imparting cohesiveness, as well as having a
small radius. Scheme 1 illustrates the chemical structure of the
aluminum-chelated KP elastomer, denoted as KP-AC(x). KP-AC(0), LP/
EA-CD, KP-CC, and LP-AC were synthesized via bulk polymerization as
detailed in Schemes S1-S4 and Fig. S3, using the composition ratios
listed in Table 1. LP/EA-CD was prepared by mixing PEA-CD and LP-AC
in acetylacetone, followed by solvent evaporation (Scheme S5).

2.2. Characterization of the structure and cross-linking

The resulting KP-AC(x) elastomers exhibited sufficient optical clarity
for use as transparent PSAs (Table S2). Characterization of aluminum
chelate cross-linked elastomers by techniques such as GPC and 'H NMR
proved difficult due to limited solubility. Therefore, structural analysis
was primarily conducted on KP-AC(0), a representative sample lacking
aluminum cross-links, which could be dissolved in organic solvents such
as CDCls for 'H NMR and tetrahydrofuran for GPC (Figs. S3-S5). The
composition ratio of KP-AC(0) was confirmed by integrating the peak
areas in the 'H NMR spectrum, indicating that all precursor components
remained intact after the drying process. FT-IR analysis showed the
disappearance of vinyl C=C bending vibrations, confirming removal of
residual monomers (Fig. S7b). GPC analysis revealed a weight-average
molecular weight (M) of 230 kDa for KP-AC(0), compared to 145
kDa for PEA-CD, suggesting that the second polymer had a higher mo-
lecular weight than the CD-grafted polymer (Fig. S5).

Cross-linking was further validated using various analytical tech-
niques for both movable and aluminum chelate cross-links. The exis-
tence of movable cross-links was supported by 2D-NOESY spectroscopy
and rheological measurements. In the 2D-NOESY spectrum, a model
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Fig. 1. Conceptual illustration of the multifunctional adhesion elastomer developed in this study. The KP elastomer can embed ink steps or surface irregularities,
resist creep, undergo stretch-induced debonding for removal from substrates, be remolded via thermal pressing, and be dissolved in specific solvents.
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Table 1
Compositions of acrylic elastomers.
1st Polymer 2nd Polymer Cross-Linker
Sample 3+ o
P EA TAcBCDAAMm MA BA AAc Al(AcAc)s AllvsrR;Ic/o A-DCP Irg. 184
KP-AC(0) 16.0 0.5 375 375 85 - 0 0.2
KP-AC(1) 16.0 0.5 375 375 85 0.1 1 0.2
KP-AC(2) 16.0 0.5 375 375 85 0.2 2 0.2
KP-AC(5) 16.0 0.5 375 375 85 0.4 5 0.2
KP-AC(10) 16.0 0.5 375 375 85 0.8 10 0.2
LP/EA-CD 16.0 0.5 375 375 85 0.8 10 0.2
LP/EA/CD 16.0 0.5 375 375 85 0.8 10 0.2
KP-CC 16.0 0.5 375 375 85 - - 0.2 0.2
LP-AC - - 45.0 45.0 10.0 1.0 10 0.2
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compound showed proximity between the inner protons C(3) and C(5)
of the CD cavity and the protons on the acrylic polymer backbone
(Fig. S7a). However, those correlation peaks were absent in the spec-
trum of PEA-CD alone (Fig. S7b). These results explain that a simple
copolymer with CD does not exhibit the correlation peaks with the inner
protons of CD. Therefore, the secondary polymer after bulk polymeri-
zation would be included within the CD cavities. Rheological analysis of
KP-AC(0)—which lacks any covalent or aluminum chelate cross-link-
ers—exhibited a deviation from the expected slope of 2 in the storage
modulus (G) at low frequencies (Fig. S8), consistent with the presence of
movable cross-linking.

Introduction of aluminum or diacrylate cross-linkers led to a further
reduction in slope, suggesting enhanced network formation. FT-IR
spectroscopy provided additional evidence for aluminum coordina-
tion, with increasing absorption intensity in the 1660-1512 cm ™! region
as the aluminum content (x) increased in KP-AC(x). Furthermore, peak
analysis after deconvolution showed a decrease in the intensity of the
initial carbonyl peak, and an increase in the intensity of peaks shifted
toward the low-wavenumber with increasing the amount of aluminum
chelate (Fig. S6c-f). This change was due to the deprotonation of car-
boxylic acid by adding aluminum ions, then the peak of C=0 stretching
from carboxylate ion in the low wavenumber region compared to C=0
from carboxylic acid such as around 1600 cm™! or 1550 cm™’. In
contrast, KP-AC(10), which lacked acrylic acid units, showed minimal
change in this region, similar to KP-AC(0), confirming the essential role
of carboxylic acid groups in aluminum chelate cross-linking. Gel fraction
analysis supported these findings: gel content after immersing in ethyl
acetate increased with increasing x mol% (Fig. S9). Taken together,
these results confirm that the KP-AC(x) elastomers incorporate at least
two distinct types of cross-linking: movable cross-links formed via
cyclodextrin and aluminum chelate cross-linking coordinated with
carboxylate groups.

- »

Removing a liner film Laminating a PET film
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2.3. Adhesion properties of KP elastomers

The adhesive performance of the KP elastomers was evaluated using
180° peel tests, lap-shear tests, and creep resistance measurements. Each
elastomer was laminated onto a polyethylene terephthalate (PET) film
substrate and bonded to a soda-lime glass surface (Fig. 3a). After aging
for 24 h, the PET film was peeled at an angle of 180°. As shown in
Fig. 3b, all KP elastomers exhibited high peel strength. This trend is
attributed to the balance between interfacial adhesion and internal
deformation resistance during peeling. As indicated in the gel fraction,
the chelate cross-linking density increases with x, the material’s ability
to adhere to the interface decreases. This phenomenon is supported by
Dahlquist criterion, which states that tackiness decreases when the
storage modulus (G) exceeds 0.3 MPa at the application temperature.
Temperature-dependent G' measurements showed that increasing
aluminum cross-linking reduced interfacial adhesion, consistent with
the observed decrease in peel strength (Table S4, Fig. S10a and b). In
contrast, the effective cross-linking density ve showed no dramatic
change in KP-AC(x) elastomers (Table S4). This suggests that movable
cross-linking and hydrogen bonds also work as effective cross-linking.
Also, the superior peel strength of elastomers was explained by supe-
rior toughness, too. Elastomers were confirmed high toughness thanks to
strain-hardening (Fig. S11). Notably, all KP elastomers showed signifi-
cantly higher peel strength than LP-AC, a control elastomer lacking the
CD-grafted primary polymer. Although LP-AC exhibited G' values
indicative of sufficient tackiness [54], its mechanical resistance to
deformation under peeling stress was lower than that of the KP elasto-
mers. This would be related to high crosslinking density, so that too high
cross-linking density may prevent the stress dispersion in the process of
peeling. This result highlights the KP architecture’s contribution to
interfacial adhesion and cohesive strength.

The lap-shear tests were performed using the same PET substrate and

R N >
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Fig. 3. Procedures for measuring the adhesive properties of the elastomers. (a) The elastomer was laminated with a PET film and adhered to soda glass. (b) Peel
strength was evaluated by folding the PET film and pulling it at a 180° angle at 25 °C. (c) Creep resistance was assessed by pulling the PET film under a constant load
of 24.5 kPa at 40 °C. This strain (~20 mm) is equal to 28,000 % strain versus the thickness of the elastomers.
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glass adherent. KP-AC(x) showed the same tendency as peel tests
(Fig. S13). Most samples exhibited interfacial failure in lap-shear tests,
excluding LP/EA/CD, which contained free CD. Notably, the debonding
interface was between glass and elastomers in peel tests, but it was be-
tween PET and elastomer in the lap-shear test.

Creep resistance was assessed by applying a vertical stress of 24.5
kPa at 40 °C and monitoring displacement over 70,000 s. As shown in
Fig. 3c, creep resistance improved significantly for KP elastomers con-
taining 2.5 mol% or more aluminum ions. Despite maintaining adequate
tackiness at 40 °C, the improved creep behavior is attributed to
enhanced network integrity. Regardless of whether movable cross-links
were present, the incorporation of aluminum chelate cross-linking
consistently conferred superior creep resistance. Importantly, the com-
bination of aluminum chelate and movable cross-linking effectively
addressed the intrinsic creep limitation observed in previously reported
movable cross-linked systems [51]. This dual cross-linking strategy of-
fers a promising approach to simultaneously achieving high peel
strength and long-term reliability in optically transparent PSAs.

2.4. The ability to follow and embed ink steps

The ability of KP elastomers to follow surface irregularities was
evaluated by embedding ink steps printed on soda-lime glass. Each
elastomer was laminated onto a PET film, and the composite tape was
then bonded over the ink steps (Fig. 4a). The degree of followability was
quantified using the “Following Ratio”, defined as the maximum height
of the embedded step relative to the thickness of the elastomer (Eq. (1)):

Maximum embedded step height (um)

100
Elastomer thickness (um) X

@

Optical microscopy images after lamination are shown in Fig. 4b. KP-
AC(0), which lacks aluminum cross-linking, successfully embedded the
ink steps under all tested conditions. In contrast, LP/EA-CD (a mixture of
the primary polymer and a cross-linked secondary polymer) and LP-AC
(only cross-linked second polymer) failed to embed even under the most
favorable conditions. Remarkably, KP-AC(10)—despite containing the

Following Ratio (%) =

a

Lamination by Roller
e e

PET Film (100um)
PSA (70 or 140 pm)

Glass Substrate
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highest amount of cross-linkers—achieved a following ratio of 7-14 %.
The only structural difference between KP-AC(10) and LP/EA-CD is the
inclusion of the second polymer within the CD cavities of the primary
polymer. This finding suggests that KP elastomers possess superior
stress-relaxation and strain-dissipation capabilities, likely due to the
dynamic behavior of the movable cross-links.

2.5. Stress relaxation behavior

To further investigate the stress relaxation capability of the elasto-
mers, torsional shear tests were conducted. A 10 % instantaneous shear
strain was applied, and the stress decay was recorded over 10,800 s
(Fig. S14). The relaxation curves were fitted using the Kohl-
rausch-Williams—Watts (KWW) model, assuming two relaxation compo-
nents and a permanent stress contribution (Eq. (2)).

o(t) = z arexp{ - (;)ﬂ } +0, 2

where o, is the relaxable stress, o, is the residual stress, 7 is the time
constant, and fj is the stretching exponent.

The fitting parameters are summarized in Table 2, and all models
demonstrated high correlation coefficients with the experimental data

Table 2
Fitting parameters for stress relaxation curves of elastomers in the KWW
equation.

Or1 Or2 G00/Gg R?

6,/6o  T/S B 06,/6o  T/S i
KP-AC(0) 0.58 0.03 033 0.42 0.87 0.16 0.00 0.999
KP-AC(2) 0.67 0.06 033 0.33 411 0.16 0.00 0.987
KP-AC(5) 0.63 0.03 0.33 0.34 1.46 0.16 0.03 0.984
KP-AC(10) 0.64 0.03 0.33 0.32 1.96 0.16 0.04 0.999
LP/EA-CD 0.52 0.05 0.33 0.39 1.88 0.16 0.09 0.989
LP/EA/CD  0.45 0.05 033 0.54 10.07 0.16 0.01 0.992
KP-CC 0.64 0.04 0.33 0.30 2.21 0.16 0.06 0.985
LP-AC 0.26 0.28 0.33 0.54 7878 0.16 0.20 0.997

b
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Fig. 4. Step-following test of the elastomers. (a) The elastomer, backed with a PET film, was laminated onto a glass substrate using a roller. Bubble inclusion was then
examined from the side of the glass substrate using an optical microscope. (b) Optical microscope images of the elastomers after the step-following test. The threshold
for bubble inclusion was determined based on the lowest condition at which bubbles were observed.
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(Fig. S15a-h). A marked difference was observed in the initial relaxation
phase (within 1 s) between elastomers containing CDs and those
without. This suggests that the presence of bulky CD moieties facilitates
rapid, large-segment mobility within the polymer network [55]. This
phenomenon was further supported by the fitting results, where the CD-
containing elastomers exhibited a higher proportion of the fast relaxa-
tion component and shorter relaxation times.

Focusing specifically on the fast component (orl) in the stress
relaxation test, the relaxation ratio (cr/c0) was large for samples con-
taining a KP structure. Even in the system with CDs, the ratio remained

Chemical Engineering Journal 527 (2026) 171633

relatively small if the KP structure was absent. Particularly in LP-AC
without CD, the fast component (orl) ratio was clearly lower, and the
relaxation time was relatively long. When comparing KP elastomers to
LP/EA-CD and LP/EA/CD—both lacking movable cross-linking—the KP
systems showed a more pronounced and efficient stress decay within the
initial time window. In addition, the minimal residual stress observed in
KP-AC(0) indicates that the persistent stress component is mainly
associated with aluminum coordination bonds, rather than with the
movable cross-links. These results suggest that the presence of CD
molecules facilitates the rapid relaxation, an effect that is particularly

a b
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- ---- KP-AC(2)
s l‘| g | ——KP-AC(10)
' g =] V| —— LP/EA-CD
== PET Film . ——LP/EA/ICD
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24 2 »
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+ v L
0 50 100 150
c Displacement/ mm
Elongation Debonding Debonding Debonding Mode
Peel Length at Break Started Stress Mode ' : ) l
[ mm [ mm IN il il W]
KP-AC(0) 0 9.18 4.30 CF '
KP-AC(2) 10 91.96 4.16 CF
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LP/EA-CD 20 79.26 7.23 IF b 2 B 5
LP/EA/CD 4 92.81 4.96 CF —_ ) —
LP-AC 20 122.66 4.28 IF IF CF
KP-AC ( LP/EA/CD
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Fig. 5. Results of the stretch-induced debonding tests. (a) Each elastomer was laminated between PET films and stretched at a tensile speed of 300 mm/min until
complete debonding. (b) Stress—strain curves recorded during debonding. (¢) Summary of the stretch-induced debonding test results. Complete debonding was
observed only for KP-AC(10), LP/EA-CD, and LP-AC. (d) Photographs and 2D birefringence images of KP-AC(10) and LP/EA/CD during debonding from a tri-
acetylcellulose film. Yellow dashed lines indicate the edges of each adherent film. (e) Schematic of the probe tack test. “Initial” samples refer to the pristine elas-
tomers, while “Stretched” samples were measured after 500 % uniaxial elongation. (f) Probe tack test results comparing initial and stretched conditions. (g) Proposed
mechanism of stretch-induced debonding in pressure-sensitive adhesives (PSAs).
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pronounced when a penetrated structure is present. Collectively, these
results indicate that the high step-following ability of KP elastomers
arises from two key mechanisms:

1. Rapid segmental relaxation, facilitated by the steric and dynamic
nature of CD molecules, and

2. Efficient stress dissipation, enabled by the movable cross-linking
network, which leaves minimal residual stress. Thus, CD-based
movable cross-links play a critical role in enabling elastomers to
embed ink steps.

2.6. Stretch-induced debonding behavior of KP elastomers

To evaluate the removability of KP elastomers from adherents, a
stretch-induced debonding test was performed. In preliminary peel tests,
the elastomers adhered more strongly to PET films than to glass sub-
strates. Therefore, PET films were selected as the adherent, and the
elastomer samples were sandwiched between two PET sheets. The
removal length was recorded while stretching the specimen at a constant
speed of 300 mm/min (Fig. 5a and b). All three elastomers—KP-AC(10),
LP/EA-CD, and LP-AC—were completely removed by stretching
(Fig. 5c). Among them, KP-AC(10) required lower force and shorter
displacement for complete removal. According to prior literature
[56-60], this form of clean removal is enabled by sufficient toughness to
overcome interfacial adhesion. By uniaxial elongation of PSA layer,
stress concentration near the frontal edge of the delamination occurs
extremely and locally, initiating fracture at the interface. Adhesive tape
can be removed from the substrate by stretching the tape in the direction
of the flat surface of the bonded area, causing the adhesive to elongate
and lose its tack. Following these steps, the polymer chains orient during
elongation, and intermolecular forces with the substrate weaken;
continuous delamination progresses. Additionally, strain-hardening of
those elastomers would help the debonding process. The combination of
movable and aluminum chelate cross-linking likely contributes to the
mechanical toughness of KP-AC(10). Also, the debonding interface was
different between the case of the peel test and the lap-shear test, which
suggests stretch-induced debonding has a mechanism similar to shear
debonding. Interestingly, in-situ observation using two-dimensional
birefringence revealed that KP-AC(10) exhibited strong stress-induced
birefringence during stretching, which propagated throughout the
contact area between the elastomer and the adherent. In contrast, no
birefringence was observed for LP/EA/CD, which has no knitting
structure and failed to debond under similar conditions (Fig. 5d). This
suggests that effective stress propagation—potentially due to polymer
chain orientation—is a key factor in enabling stretch-induced debond-
ing. The orientation of polymer chains during uniaxial elongation ap-
pears to enhance toughness, allowing the elastomer to overcome
interfacial adhesion without fracturing. Despite having similar peel
strengths, KP-AC(10) and LP/EA/CD showed markedly different
debonding behaviors, highlighting the importance of stress distribution
and internal stress dissipation mechanisms. Additional probe tack
measurements under stretched and unstretched conditions were con-
ducted (Fig. 5e). A significant reduction in tackiness upon stretching was
observed in KP-AC(10), which is critical to prevent re-adhesion during
debonding (Fig. 5f) [57,61-63]. As the tack decreased upon stretching,
KP-AC(x) could be removed over a wider area by stretch-induced
debonding. Also, it suggested that successfully debonding would be
achieved in a shorter elongation (Figs. S11a and b). From these results,
three criteria were identified as essential for achieving complete stretch-
induced debonding (Fig. 5g):

1. Efficient stress propagation through the elastomer during elongation.

2. High mechanical toughness, allowing the elastomer to remain intact
under stress exceeding interfacial adhesion.

3. Reduction of tackiness under strain, preventing re-adhesion during
the debonding process.
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2.7. Mechanical properties and their role in debonding behavior

To further understand the correlation between mechanical proper-
ties and stretch-induced debonding, the results of uniaxial tensile tests
were observed in detail. KP-AC(x) elastomers exhibited a distinct
plateau in the low-strain region (Fig. S12a), with the plateau length
decreasing as x mol% increased. This plateau behavior is characteristic
of stress dissipation via movable cross-linking. The decrease in plateau
length with increasing x suggests that the mobility of CD moieties along
the polymer backbone is restricted by higher cross-link density. LP/EA-
CD, which lacks movable cross-linking, exhibited minimal plateau
behavior (Fig. S12b). KP-CC, a covalently cross-linked version of the
second polymer, followed a similar stress-strain curve as KP-AC(10) up
to 500 % strain, but showed substantially lower elongation at break.
This indicates that the aluminum chelate cross-links may undergo dy-
namic rearrangement under applied stress, contributing to toughness
and extensibility.

Notably, the three elastomers that demonstrated complete debon-
ding—KP-AC(10), LP/EA-CD, and LP-AC—also exhibited relatively high
toughness (Table S5). Furthermore, KP-AC(10) and LP/EA-CD, which
showed large changes in probe tack behavior at 500 % strain, also dis-
played significant differences in tensile stress between the unstretched
and stretched states. In contrast, KP-AC(0) and LP/EA/CD, lacking
aluminum and movable cross-linking, respectively, showed low stress
levels at 500 % strain and minimal changes in tack.

These mechanical insights underscore the importance of both cross-
linking design and dynamic stress response in enabling stretch-induced
debonding. KP-AC(10), in particular, demonstrates the optimal balance
of toughness, stress transferability, and dynamic surface properties
required for high-performance debondable PSAs.

2.8. Recyclability and dissolution-induced debonding of KP elastomers

To evaluate the recyclability of KP-AC(10), removed elastomers were
collected following stretch-induced debonding and reprocessed via hot-
pressing at 150 °C under a load of 1 kN. The resulting films exhibited
visual and mechanical properties comparable to those of the pristine
material (Fig. 6a). Tensile tests and dynamic modulus measurements
confirmed that the reprocessed elastomer retained its original elasticity
and toughness (Fig. 6b). Although previous reports indicate that coor-
dination exchange between aluminum ions and carboxylic acids typi-
cally occurs at over 160 °C [39], the applied pressure during hot-
pressing likely acts as an external force that facilitates bond exchange
even at the lower temperature. 150 °C is sufficiently higher than the T,
of the elastomers (Table S4). The data also suggest that both the
aluminum chelate and the movable cross-links remain intact and un-
dergo dynamic reorganization, preserving the original network archi-
tecture without significant degradation. The high elongation at break
(~1400 %) further indicates that the material’s structural integrity re-
mains intact after reprocessing.

In addition to thermal reprocessing, KP-AC(10) elastomers exhibit
selective solubility in coordination-active solvents. While the materials
only swell in ethyl acetate—a common organic solvent—they dissolve
completely upon exposure to acetylacetone, a p-diketone known to co-
ordinate efficiently with aluminum ions. After ultrasonic treatment, a
homogeneous solution was obtained, indicating full dissociation of the
cross-linked network. The expansion of polymer chains differs signifi-
cantly between dissolution and melting. The large expansion during
dissolution contributes to the disassembly of KP structures. Therefore,
reforming via dissolution permanently breaks KP structures. In contrast,
during melting, rearrangement of the chelate bond would occur in the
situation where the elastomer’s volume does not change drastically. In
this process, most KP structures do not undergo disassembly, resulting in
post-reformation mechanical strength equivalent to virgin material, as
shown in Fig. 6b. This difference in chain expansion would be the main
cause of the recyclability gap.
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Fig. 6. Recyclability test of the KP-AC(10) elastomer sheet. (a) Process overview of KP-AC(10) remolding using a heating press. (b) Tensile test results of remolded
KP-AC(10) compared to the virgin elastomer and LP/EA-CD. (c) Dissolution and reconstruction process of KP-AC(10) using acetylacetone. (d) Tensile test results of
reconstructed KP-AC(10) compared to the virgin elastomer and LP/EA-CD. (e) Photographs from the solubility test. Three types of cross-linked elastomers were cut
into alphabet shapes: N (no aluminum chelate, KP-AC(0)), A (aluminum chelate, KP-AC(10)), and C (covalent cross-linking, KP-CC). The elastomers were immersed
in ethyl acetate and acetylacetone. Each elastomer was mixed with carbon black for visualization. (f) Schematic representation of the polymer structure during the
remolding or reconstruction process.
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Now, upon recoating this acetylacetone solution and drying, the
resulting film displayed mechanical behavior similar to LP/EA-CD—a
tough PSA lacking the movable cross-link architecture—suggesting that
the PEA-CD and second polymer were fully dissociated during dissolu-
tion (Fig. 6¢ and d). This solvent-responsiveness highlights the versa-
tility of KP-AC(x) systems: while maintaining high adhesion and creep
resistance under normal conditions, the elastomers can be selectively
disassembled either mechanically (via stretching) or chemically (via
dissolution in acetylacetone). These properties are particularly advan-
tageous in display technologies, where precise and clean removal of
adhesives is essential for recovering expensive or delicate components
(Figs. 6e and S9).

Overall, KP-AC(10) enables multimodal debonding, offering three
distinct modes of removal and reuse:

1. Mechanical removal via stretch-induced debonding,

2. Thermal reprocessing through hot-pressing with complete property
recovery, and

3. Solvent-based disassembly with selective dissolution of cross-links.

Remarkably, the reprocessed elastomer retains its original proper-
ties, and the dissolved network yields a functional PSA upon recoating.
This demonstrates a rare combination of high performance and envi-
ronmental compatibility, underscoring the potential of KP-AC(x) sys-
tems in sustainable display manufacturing and advanced adhesive
technologies (Fig. 6f).

3. Conclusion

In conclusion, we successfully developed an optically transparent
pressure-sensitive adhesive (PSA) sheet based on a KP elastomer archi-
tecture. By integrating cyclodextrin-based movable cross-linking with
aluminum chelate cross-linking, the KP elastomer achieved a balance
between step-following ability and mechanical durability.

This design enables excellent step-following capability, reliable
adhesion, creep resistance, and mechanical robustness. Moreover, the
PSA sheet exhibits stretch-responsive debonding and complete remov-
ability via solvent dissolution, aligning with the demands for reworkable
and sustainable adhesive solutions in advanced display applications.

This work demonstrates the potential of supramolecular materials in
creating next-generation PSAs that support circularity and functional
integration in display technologies. To support the advancement and
sustainability of modern optical devices, which have made rapid prog-
ress in recent years, we propose this multifunctional, eco-friendly, and
transparent adhesive as a promising candidate for bonding optical
functional components.
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