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Pressure-sensitive adhesives (PSAs) are used in a wide range of applications, including electronics, auto-
mobiles, healthcare, and packaging, due to their excellent bonding affinity with minimal applied pressure
without the need for solvents, heat, or additional processing. Although they exhibit excellent usability with
high adhesion strength, PSAs must overcome the limitation of delamination caused by poor strain recov-
ery to be applied to flexible electronics. In this study, we achieved rapid strain recovery in PSAs by utilizing
polyurethane diacrylate (PUDA) as a crosslinker. The fabricated PSA demonstrated a significantly faster
strain recovery time (~2.5 s) compared to the conventional crosslinked 1,6-hexanediol diacrylate (HDDA)
PSA (~61.0 s). Notably, the PUDA PSA also exhibited outstanding 180° peel strength (~22.0 N per 25 mm),

Received 27th September 2024, surpassing that of a commercial PSA (~12.3 N per 25 mm). The fabricated PSAs showed promise for appli-
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cations under harsh straining conditions confirmed through 100 strain-recovery cycles at 20% tensile
strain. This study directs the way to improve PSA’s poor strain recovery properties and paves the way for
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Introduction

The electronic device market has undergone a significant tran-
sition in response to versatile forms of devices, replacing the
traditional bar-shaped rigid devices with adaptable and flex-
ible designs."™ To enhance the devices’ marketability and
user-accessibility, developing wearable devices®” and foldable
displays®® is of great interest. These devices can change their
forms freely with bending or twisting motions; therefore, tran-
sitioning traditional rigid electronic components into more
flexible ones is required.” For example, displays are usually
composed of a protection film, cover glass, a light-emitting
layer, a back film, a circuit plate, and more, which are also
essential in flexible displays. Furthermore, these components
are assembled with optically clear PSAs due to their flexibility
and strong adhesion strength.'®"?® Therefore, developing opti-
cally clear PSAs with excellent strain recoverability is one of the
main hurdles in flexible device manufacturing.

Recent studies on PSAs have primarily focused on enhan-
cing their adhesion strength'*'® under straining conditions.
However, for the frequently shape-changing devices, the PSAs
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the future advancement direction in adhesive technology.

should maintain their flexibility and further exhibit rapid
recovery properties against strain. To address this, various
studies have explored the methods to improve the strain recov-
ery performance of PSAs.'®® Despite these advancements, the
complex fabrication process and high costs are still challen-
ging for the commercialization of PSAs. Therefore, there are
growing demands for cost-effective adhesives, which possess
both excellent adhesion strength and strain recovery
properties.

Polyurethanes (PUs), a class of polymers characterized by
urethane bonds, are typically synthesized through the reaction
of polymeric isocyanates with polyols.® Due to their versatility,
they are widely used across various industries in applications
such as coatings,> > adhesives,>*>® and sealants.?” The elas-
ticity of polyurethanes is attributed to the microphase separ-
ation between the hard and soft segments in the polymer
chains.?®?° The polyol segments, generally consisting of linear
organic chains, contribute to the polymer softness, while the
isocyanate segments provide rigidity. PU additives are known
for not only their elasticity but also their versatility. Therefore,
several studies were conducted to utilize PUs in PSAs to
provide various functions, for instance, modulating visco-
elastic properties or hardness of polymers®**?*' and providing
stability under heat condition with silane-terminated PU.**

In this work, we synthesized acrylic PSAs utilizing commer-
cially available polyurethane diacrylate (PUDA) as a crosslinker
to enhance strain-recovery properties. Various compositions of
PUDA-crosslinked PSAs were prepared by adjusting the

This journal is © The Royal Society of Chemistry 2025
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amount of crosslinker and their adhesive, optical, and
mechanical properties were evaluated. Our results showed that
PUDA-crosslinked PSAs exhibited superior strain-recovery pro-
perties compared to control PSAs crosslinked with 1,6-hexane-
diol diacrylate (HDDA) at equivalent crosslinker concen-
trations. While the adhesion performance and optical trans-
mittance were comparable between PUDA and HDDA PSAs, the
strain-recovery properties were notably improved in the PUDA
PSAs. Additionally, increasing the PUDA crosslinker concen-
tration resulted in a reduction in strain recovery times. These
findings suggest that PUDA-crosslinked PSAs possess high
potential for flexible electronic devices which are exposed to
mutimodal and frequent deformation.

Results and discussion
Characterization of synthesized PSAs

To synthesize the PSAs, we fixed the monomer ratio of 2-ethyl-
hexyl acrylate (2-EHA) and 2-carboxyethyl acrylate (2-CEA) at
70:30 mol%, following a previous study.'® Various adhesive
samples were prepared by adjusting the amount of PUDA
crosslinker. These samples were named x PUDA, where x rep-
resents the mol% of the PUDA crosslinker in the monomer
mixture. Specifically, samples containing 0.1 mol%,
0.15 mol%, 0.2 mol%, and 0.4 mol% PUDA were prepared and
labeled accordingly as 0.1 PUDA, 0.15 PUDA, 0.2 PUDA, and
0.4 PUDA. A sample incorporating 0.15 mol% of the HDDA
crosslinker, labeled 0.15 HDDA, was also prepared to compare
the performances of the PUDA-based samples.

The PUDA crosslinker’s functional groups are analyzed by
nuclear magnetic resonance (NMR) spectroscopy using a
600 MHz FT-NMR spectrometer (AVANCE NEO 600, Bruker,
USA). In the "H NMR spectrum (Fig. S17), peaks appear in the
5.8-6.5 ppm region, which indicates the presence of hydrogens
in the acrylate group. Additionally, in the >C NMR spectrum
(Fig. S2t), the a peak indicates the carbon in the acrylate
group. Therefore, we confirmed that the utilized PUDA
(PU2100, Miwon Specialty Chemical Co., 1td) contained an
acrylate group. Also, through the b and c peaks in the '*C
NMR spectrum, we confirmed that PUDA contains urethane
bonds.

The thermal properties of the prepared PSAs were investi-
gated. The glass transition temperatures (T,) of the PSAs were
determined using differential scanning calorimetry (DSC). As
shown in Fig. S4,7 the T, values for the samples containing
0.1, 0.15, 0.2, and 0.4 mol% PUDA were measured at —35.5 °C,
—36.8 °C, —38.2 °C, and —39.2 °C, respectively. These values,
significantly lower than room temperature, suggest that the
prepared adhesives can be used under ambient conditions.
The decrease in T, with increasing crosslinker concentration
can be attributed to the higher free volume provided by the
long PUDA crosslinker (M,, ~ 1400 g mol*).**3*

Additionally, the thermal stability of each sample was con-
firmed through thermogravimetric analysis (TGA). As shown in
Fig. S5,1 two degradation temperatures were observed, around

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

180 °C and 350 °C. The first degradation temperature, around
180 °C, is attributed to the cleavage of the ether bonds in the
CEA molecules. From the second degradation point, it was
revealed that all samples exhibited a high 50% degradation
temperature (Ts0q) of approximately 385 °C. Also, the degra-
dation temperature is much higher than the operation temp-
erature of general displays, which ranges from —40 °C to
85 °C.*® Therefore, the prepared PSAs demonstrate sufficient
thermal stability at high temperatures, making them suitable
for use in various free-form devices.

Furthermore, the rheological properties of the PSAs were
evaluated to determine their applicability using the Chang
window for PSAs, through a frequency sweep from 0.1 Hz to
100 Hz using a rheometer.>*® In brief, the Chang window
allows the potential applications of PSAs to be determined
based on their rheological properties. Depending on which
quadrant of the Chang window the values of G’ and G” fall
within, across the frequency range 1 Hz to 100 Hz, their appli-
cation can be identified. As shown in Fig. 1a, a significant
increase in storage modulus (G') was observed as the cross-
linker concentration increased. Additionally, as G’ increases,
the loss modulus (G”) also increases with higher crosslinker
concentration, indicating an increase in crosslinking density
(Fig. 1b). We then plotted the G’ values of the PSA samples
against G”, as shown in Fig. 1c. In Fig. 1d, the G'-G" graph was
overlapped with the Chang window, showing that the syn-
thesized PSAs may be used for various applications except as
high-tack PSAs. At lower crosslinker concentrations, the PSAs
were positioned in quadrant 3 of the Chang window, indicat-
ing their potential applicability as removable PSAs. As the
crosslinker concentration increased, both the storage modulus
and loss modulus also increased, shifting the results towards
the center (general purpose PSAs) and quadrant 2 (high per-
formance PSAs) of the Chang window. Therefore, PUDA-based
PSAs are expected to be applicable in various fields depending
on the crosslinker concentration.

Adhesive properties of synthesized PSAs

The adhesive strengths of the synthesized pressure-sensitive
adhesives (PSAs) were quantitatively evaluated using the ASTM
D3330 Method A—180° peel adhesion test, conducted on a
universal testing machine (UTM) with a 10 kg load cell, as
shown in Fig. 2a.

The results shown in Fig. 2b, indicate that the 0.1 PUDA
sample exhibited the highest 180° peel strength among the
PUDA series with a value of 29.1 + 3.0 N per 25 mm, which is
comparable or higher than those in previous studies con-
ducted with carboxylic acid containing monomers.'*!>18:39747
As the concentration of the crosslinker increased, a decrease
in adhesive strength was observed. This decrease in adhesion
strength can be attributed to increased crosslinking within the
acrylic polymer chains, which reduces the availability of hydro-
gen bonding sites on the surface, leading to decreased
adhesion. Furthermore, the adhesion strength of the 0.1 PUDA
sample, measuring 28.9 + 2.1 N per 25 mm, was comparable to
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that of the control PSA containing 0.15 mol% of the HDDA
crosslinker.

In addition to the 180° peel adhesion test, the lap shear
test (Fig. 2c) and probe tack test (Fig. 2d) further confirmed
the adhesive properties of the PUDA-based PSAs. Through the
lap shear test, we demonstrated that PUDA-based PSAs possess
strong cohesive strength, making them suitable for appli-
cations requiring long-term adhesion stability under shear
stress. On the other hand, the probe tack test, which measures
the tackiness or stickiness of the PSA when lightly pressed and
quickly removed, revealed that PUDA-based PSAs maintain
excellent initial adhesion performance. This characteristic is
essential for applications where immediate bonding on
contact is critical. Overall, the PUDA-based PSAs exhibited a
well-balanced performance in both adhesion strength and
mechanical durability, comparable to conventional HDDA-
based PSAs.

Mechanical property tests

The mechanical properties of the prepared samples were evalu-
ated using a UTM. The stress—strain curves of the samples are
shown in Fig. S6, and the specific mechanical parameters,
including Young’s modulus, toughness, ultimate tensile
strength, and elongation at break, are presented in Fig. 3. As
the crosslinker content increased, Young’s modulus (Fig. 3a)
also increased, indicating that the samples became stiffer and
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more resistant to strain. This increase in Young’s modulus can
be attributed to the higher density of crosslinking, which
makes the samples structurally stiffer.

Despite the higher PUDA content, there was a significant
decrease in both toughness (Fig. 3b) and elongation at break
(Fig. 3c). These findings can be explained by considering the
relationship between Young’s modulus and ultimate tensile
strength (Fig. 3d). While the stiffness of the samples increased
with higher crosslinking, the ultimate tensile strength
remained relatively unchanged. This is because ultimate
tensile strength is more influenced by the backbone structure
of the polymer chains rather than crosslinking density.*®*°

As the crosslinking density increases, the samples become
stiffer, which causes them to reach their ultimate tensile
strength at lower strains. Consequently, the elongation at
break decreases with increasing PUDA content, and the overall
toughness of the sample also declines as the elongation at
break decreases.

Stress-relaxation and strain-recovery tests

The stretchability and recovery properties of the samples were
characterized through stress-relaxation and strain-recovery
tests under varying strain levels (10%, 20%, 50%, and 100%),
using a UTM. First, the samples were strained to each strain
level, and the stress was recorded over time (Fig. 4a). After
15 minutes, the applied strain was released, and the deformed
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length of each sample was measured over time as it returned
to its original length (Fig. 4b).

The results of the stress-relaxation test are plotted in Fig. 5.
In all samples, applied stress relaxed rapidly at the initial
point, and gradually reached a plateau over time. Additionally,
as the strain increased, the stress value at the 0 second also
increased, following the same trend observed in the stress—
strain curve, and the stress increased when they reached the
relaxation plateau. However, the each sample’s stress-relax-
ation ability cannot be fully evaluated from these time-stress
curves. To gain a better understanding of the stress-relaxation
behavior, the data were analyzed using a double exponential
decay model (eqn (1)) after applying min-max normalization.

6=A et/ (1—A4)- et/ (1)

Here, A is the proportionality constant, and 7.; and 7., are
the first and second stress relaxation time constants, respect-

872 | Polym. Chem., 2025, 16, 868-878

ively. 7.; and 7., are time constants related to several stress
relaxation mechanisms in the transient and prolonged time
ranges, respectively. These mechanisms include chain disen-
tanglement, viscous flow, molecular interactions, or bond
interchange in physical crosslinking.'**°* As shown in
Fig. 4c, the A does not vary significantly with changes in the
crosslinker type or concentration. Fig. 4d and e show that the
0.1 PUDA and 0.15 PUDA samples have lower 7z.; and z.; com-
pared to the 0.15 HDDA sample. This result suggests that the
0.1 PUDA and 0.15 PUDA samples exhibit faster stress-relax-
ation. As the concentration of the crosslinker increased, the
time constants also increased, which indicates that higher
crosslinking density leads to slower stress relaxation.

The strain-recovery test results are shown in Fig. 6. All of
the samples could fully recover their strain under the 50%
strain for 15 min. Also, in contrast to the 0.15 HDDA sample,
0.1, 0.15, and 0.2 PUDA samples show strain recovery even at
100% strain during 15 min. In the case of 0.4 PUDA, full strain

This journal is © The Royal Society of Chemistry 2025
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recovery did not occur under 100% straining conditions due to
the lower yield strain. The strain recovery abilities cannot be
fully evaluated from the time-strain curve. Therefore, to evalu-
ate the strain-recovery properties of each sample more accu-
rately, the results were analyzed using double exponential
decay fitting (eqn (2)) after min-max normalization.

E§=A- e_f/frl + (1 _A) . e_f/Trz’ (2)

Here, A is the proportionality constant, and 7,4 and 7, are
the first and second strain recovery time constants, respect-
ively. 74 is related to the strain-recovery due to the original
network structure mostly due to chain motion and orientation
such as uncoiling, disentangling, and rupture of the microdo-
main,” and 7., is related to prolonged strain-recovery due to
the weak noncovalent bonds mostly due to the dynamically
formed hydrogen bonding network.>*>®

In the strain-recovery results, the proportionality constant A
(Fig. 4f) does not show significant variation with the cross-
linker type, similar to stress-relaxation. However, in Fig. 4g
and h, both time constants for the PUDA samples are signifi-
cantly lower than those for the HDDA sample, indicating faster
strain-recovery properties. Additionally, the time constants
decrease rapidly with increasing PUDA concentration,
suggesting that the higher cross-linking density helps PSA to
maintain its original network structure with minimal reforma-
tion of hydrogen bonding upon straining.

As a result, we conclude that PSAs with PUDA crosslinkers
exhibit exceptional strain-recovery properties along with fast
stress-relaxation.

View Article Online

Polymer Chemistry

Repetitive strain-cycle test

The strain recovery properties of the samples were evaluated
by measuring the recovery time after 100 repetitive strain
cycles. In brief, the samples were strained to 20% of their orig-
inal length and then released immediately, with this cycle
repeated 100 times. During the 100 cycles, stress-strain curves
were recorded (Fig. 7a-e).

Firstly, as the concentration of the PUDA crosslinker
increased, higher stress was observed at 20% strain, which
aligns with the Young’s modulus values obtained from the
tensile stress-strain curves (Fig. 3a). Additionally, the
hysteresis observed in the stress-strain curves changed with
varying crosslinker concentrations. At lower crosslinker con-
centrations, a peak around 2.5% strain was observed
during the straining phase. In the 0.2 PUDA sample, this
peak’s height decreased, and in the 0.4 PUDA sample, the
peak disappeared. This peak was due to the maintained
stretched length of the sample after release. Therefore, as the
crosslinker concentration increases, the faster strain-recovery
property results in reduced hysteresis in the stress-strain
curve.

After 100 strain cycles, the recovery time of the strained
samples was measured until they returned to their original
length. As shown in Fig. 7f, the 0.15 HDDA sample, which
does not contain urethane bonding, had a recovery time of 61
seconds after 100 strain cycles. In contrast, all samples con-
taining urethane bonding demonstrated significantly shorter
recovery times compared to the 0.15 HDDA sample. Even the
0.1 PUDA sample, which had fewer crosslinking sites than the
0.15 HDDA sample, exhibited a recovery time that was approxi-

(a) ——1 Cycle (b) ——1 Cycle 0.1 PUDA (c) ——1 Cycle 0.15 PUDA
0.3Fr __qoCycle 0.15 HDDA 03F 10 Cycle : 0.3r _ qocycle :
—— 25 Cycle —— 25 Cycle —— 25 Cycle
~ —— 50 Cycle = —— 50 Cycle f— —— 50 Cycle
© © ©
a 02F — 75cycle a 02F — 75cycle o 02F — 75cycle
= —— 100 Cycle = —— 100 Cycle = —— 100 Cycle
3 [ °
@ ¢ 01 @
[} n 0
2 2 e
5 5 =
»n ® 0.0 ]
-0.1F -0.1
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
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(d) _[—1cyeke () .| —1cycle (f) &
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Fig. 7 (a)—(e) 100 times repetitive strain test with a 20% strain-return cycle of each sample. As the concentration of the crosslinker increases, the
stress—strain curve shows a stiffer slope and higher stress at 20% strain. (f) The strain recovery time after 100 strain-return cycles.
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Fig. 8 (a)—(c) Optical transmittance properties of each sample with various strains. Transmittance of each sample was measured by UV-Vis spec-
troscopy. Also, strained samples were attached on slide glass with each strain. 100% transmittance is noted as a black dotted line. (d)-(e) Optical
image of each sample with 0% and 20% strains. Samples are marked with a red dashed box on each image. Original length of the samples is 30 mm.
Also, after strain, each sample maintains the transmittance and clear properties.

mately 88% shorter. As the crosslinker content increased, the
recovery time of the samples decreased. This is due to the
increased crosslinking sites enhancing the sample’s elasticity,
leading to quicker recovery.

These results suggest that PSAs with PUDA crosslinkers
have excellent strain-recovery properties and could be effec-
tively used in various free-form devices subjected to frequent
strain and release conditions, such as foldable, rollable, and
stretchable devices.

Optical transmittance test

For potential applications as display laminating materials, it is
crucial for PSAs to exhibit high optical transmittance in the
visible light range. To assess this property, UV-Vis spectroscopy
was conducted in the visible light region. The results, shown
in Fig. 8a, indicate that, under no strain conditions, most PSA
samples maintained a transmittance of over 90% across the
visible light range.

Additionally, as illustrated in Fig. 8b and c, the transmit-
tance decreased when the samples were strained due to the
increase in crystallinity. Therefore, as the strain increases, the
polymer chains in the PSA film aligned along the longitudinal
direction, leading to a decrease in transmittance. Nevertheless,
the 0.1 PUDA sample still retained a high transmittance above

This journal is © The Royal Society of Chemistry 2025

90% with various strain conditions. The high optical clarity of
the samples under various strains was further confirmed
through optical imaging (Fig. 8d-f). The images on the back-
side of the strained PSA samples remained clearly visible,
demonstrating the adhesive’s ability to maintain clarity and
visibility under different physical conditions. This observation
highlights the suitability of these adhesives for use in display
lamination, where maintaining high optical clarity and visi-
bility is essential.

Conclusions

The synthesized pressure-sensitive adhesives (PSAs), particu-
larly those incorporating PUDA crosslinkers, exhibit promising
properties for advanced applications in flexible and free-form
electronic devices. The evaluation of adhesion properties
revealed that as the concentration of PUDA crosslinkers
increased, adhesion strength decreased. However, the 0.1
PUDA and 0.15 PUDA samples show excellent adhesion
strength which is comparable to that of the 0.15 HDDA
sample.

In terms of strain recovery, the PUDA crosslinked PSAs
demonstrated superior performance compared to the HDDA

Polym. Chem., 2025, 16, 868-878 | 875


https://doi.org/10.1039/d4py01084a

Published on 03 January 2025. Downloaded by Ulsan National Institute of Science & Technology (UNIST) on 8/4/2025 7:29:21 AM.

Paper

PSA sample. The faster stress-relaxation decay times and
reduced strain-recovery time highlight the improved flexibility
and rapid strain recovery of the PUDA PSAs. The 100-cycle
strain-recovery test further supported these findings, showing
that PUDA crosslinked samples recovered significantly faster
than HDDA crosslinked samples.

Optical transmittance tests confirmed that the PSAs, par-
ticularly the 0.1 PUDA sample, maintained high clarity with
transmittance exceeding 90% even under strain. This high
optical clarity was further validated by optical imaging, which
showed that images remained visible through the strained
samples, underscoring their suitability for display lamination
applications.

Overall, the study demonstrates that PSAs with PUDA cross-
linkers offer a desirable balance of mechanical flexibility,
rapid strain recovery, and excellent optical clarity. These pro-
perties make them well-suited for use in flexible electronic
devices, such as foldable, rollable, and stretchable displays,
where durability, performance under strain, and high visibility
are essential.

Experimental section

Materials

2-Ethylhexyl acrylate (EHA) and 2-carboxyethyl acrylate (CEA)
were purchased from Sigma-Aldrich. The photoinitiator, phe-
nylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO), was
purchased from TCI chemicals. 1,6-Hexanediol diacrylate
(HDDA) was purchased from Alfa Aesar. The PUDA crosslinker,
PU2100, was obtained from Miwon Specialty Chemical Co.,
Itd. The hydrophobic fumed silica (Aerosil R974) was pur-
chased from Evonik Industries. The poly(ethylene tere-
phthalate) (PET) film (SH82) and releasing film (SG31) were
purchased from SKC. All reagents were used without any pre-
treatment process.

Preparation of pressure sensitive adhesives (PSAs)

The PSAs were prepared with the following methods. First,
EHA and CEA which are acrylate monomers were mixed in a
70:30 (mol%) ratio. As crosslinkers, PUDA and HDDA were
added into the monomer mixture in different ratios (Table 1).
The viscosity of the mixtures was adjusted by adding 15 phr of
hydrophobic fumed silica to coat with the blade coating
method. 0.1 mol% of the photoinitiator (BAPO) was added
into the mixture and mixed using a vortex mixer.

Table 1 Crosslinker ratios of PSAs. Monomer ratios were fixed to
70:30 mol% of EHA and CEA. All samples include the same amount of
photoinitator (0.1 mol%) and fumed silica (12 phr; per hundred resin)

mol% 0.15HDDA 0.1 PUDA 0.15PUDA 0.2PUDA 0.4 PUDA
HDDA 0.15 — — — —
PUDA — 0.1 0.15 0.2 0.4
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To make samples for adhesion property measurements, the
prepared mixtures were coated on a PET film (SH82) and
covered with a releasing film (SG31) using a blade coating
device (KP-3000VH, KIPAE, South Korea). To test the mechani-
cal properties of PSAs, the prepared mixtures were coated
between releasing films (SG31) with the same methods. After
the coating process, the prepared films were cured with con-
veyor UV curing devices with 365 nm, 1 W ecm™? at a 50 mm
distance for 1 min. The thickness of cured PSA films was 100 +
10 pm.

Characterization of the prepared PSAs

The glass transition temperatures (T,) were measured using
differential scanning calorimetry (DSC) (Q200, TA Instrument,
USA) under a nitrogen atmosphere with a 5 °C min™" scanning
rate from —60 °C to 120 °C. To assess thermal stability, the
weight loss of the sample with the temperature increase was
measured by thermogravimetric analysis (TGA) (Q400, TA
Instrument, USA) under a nitrogen atmosphere with a 10 °C
min~' heating rate, from 40 °C to 600 °C. The rheological
characteristics of the samples were conducted with a rhe-
ometer (Kinexus Pro+, NETZSCH, Germany). The samples were
prepared with about 10 mm radius and sandwiched between
removable PET films on both sides. Before the test, the remo-
vable PET films were removed. The rheological properties were
tested using frequency sweep mode with the frequency ranging
from 0.1 to 100 Hz and 0.025% strain at room temperature.
The applied normal force was set to 3 N and a PU20 flat type
geometry was used.

Adhesion property measurements

The 180° peel strength of PSA was determined following the
ASTM D3330 method. 25 mm x 100 mm PSA films were pre-
pared and attached to acetone cleaned stainless steel (SUS 304)
panels. Then the attached PSAs were pressed using a 2.5 kg
hand roller with a 10 mm s™* speed twice. After 15 min of
pressing, the attached PSA films were peeled using a universal
testing machine (UTM) (WL2100C, Withlab, South Korea) at a
300 mm min~' crosshead speed. After the peel strength
record, the data from the middle 50% of the recorded range,
between 25% and 75%, were used to calculate the average peel
strength for each sample. Each sample was tested at least 5
times to confirm repeatability.

The lap shear test was conducted using UTM. PSA films
were prepared with a 12.7 mm x 12.7 mm shape, and attached
between SUS 304 plates. After attachment, the samples were
pressed using a 2.5 kg hand roller with a 10 mm s~ speed a
single time. Ater 15 min, lap shear stress test was conducted
with a 1.3 mm min~" crosshead speed.

The probe tack test was conducted using a texture analyser
(TXA, Yeonjin, South Korea). A cylindrical probe made of SUS
304 with a 5 mm diameter approaches the PSA films with a
100 mm s speed. When 100 gf of load was applied to the
probe, the probe and PSA were in contact for 1 s, after
which the probe was released from the PSA with a 10 mm s
speed.

This journal is © The Royal Society of Chemistry 2025
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Mechanical property tests

Tensile tests were conducted using a universal testing machine
(UTM, WL2100C, Withlab, South Korea) with a 300 mm s™*
crosshead speed at room temperature. The test specimen’s
size was 12.5 mm x 25 mm after mounting to the universal
testing machine. All samples’ mechanical properties were ana-
lysed with measured stress-strain curves.

Stress-relaxation and strain-recovery tests

Stress-relaxation and strain recovery properties were measured
with a universal testing machine (DAO-ul, DAO Technology,
South Korea) with the same specimen size using a tensile test.
Each PSA was stretched to 10, 20, 50 and 100% for the stress-
relaxation test and the stress was measured for 15 minutes
after stretching. The measured stress (¢) was normalized with
min-max normalization with the following eqn (3).

5= 0 — Omin (3)

Omax — Omin

The strain recovery test was conducted immediately after
the stress-relaxation test. After stress-relaxation test, the
sample’s strain returned to 0% and the sample’s total length
was measured from the sideview. The length of the bent or
deformed PSA was tracked until it reached the steady state,
where the length does not change further.

The strain recovery cycle test was conducted with a univer-
sal testing machine (DAO-u1, DAO Technology, South Korea).
For 100 cycles, PSAs were stretched to 20% strain and relaxed
to 0% strain immediately with a 500 mm min™" crosshead
speed. During the test, strain forces were recorded with a
10 kgf load cell.

Optical property measurements

Transmittances of PSA films were measured by UV-Vis spec-
troscopy (V-750, Jasco, Japan). 100 pm thickness PSA films
were attached to a slide glass (Marienfeld, Germany) with 0, 10
and 20% strain. The prepared samples were placed on a film
holder accessory (FLH-740, Jasco, Japan) and transmittance
was recorded from 400 nm to 700 nm wavelength, which is the
visible light region.
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