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a b s t r a c t

Displays in electronic devices visualize digital information, which is essential for humans

to ultimately understand and use the Internet of Things (IoT) technology. Along with the

evolution of several electrical components for flexible displays, developing flexible

pressure-sensitive adhesives (PSA) is also important. In this study, a pattern of crosslinking

density was applied to a PSA during the ultraviolet (UV) curing process to secure adhesion,

transparency, stress relaxation, and supplement the strain recovery performance. We

measured the modulus of each pattern region by atomic force microscopy (AFM) and

confirmed whether the UV pattern PSA was prepared through the implementation of dif-

ferential crosslinking density. Additionally, we measured dynamic mechanical analysis

(DMA) strain recovery test, rheometer, peel strength, probe tack, and transmittance to

confirm the effect of the given crosslinking density pattern on the overall physical prop-

erties of PSA.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In modern electronic devices, the display, as a standard

humanemachine interface, is a core component [1,2]. It con-

nects user feedback and machine data by visually conveying

the world of bits to humans. Therefore, the display will enable

humans to understand and use the Internet of Things (IoT)
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technology, which will lead to the fourth industrial revolution

and rapid development [3e6]. The display is also being studied

to realise a new form factor that is wearable [7e9] and flexible

(foldable, stretchable, and rollable) for human use. Despite

technological advances in flexible and stretchable electronic

components such as flexible electrodes and organic light

emitting diodes (OLEDs), perfect assembly remains a chal-

lenge. With the development of display technology, pressure-
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sensitive adhesives (PSA) have been commonly used to

assemble display components [10] because of their high

viscoelasticity [11]. In addition, their gap filling ability mini-

mises the discrepancy in the refractive index, thereby clari-

fying the displayed image [12]. A PSA adheres to the substrate

under low pressure, and can be peeled off without residue [13].

It is also easily introduced into the display assembly process

because it does not require post-treatments such as solvent

drying and heat treatment after bonding under pressure

[14,15]. Among the PSA composition, acrylic, silicone, and

urethane compositions are typical [16]. In particular, acrylic

PSAs are transparent by themselves, do not require an addi-

tional tackifier [17], and are mainly used as optically clear

pressure-sensitive adhesive (OCA) materials in display as-

sembly. However, existing acrylic PSAs are rigid and irre-

versible when stretched [18], developing flexible and

transparent PSAs remains critical for the successful imple-

mentation of flexible displays. The physical properties of

acrylic PSAs applied to flexible displays have been actively

studied [11,19,20]. As a result, the trade-off relationship be-

tween the peel strength and strain recovery performance has

been discussed.

This study was conducted to improve flexibility while

maintaining adhesive performance and transparency by

applying a curing density pattern to the PSA sheet by selec-

tively irradiating ultraviolet (UV) light by using a photomask

with a pattern in the UV curing system [21]. PSA's flexibility

was analyzed in terms of strain recovery and stress relaxation

because the recovery performance prevents plastic deforma-

tion, and the stress relaxation performance prevents delami-

nation due to internal cracks. Preceding researches show the

relation of dynamic mechanical analysis (DMA) storage

modulus and recovery/relaxation properties [22]. Generally,

the recovery property increases as the storage modulus in-

creases, whereas the stress relaxation property is the oppo-

site. The recovery property and relaxation property of the PSA

are in an inverse relationship. The UV patterned OCA we

designed contains high cured regions and low cured regions

according to the photomask pattern, and each cured region

reveals different property respectively. Additionally, the re-

gion having a high curing density formed an overall storage

modulus to the PSA and maintained resistance to external

stress around the crosslinking site, thereby exhibiting excel-

lent recovery property. The low cured region had a synergistic

effect of reducing the deformation rate of the high cured re-

gion and preventing plastic deformation by exhibiting a

buffering effect, as the polymer chain easily slides and

stretches as it deforms from the outside.

After the UV pattern curing was applied to the acrylic PSA

pre-polymer, the modulus of each pattern was measured to

identify its formation. Further, the relationship between the
Table 1 e UV curing conditions of UV patterned PSA samples.

Pattern No. 1 2

UV Irradiated Energy of Line Region (J) 0 0.5

UV Irradiated Energy of Island Region (J) 4 3.5

Irradiation Energy Difference between Patterns (J) �4 �3
curing density of each pattern and the modulus of the entire

sample was identified. In addition, stress recovery, stress

relaxation, peel strength, and probe tack properties were

analysed to determine the physical properties of the resulting

cured PSA, which exhibit differential modulus properties.

Transmittance was measured to examine its applicability to

the OCA. In this study, curing density pattern was introduced

in the UV curing system, resulting in improved stress relaxa-

tion performance while maintaining stress relaxation perfor-

mance, which has not been done yet. This can be a crucial

advancement in the field of flexible OCA material processing.
2. Materials and methods

2.1. Preparation of UV-patterned acrylic PSA film

The acrylate oligomer (2100M, Winnerschem Corp., Republic

of Korea) was used as base adhesive resin (Mw: 40653, PDI:

2.31, Viscosity: 51 cP at 20 �C, 200 rpm, Refractive index:

1.4412 at 20 �C). The glass transition temperature of uncured

acrylate oligomer measured by differential scanning calo-

rimetry (DSC Q200, TA Instruments, USA) is �10 �C. Poly-

ethylene glycol 200 diacrylate (Miramer M282, Miwon

Specialty Chemical Co., Ltd., Republic of Korea) was used as

the crosslinking agent. Ethyl phenyl (2,4,6-trimethylbenzoyl)

phosphinate (Omnirad 2100, Shinyoung Rad, Chem., Ltd.) was

used as the photoinitiator. A UV 365 nm LED light source was

used for the curing process.

An acrylic oligomer blended with 1 phr of the photo-

initiator and crosslinking agent was coated between silicon-

treated polyethylene terephthalate release films (PET, SKC

Co., Ltd., Republic of Korea) by an applicator. The thickness of

the coated oligomer blend was 60 mm. The coated oligomer

blend was irradiated by a UV LED lamp (area curing system,

365 nm, 7 mW/cm2) for primary curing. The distance between

lamp and coatingwas 4 cm. The UV energy ranged from 0 to 4 J

for each sample (Table 1). The detailed curing process is

shown in Fig. 1 (a). After the primary curing was completed,

photo mask film is put on the primary cured PSA sheet and

perform secondary curing by irradiating UV LED light on it.

The photo mask film is placed directly on top of the release

film. Fig. 1b shows a schematic diagram and the size of the

curing degree of the UV-pattern cured PSA. There is a varia-

tion in patterns 1e9 depending on the difference in curing

density between isolated region and line region of the pattern.

The surface area of each isolated and line region is composed

of a 1:1 ratio. The number of radicals generated from the

photoinitiator depends on the irradiated UV energy. There-

fore, the number of radical reactions with the C]C double

bond and the crosslinking densities of the irradiated sections
3 4 5 6 7 8 9

1 1.5 2 2.5 3 3.5 4

3 2.5 2 1.5 1 0.5 0

�2 �1 0 1 2 3 4
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vary. As a result, a UV-patterned PSA sheet composed of

two sections with different crosslinking densities is

manufactured.

2.2. Viscoelastic properties

The Young's modulus (E, modulus of elasticity) of each cured

section of the pattern was measured using atomic force mi-

croscopy (AFM, NX-10, Park Systems, Republic of Korea) in a

pinpoint mode with pressing 0.8 V. The contact depth of the

material with the probe was 10e50 nm, and the force was less

than 10 nN. The AFM tip PPP-NCSTR (NANOSENSORS™,

guaranteed tip radius of curvature <10 nm, tip height

10e15 mm) was used to measure each cured region. The PSA

coated onto the PET sheet was first cut into 5� 5mm samples.

The PSA film was then peeled off, and fixed to an AFM sample

holder. The forceedistance curve was measured at 10 points.

The Young's modulus was calculated using the Oliver and

Pharr model [23,24].

Viscoelastic properties of thewhole PSA sample containing

both low and high cured region, including storagemodulus (G,

modulus of shearing elasticity) and glass transition tempera-

ture were measured using a rheometer (MCR302, Anton Paar,
Fig. 1 e (a) Process of manufacturing the UV patterned PSA sam

patterned PSA containing quantitative size of the pattern repea
Austria). The oscillatory temperature sweep experiments of

the samples were conducted at an angular frequency of

10 rad/s. The strain was 1%, and the preloading force was 1 N.

The probe diameter was 8 mm. The measuring PSA sample

diameter was 8 mm, containing both high cured and low

cured region.

2.3. Strain recovery and stress relaxation

DMA (Q800, TA Instruments, USA) in the tension film mode

was used to evaluate the strain recovery and stress relaxation

properties of the PSA sheet. The release film covering cured

PSA sheet was peeled off and the cured PSA sheet was

attached between the polycarbonate substrate (IS-Optics Co.,

Ltd) cut into 3 � 0.6 cm2, with the adhesion area of

2 � 0.6 cm2. The thickness of the polycarbonate substrate

was 1 mm. A constant shear strain (50%) was applied for

10 min, and then the force was decreased to zero for 5 min.

The PSA experienced the shear strain between the poly-

carbonate substrates because the strain was applied in the

tensile direction. The strain recovery (%) and stress relaxa-

tion (%) were calculated using the Eq. (1) from our previous

work [19].
ple. (b) Schematic diagram of the curing degree of UV

ting unit.
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Fig. 2 e Young's modulus data of (a) line and (b) isolated region of the UV pattern cured PSA samples.
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Strain recovery ð%Þ ¼ ðS0 � StÞ =S0 � 100 (1)

Stress relaxation ð%Þ ¼ �
Fi � Ff

� �
Fi � 100 (2)

2.4. Adhesion properties

Based on ASTM D3330, the bonded specimens were prepared

as 25-mm-wide samples to measure the 180� peel strength

using a texture analyser (TA-XT2i, Micro Stable Systems, UK).

The specimens were left to stand at 20 �C 55% RH for 24 h prior

to testing. A peeling test crosshead speed of 300 mm/min was
Fig. 3 e Storage modulus data measured by rheometer of the U

10 rad/s). The graphic displays relationship and property influe

patterned region and storage modulus of the entire sample.
employed at 20 �C. The force (N) was recorded for three

different runs, and the average force was recorded as N/

25 mm. Themeasurement was performed 5 times to calculate

the average value and standard deviation.

The probe tackwasmeasured using a texture analyser (TA-

XT2i, Micro Stable Systems, UK) with a 5-mm diameter

stainless steel cylinder probe at 20 �C. In the first step, the

approaching speed of the probe was 0.5 mm/s. In the second

step, the probe was in contact with the surface of the OCAs for

1 s at a constant pressure of 100 g/cm2, and the debonding

speed was 0.5 mm/s. A probe tack was used to measure the
V pattern cured PSA samples (25 �C, angular frequency of

nce mechanism between Young's modulus of each
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Fig. 4 e (a) Strain recovery property, and (b) stress relaxation property of the UV pattern cured PSA samples. The relationship

between the storage modulus and strain recovery, with the trend line calculated by the least squares method, (c) pattern 5

and 4e9 composed of a highly cured connected region (d) pattern 5 and 1e4 composed of a highly cured isolated region.
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maximum debonding force. The measurement was per-

formed 7 times to calculate the average value and standard

deviation.

2.5. Transmittance

The transmittance of the UV-cured acrylic OCAs was exam-

ined using UVevisible spectroscopy (UV-2550, Shimadzu,

Japan), with empty air as the reference. The transmittance

was determined to be in the visible range of 400e800 nm.
3. Results and discussion

3.1. Identification of the UV pattern formation

The AFM measurement has clear significance in confirming

the formation of the curing pattern by showing that there is a

difference in Young's modulus for each high and low cured

region according to the curing pattern. Each cured region of

the samples showed different Young’ s modulus values like

shown in Fig. 2. In the pattern 1 (Fig. 1b) sample, the Young's
modulus value of the isolated region was 8.6 MPa, whereas

that of the line region was 4.9 MPa. By measuring with AFM,

the isolated and line regions of each pattern-cured sample

showed different Young's modulus values, confirming the
formation of UV curing patterns. As pattern number

increased, the energy of UV irradiation to the line region

increased. As the UV irradiation energy increases, the number

of radical species initiated from the photoinitiator increases,

and more chain extension reactions and crosslinking re-

actions proceed. An increase in storage modulus confirms the

increase of the crosslinking density. As shown in Fig. 2a, It was

observed that the Young's modulus of the line region of each

pattern increases with increasing UV energy irradiation and

increasing pattern number. In contrast, each pattern's
modulus of the isolated region decreased with increasing UV

energy irradiation and pattern number, as shown in Fig. 2b.

The isolated and line regions of each pattern were appositely

and separately cured according to the irradiated UV energy of

each region.

3.2. Storage modulus

The storage modulus value of the whole PSA sample con-

taining both high and low cured region does not show a very

large difference between samples, but shows a clear trend: the

storage modulus of each patterned sample (Fig. 3) tended to

increasewith increasing curing density in one region. Dividing

the PSA into two same-sized regions while irradiating them at

different UV energies using a photomask results in a higher

curing density in one region over the other. Despite the

https://doi.org/10.1016/j.jmrt.2021.08.145
https://doi.org/10.1016/j.jmrt.2021.08.145


Fig. 5 e (a) Peel strength, (b) Probe tack, and (c) Transmittance property of the UV pattern cured PSA samples. There is a

guide-line at the 90% transmittance.
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differences in curing densities, the entire sample's storage

modulus tends to depend on regions with high curing density

(Fig. 3). Conversely, patterns 1 and 9 exhibited a decrease in

the storage modulus of the entire sample. Both samples were

cured under extreme conditions (energy of 0 J in one area and

4 J in the other, Fig. 1a), which resulted in the incomplete

curing of one region, i.e., the difference in the curing densities

between the regions was extremely large. The non-patterned

sample (pattern 5) exhibited a storage modulus value of

12.8 kPa, while those of pattern 1 and 9 are 16.1 and 11.7 kPa,

respectively. It is difficult to explain the similar physical

properties of patterns 1, 5, and 9, as indicated by their storage

moduli, despite their different curing densities. The more

even storagemodulus was observed in patterns 6e9. Here, the

PSA curing pattern was divided into a line and grid area, and

the line area had a relatively high curing density. In contrast,

when the isolated region had a high curing density (patterns

1e4), a relatively high variability in the storage modulus value

was measured. The line regions are physically connected,

which explain the stable physical properties of the sample.

3.3. Flexibility: strain recovery and stress relaxation
properties

The difference in the roles of the line and island areas, as

determined by the different storagemoduli of the sample, was

also seen in the varying stress recovery properties. The

patterned samples (6e8), which showed a high modulus due

to the high curing density in the connected line region also

showed better recovery performance than the non-patterned

sample (pattern 5). For the sample with a highly cured con-

nected region, the trend of the strain recovery properties fol-

lowed that of the storage modulus. An increase in the storage

modulus of the sample yielded excellent recovery properties

(patterns 6e8) (Fig. 4c, R2 is 0.9) because the physically con-

nected line area provides structural stability. This is the same

result as reported in previous paper [19]. The modulus and

recovery performance are determined by the interaction of

molecules in each region cured non-homogeneously with

different curing densities. The interconnected high-cured line

region acts like a rope that provides strong support

throughout the sample. Furthermore, the stress applied to the

sample was unequally distributed throughout the sample, but

was concentrated at both points of the sample because of the

bending modulus. However, the high-modulus line region is
linked through the whole sample, which enables the disper-

sion of the concentrated stress at both ends along the line

region. In addition, owing to the difference in the curing

density, it was expected that the samples will exhibit a syn-

ergistic effect by flexibly stretching the lower cured area and

buffering the plastic deformation of the highly cured area

when under strain. In contrast, in patterns 1e4, which con-

sisted of the highly cured isolated region and low cured line

region, the isolated region at both ends endured all of the

concentrated stress on its own, resulting in interfacial and

cohesive failure of the PSA. Therefore, no significant correla-

tion was observed between the modulus and recovery per-

formance of pattern 1e5 samples (Fig. 4d). Furthermore, the

strain recovery value decreased as the difference in the curing

density became larger (patterns 1 and 9), which was in

agreement with the storage modulus trend.

The stress relaxation property was almost constant for

moderate curing conditions (patterns 2e8), whereas it fluctu-

ated under extremely large differences in curing densities, i.e.,

it sharply increased for pattern 1, and sharply decreased for

pattern 9. Pattern 1 is characteristic of an extremely low

crosslinking density of the line region and a high viscosity.

Therefore, there was no strong resistant force at the cross-

linking site when the sample was stretched, i.e., it stretched

easily. Consequently, the polymer chains of the PSA easily

moved, and the applied stress was well-dispersed resulting in

good stress relaxation properties, and low recovery perfor-

mance because it nearly has the elastic force. In case of

pattern 9, the line region was highly cross-linked and cured,

which resisted the stretching of the sample resulting in an

inferior stress relaxation performance. In addition, the iso-

lated region barely exhibits a recovery performance because

of its extremely low crosslinking density. Thus, it can be

concluded that because the strain recovery performance de-

pends only on the line region without synergetic effect or both

region, pattern 9 exhibits a lower recovery performance than

other patterned samples (6e8).

3.4. Applicability to OCA: adhesion properties and
transmittance

The probe tack and peel strength data are shown in Fig. 5. The

patterns 1e4 and 6e9 samples showed similar adhesive

properties than the non-patterned sample (pattern 5).

Regarding peel strength, the non-patterned sample showed

https://doi.org/10.1016/j.jmrt.2021.08.145
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the highest value of 0.63 N/in. On the contrary, the patterned

samples showed a tendency to slightly decrease, but main-

tained a similar adhesive performance (0.41e0.61 N/in)

without significant deterioration (Fig. 5a). Regarding probe

tack, with the exception of the pattern 1 and 9 samples with

the extreme curing energy difference, most of the samples

(pattern 2e8) maintained similar adhesive properties between

3.1 and 3.7 N (Fig. 5 (b)).

The representative data (pattern 8) of the measured

transmittance are shown in Fig. 5. All samples showed

similar transparency values of above 90% compared to the

empty air reference. Thus, the patterned samples were

transparent enough for application in an optically clear

display adhesive.
4. Summary and conclusions

We determined the effect of the different patterns of ultravi-

olet (UV) curing crosslinking density on the flexibility prop-

erties of optically clear acrylic PSAs. After confirming the

formation of the UV curing pattern in the pressure-sensitive

adhesives (PSAs), the strain recovery and stress relaxation

performance were measured to check their applicability in

flexible displays. Compared to the non-patterned sample, the

patterned sample showed a significant improvement in the

recovery performance when the difference in UV curing en-

ergy between the patterns was 2e3 J. The patterned sample

exhibited a relatively high modulus compared to the non-

patterned sample, when the energy difference was 2e3 J be-

tween the patterns. Finally, the adhesive performance of the

PSA was maintained except for the sample with the largest

energy difference (4 J). Furthermore, all samples showed

excellent transparency and applicability to optically clear

adhesives (OCAs). In conclusion, our results show that

implementing the curing density patterning technology dur-

ing the UV irradiation process can maintain the adhesive

properties and transparency, while improving recovery

properties of the PSAs without changing the pre-polymer

resin composition or additive content. However, the adhe-

sion performance of patterned samples did not decrease

compared to the non-pattern sample, but there is a limit that

the adhesion performance does not fit the degree required for

actual applications. This can be supplemented by adjusting

the blending ratio of the adhesive resin and the content of

additives, such as a crosslinking agent and photoinitiator.

Therefore, it is necessary to conduct a related performance

optimisation study later.
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