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A B S T R A C T   

With the development of mobile display shapes from flat to flexible, the conventional glass cover window must 
be replaced by a film-type window. However, film-type cover windows have low impact resistance owing to their 
poor shock absorption. Therefore, to realize their application to flexible displays, it is essential to characterize 
and improve the shock-absorbing characteristics of the display film. In this study, a semi-interpenetrating 
network (semi-IPN) acrylic pressure-sensitive adhesive (PSA) consisting of a crosslinked network structure 
with a linear acrylic polymer chain was developed. The influence of the multi-functional monomer content and 
UV dose on the properties of the semi-IPN PSA was studied. The peel strength of the semi-IPN PSA was higher 
than 10 N/25 mm, which is generally considered as the PSA standard for mobile displays. With an increase in 
crosslink density, the storage modulus increased, but the damping factor decreased. To evaluate shock absorp-
tion, a falling ball impact tester was used to estimate the shock absorption ratio (ΔF) of the film. The semi-IPN 
PSA incorporating 30 phr of the multi-functional monomer exhibited higher ΔF (31.2%) than that of a con-
ventional UV-curable PSA film (24.6%). This shows that even with the relatively low damping factor of the semi- 
IPN PSA, its structure could improve shock absorption. Moreover, we suggested two mechanisms for shock 
absorption of the semi-IPN PSA, energy dissipation into the PSA layer and extended contact time.   

1. Introduction 

Acrylic pressure-sensitive adhesives (PSAs) are used in various ap-
plications such as labeling as well as medical, packaging, and mobile 
phone applications, owing to their superior transparency and adhesion 
performance [1–7]. In mobile phones, acrylic PSAs are widely used for 
optically clear adhesive, back-glass tape, battery tape, light-shielding 
tape, shock-absorbing film, etc. The shock-absorbing film is located 
behind the organic light-emitting diodes (OLED) of the mobile phone to 
protect the OLED module, as shown in Fig. 1. 

As mobile phone display changes from flat to flexible (e.g., curved, 

foldable, and stretchable), its cover window should also change from 
conventional glass to film type. When a display experiences impact, a 
conventional glass cover window can absorb the impact energy by 
breaking itself; however, a film type cover window cannot do so. The 
diodes in a mobile phone are fragile and may be damaged if subjected to 
external impact. This scenario is even more likely when flexible displays 
are involved owing to the use of the film-type cover window. Therefore, 
for flexible display applications, it is important to characterize and 
improve the shock absorption properties of the display film. 

By enhancing the shock absorption of both the shock-absorbing film 
and other PSA layers during assembly, the shock absorption of mobile 
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phones can be significantly improved. However, only a few studies 
focused on the shock absorption of PSAs. Although the effects of the 
strain rate on the mechanical properties of PSA have been studied 
[8–11], the mechanical properties of PSA under impact are still rela-
tively unclear. Furthermore, there are several methods to quantitatively 
evaluate the impact resistance of thermosetting adhesives [12–17]. 
Particularly, the impact resistance of PSAs was estimated using drop 
impact tests of mobile phones [18,19], which is a qualitative rather than 
quantitative method and is unsuitable for a large number of tests due to 
the high cost of mobile phone module. In recent years, Hayashida et al. 
investigated the strain distributions of PSA during impact and quanti-
tatively evaluated its impact resistance [20]; however, the authors only 
focused on the impact strength of the PSA, not its shock absorption 
characteristics. 

To improve the shock absorption characteristics of PSA, the use of a 
semi-interpenetrating network (semi-IPN) may be considered. Semi-IPN 
is a structure consisting of a physically entangled crosslinked polymer 
network and linear polymer. Owing to the entangled structural effect of 
this network, a semi-IPN polymer has better damping properties than 
those of a simple crosslinked polymer [21]. In our research, we fabri-
cated a semi-IPN acrylic PSA by adding a multi-functional monomer 
(MFM) into a linear acrylic PSAs, followed by UV polymerization 
[22–25] (Fig. 2). We successfully prepared the semi-IPN acrylic PSA and 
applied it to the chip packaging process of a semiconductor. 

A falling ball impact tester was used to evaluate the shock absorption 
of the PSA under impact. The curing behavior, adhesion performance, 
and viscoelastic properties of the semi-IPN PSA were evaluated ac-
cording to the UV dose, which is proportional to the degree of cross-
linking. Moreover, its shock absorption was compared with that of a 
conventional UV-curable PSA film. 

2. Experimental methods 

2.1. Materials 

The linear acrylic PSA consists of several acrylic monomers: 2-ethyl-
hexyl acrylate (70 wt%), isobornyl acrylate (10 wt%), glycidyl meth-
acrylate (10 wt%), and 2-hydroxyethyl acrylate (10 wt%), and was 

synthesized by ethyl acetate as the solvent polymerization. Its basic 
properties are listed in Table 1. To incorporate the semi-IPN structure 
into the linear acrylic PSA, we used tripropylene glycol diacrylate 
(TPGDA, Miwon, Republic of Korea) as the MFM and 2-hydroxy-2-meth-
ylpropiophenone (Irgacure 1173, BASF, Germany) as the photo- 
initiator. Fig. 3 presents the chemical structure of the linear acrylic 
PSA and MFM. The reaction between the linear acrylic PSA and MFM is 
shown in Fig. 2. 

2.2. Preparation of the semi-IPN PSA film 

MFM was added to the linear acrylic PSA as 5, 10, 20, and 30 phr (per 
hundred resins, based on the solid weight of the linear acrylic PSA) and 
the photo-initiator was added as 3 wt% of the MFM content. These 
components were mixed by a paste mixer (ARE-310, Thinky, Japan) 
under 25 �C, 1700 rpm, and 5 min. After mixing, the mixture was coated 
on a film and then dried at 80 �C for 10 min. The dried PSA film was 
cured by UV irradiation (0, 100, 200, 400, 800, and 1200 mJ/cm2) and 
the PSA thickness was set to 60 μm. 

2.3. Gel content 

The gel content is the ratio of the crosslinked weight to the total 
weight. To measure the crosslinked weight of the cured film, we soaked 
the cured film in toluene for 24 h and filtered it using a 200-mesh filter. 
The gel content was calculated by Equation (1) as follows: 

Gel content ½%� ¼
Wmeshþsoaked film � Wmesh

Wfilm
� 100: (1)  

where Wmeshþsoaked film, Wmesh, and Wfilm are the weights of the mesh 
and soaked film, mesh, and film, respectively. 

2.4. Adhesion performance 

The semi-IPN PSA film was cut into 25-mm wide and attached to SUS 
304 (stainless steel) substrate by a 2 kg rubber roller and stored at 23 �C 
for 24 h. The semi-IPN PSA film was detached at an angle of 180� with a 
constant crosshead rate of 300 mm/min using a texture analyzer (TA-TX 
plus, Micro Stable Systems, UK). The peel strength is the average force 
required to detach a PSA film from a substrate and is measured following 

Fig. 1. Vertical structure of the mobile phone.  

Fig. 2. Fabrication of semi-IPN PSA.  

Table 1 
Basic characteristics of the linear acrylic PSA.  

Solid 
content 
[%] 

Number average 
molecular weight, Mn

a 

[103 g/mol] 

Weight average 
molecular weight, Mw

a 

[103 g/mol] 

Dispersity, 
Ða 

42.1 
(�0.7) 

46.5 723.4 15.6  

a Measured using gel permeation chromatography (GPC). 
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ASTM D3330. 
The probe tack quantifies the stickiness of the PSAs. To evaluate 

probe tack, we used a cylinder probe (substrate: SUS 304, diameter: 5 
mm). The probe approached the semi-IPN PSA at 0.5 mm/s and con-
tacted with it for 1 s while maintaining a constant applied force of 1 N. 
Afterward, the probe was separated from the semi-IPN PSA at 10 mm/s. 
The probe tack is the maximum force required to detach the probe from 
a PSA film and is tested following ASTM D2979. All measurements were 
repeated five times at a constant temperature of 25 �C. 

2.5. Dynamic mechanical analysis 

The viscoelastic property of the semi-IPN PSA was estimated by using 
dynamic mechanical analysis (DMA/SDTA, Mettler-Toledo Inc., 

Switzerland). The size of the specimen was 5 � 5�0.5 mm. A shear 
sandwich clamp was used and both temperature and frequency sweep 
were performed. For the temperature sweep, the temperature was 
increased at 5 �C/min from � 40 �C to 80 �C with an amplitude of 16 μm 
and frequency of 1 Hz. For the frequency sweep, the frequency was 
increased from 0.1 to 100 Hz with an amplitude of 10 μm at 25 �C. 

2.6. Impact tester 

To quantitatively evaluate the shock absorption of the film under 
impact, we used a falling ball impact tester. We referred to ASTM D1709 
(standard test methods for impact resistance of plastic film by free- 
falling dart method) and manually manufactured the falling ball 
impact tester for this study. The falling ball impact tester collects the 

Fig. 3. Chemical structure of (a) linear acrylic PSA and (b) MFM.  

Fig. 4. Evaluation of shock absorption of the sample by using a falling ball impact tester.  
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time-force data to evaluate the shock absorption of the PSA film rather 
than evaluate its impact resistance. A load cell of 1 kN was located at the 
bottom of the tester to quantitatively evaluate the force. The samples 
were attached to the steel substrate by constant force using a 2-kg roller 
as shown in Fig. 4 and a steel ball was dropped on the sample. The 
weight and height of the steel ball were adjusted to obtain an impact 
energy of 10 mJ. In the “Reference” state, no sample was placed on the 
load cell, whereas in the “Sample” state, a sample was placed on the load 
cell. As the sample partially absorbs the impact, there is a difference 
between the impact force of the “Reference” and “Sample” state. The 
shock absorption (Δ F) was evaluated by dividing the difference of the 
impact force (Fref - Fsample) by the impact force of the “Reference” state 
(Fref). All experiments were conducted at a constant temperature of 25 
�C. 

3. Results and discussion 

3.1. Gel content 

As shown in Fig. 5, the gel content increased up to 70% due to UV 
irradiation and MFM addition, which increased the portion of the 
crosslinked network. However, the weight fraction of the crosslinked 
network of the semi-IPN PSA should be less than 25 wt% because only 
MFM participated in the formation of the crosslinked network. This 

indicates that the high level of gel content (70%) is caused by both the 
crosslinked network and linear polymer that are physically entangled 
with the network, thereby confirming the successful development of the 
semi-IPN structure. 

3.2. Adhesion performance 

Fig. 6 shows the adhesion performance (peel strength and probe 
tack) of the semi-IPN PSA. Under 200 mJ/cm2, the peel strength and 
probe tack were roughly improved by UV irradiation because of the 
better cohesion strength from crosslinking (except for the peel strength 
of 5 phr of MFM). At high UV dose, the peel strength and probe tack 
decreased because of the deteriorated wetting property due to the highly 
dense crosslinked network. As the MFM content was increased, the peel 
strength and probe tack decreased because of the dense crosslinked 
network. All samples have peel strengths higher than 10 N/25 mm, 
which is generally regarded as the minimum standard value of the 
adhesion strength in a mobile display application. This indicates that all 
prepared semi-IPN PSA could be applied to the mobile display consid-
ering their adhesion performances. 

3.3. Viscoelastic property 

The storage modulus and damping factor (tan δ) were estimated 
under temperature and frequency sweep conditions, respectively 
(Fig. 7). The storage modulus of the semi-IPN PSA for both temperature 
and frequency sweep conditions was enhanced with the increase of MFM 
content resulting in high crosslink density. As the MFM content was 
increased, the semi-IPN PSA became rigid due to high crosslink density, 
thereby decreasing the peak height of tan δ. At 30 phr of MFM, phase 
separation occurred for tan δ at 0 and 60 �C (Fig. 7 (b)). The two peaks of 
tan δ at low (0 �C) and high (60 �C) temperatures corresponded to the 
glass transition temperature for linear and crosslinked polymer, 
respectively. This demonstrated the successful development of the semi- 
IPN structure involving a physically but not chemically entangled linear 
and crosslinked polymer. 

3.4. Shock absorption 

The shock absorption of the semi-IPN PSA was evaluated using the 
falling ball impact tester (Fig. 8). It was compared with the shock ab-
sorption of a simple-crosslinked conventional PSA by UV irradiation 
(ANYONE Inc.) that had similar composition with the developed linear 
acrylic PSA. As the UV dose was increased, the conventional PSA was 
randomly crosslinked to increase rigidity. When the steel ball was 

Fig. 5. Gel content of semi-IPN PSAs.  

Fig. 6. (a) Peel strength and (b) probe tack of the semi-IPN PSA.  
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dropped on the PSA, the kinetic energy of the steel ball was transferred 
to the PSA. Although the momentum area in the force-time curve was 
similar, the impact force representing the maximum force in the force- 
time curve changed according to the PSA rigidity. Hence, despite a 
similar momentum, increased rigidity of the PSA increased the impact 
force owing to the reduced contact time. This indicates that the high 

crosslink density of the conventional PSA resulted in a low shock ab-
sorption capacity (Fig. 8). Likewise, for semi-IPN PSA, the shock ab-
sorption was initially decreased according to the increased UV dose with 
increased crosslink density (Fig. 8). However, unlike the steady down-
ward curve of the conventional PSA, the shock absorption of the semi- 
IPN PSA increased slightly at high UV dose and high MFM content. At 
the maximum UV dose, the ΔF value of the semi-IPN PSA was much 
higher (31.2%) than that of the conventional PSA (15.9%), thereby 
demonstrating the effect of the semi-IPN structure on shock absorption. 

As shown in Fig. 9, when the steel ball was dropped on the semi-IPN 
PSA, the kinetic energy of the steel ball was transferred to the PSA layer. 
The impact force from the transferred energy could be absorbed into the 
PSA layer by two mechanisms. Firstly, during the contact between the 
steel ball and PSA, the maximum impact force could be reduced with 
extended contact time. If the impact energy (area under the time-force 
curve) is constant, the maximum impact force should be reduced 
when the contact time increased. In the case of the semi-IPN PSA, 
extending the contact time might occur from the entanglement of the 
linear polymer with the crosslinked network. Secondly, the transferred 
energy from the steel ball could be dissipated into the semi-IPN PSA 
layer to reduce the maximum impact force. The semi-IPN PSA included a 
crosslinked network structure effective for the dissipation of transferred 
energy. These two mechanisms for shock absorption occurred simulta-
neously for the semi-IPN PSA, thus resulting in its superior shock ab-
sorption compared to that of other films. 

Figure 7. (a, c) Storage modulus and (b, d) tan δ of the semi-IPN PSA cured by 1200 mJ/cm2 UV by temperature sweep and frequency sweep mode, respectively.  

Fig. 8. Shock absorption of the semi-IPN PSA and conventional PSA.  
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4. Conclusions 

Appropriate shock absorption capacities could prevent damaging a 
mobile phone when subjected to external impact, thereby extending the 
service life of a mobile phone. To improve the shock absorption of a 
mobile phone, we developed a semi-IPN PSA and evaluated its basic 
properties including the gel content, adhesion performance, viscoelastic 
properties, and shock absorption. The developed semi-IPN PSA 
demonstrated satisfactory gel content and adhesion performance 
confirmed by the phase separation of tan δ. We used a falling ball impact 
tester to estimate the shock absorption ratio (ΔF) of the semi-IPN PSA. At 
maximum UV dose, the ΔF value of the semi-IPN PSA was much higher 
(31.2%) than that of the conventional PSA (15.9%). Furthermore, 30- 
phr MFM content was the best composition to achieve high shock ab-
sorption. The superior shock absorption of semi-IPN PSA can be attrib-
uted to two simultaneously occurring mechanisms: energy dissipation 
into the PSA layer and extended contact time. The semi-IPN PSA 
developed in this study demonstrated better shock absorption than other 
films. However, we only focused on the maximum force to calculate the 
shock absorption of the PSA. The shock absorption mechanism is still 
unclear. Therefore, future work must focus on investigating both impact 
force and contact time to specifically establish the shock absorption 
mechanism. 
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