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A B S T R A C T   

PSA-silica nanocomposite thin-films with a thickness of 150 μm were newly fabricated through the optimized 
process to overcome the typical trade-off relationship where the enhancement of mechanical properties di
minishes the strength of adhesive properties. As a consequence of reinforcement with polydopamine-embedded 
silica nanoparticles, the resulting nanocomposite films showed an 180% increase in tensile strength without a 
significant loss in peel strength. Viscoelastic behavior of the nanocomposite film was investigated to predict the 
final physical properties. Lap shear and probe tack tests were successfully performed to verify the reinforcing 
mechanism overcoming the trade-off relationship.   

1. Introduction 

Flexible, functional materials are of great interest in state-of-the-art 
electronic devices, such as foldable smartphones and rollable televi
sions, which require all constituting components to have a certain extent 
of flexibility. Flexible adhesives play a significant role in the assembly of 
these components [1,2]. Pressure-sensitive adhesives (PSAs) are 
non-reactive viscoelastic materials that form an adhesive bond between 
two materials by applying a slight pressure for a short time. PSAs are 
widely used in typical day-to-day applications, such as daily necessaries, 
including tape, sticky notes, and food package labels, as well as struc
tural materials for automobiles, construction, and medical applications. 
Therefore, due to its wide variety of usages, choosing the proper adhe
sive according to its physical properties is necessary for successful 
application to specific parts [3–7]. Moreover, thin-film type PSAs are 
required to satisfy form factors especially in slim-designed mobile 
applications. 

Depending on their main functional group, several types of PSAs are 
present. Some commonly used PSAs are based on epoxy-, urethane-, 
acryl-, and silicone polymers. Among these, the acryl-based PSA has 

many beneficial properties which include excellent transparency and 
environmental resistance to destructive factors, such as UV irradiation 
and chemical exposure. In addition, the versatility of the acryl monomer 
provides many options for modifying its physical properties and 
imparting various functionalities. However, unavoidable trade-off oc
curs between the mechanical and adhesive properties of PSAs, which are 
of great importance for industrial applications. That is, the adhesive 
force generally decreases when the formulation of a PSA mixture is 
changed to increase its mechanical properties, and vice versa [8,9]. 

Silica nanoparticles comprise Si–O–Si bonds and are strong inorganic 
materials with high mechanical and thermal properties that can be 
relatively easily synthesized in various shapes and sizes. These nano
particles are frequently used as reinforcement for polymer resins and 
rubbers. Their common purpose is to improve the mechanical and 
thermal properties of the polymer matrix, but they can also be employed 
for other beneficial properties, such as controlling the viscosity of 
polymer melts and adding adhesion for biological tissues and soft 
polymeric hydrogels. Furthermore, these reinforcement effects can be 
further enhanced by functionalizing the surface of the nanoparticles 
[10–16]. 
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As shown in Fig. 1 (a), mussel-inspired polydopamine is well-known 
as a highly adhesive material regardless of its surface type of attaching 
substrate. It can be easily synthesized in base buffer solution by oxida
tive self-polymerization of dopamine, comprising catechol and amine 
[17]. Numerous studies have focused on its exceptional adhesiveness 
and ease of synthesis, and various kinds of application have been re
ported [18–22]. For example, Ang et al. [20] reported developing a 
high-performance nano-filtration membrane with polydopamine-coated 
silica nanoparticles using polydopamine’s strong adhesive properties. 
And Lee et al. [21] coated polydopamine on carbon fiber surfaces to 
enhance the physical properties of carbon fiber reinforced plastics. 
Furthermore, Zou et al. [22] coated the polydopamine on the wood 

surface with arginine to develop novel solar vapor generation system. 
Understanding the mechanism of adhesion and failure is another 

crucial aspect for analyzing and improving the properties of PSAs. 
Monitoring the viscoelastic behavior of polymeric materials affords us a 
better understanding of their various physical properties. If we compare 
the viscoelastic parameters, including the storage modulus (E′ or G′), 
loss modulus (E′′ or G′′), and tan delta (Tan δ), we can predict the 
physical properties. In addition, the trend of peel strength can be 
determined when we investigate the loss moduli at specific frequencies. 
For example, Lee et al. [23] determined the relative peel strength of 
2-ethyl hexyl acrylate (2-EHA) based adhesive films by comparing loss 
modulus (G′′) at 100 Hz. Moreover, we can anticipate which PSA film 
has a higher cohesive strength by observing the storage modulus [24]. A 
rheometer has been frequently used to scan the viscoelasticity of PSA 
films. Dynamic mechanical analysis (DMA) can also be used to provide 
the viscoelastic parameters of polymeric materials [25–28]. 

The main objective of this study is to propose a fabrication method 
for overcoming the typical trade-off relationship by concurrently 
enhancing the mechanical and adhesive properties of PSA film (~150 
μm of average thickness) with the aid of polydopamine functionalized 
silica nanoparticles. Schematic illustrations demonstrating this 
approach are shown in Fig. 1(b) and (c). We observed the viscoelastic 
behaviors of PSA films to predict their mechanical and adhesive prop
erties and investigated them by comparing with the related experi
mental results including tensile, lap shear strength, probe tack, and 180◦

peel strength, from which we could understand the reinforcing mecha
nism in the nanocomposite PSA films and demonstrate that observation 
of the viscoelastic behavior could be utilized to predict their physical 
properties. 

2. Experimental 

2.1. Materials 

UV-cure type acrylic PSA mixtures based on 2-ethyl hexyl acrylate 
(2-EHA) and acrylic acid (AA) monomers were supplied by YONWOO 
Corp. (South Korea), and the chemical composition of the mixtures are 
listed in Table 1. Silicon dioxide nanoparticles with an average size of 

Fig. 1. (a) Photograph of a mussel and the chemical structure of dopamine and polydopamine. (b) Schematic diagram of polydopamine coating process on silica 
nanoparticle and anticipated chemical structure of PDA-coated silica nanoparticle. (c) Schematic process of the fabrication of nanocomposite PSA reinforced with 
polydopamine coated silica nanoparticles. 

Table 1 
Chemical composition and structure of acrylic PSA mixture.  

Chemical Chemical Structure Weight Percent 
(wt%) 

2-Ethyl hexyl acrylate 77.6 

Acrylic acid 14.6 

Tetrahydrofurfuryl 
acrylate 

1.5 

Terpene oil 5.9 

1,6-Hexandiol 
diacrylate 

0.2 

Irgacure® 819 0.2  
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5–15 nm, dopamine hydrochloride tris(hydroxymethyl)aminomethane, 
hydrochloric acid, and sodium (meta)periodate were purchased from 
Sigma-Aldrich (USA). Solvents, including tetrahydrofuran (THF), were 
purchased from Samchun Pure Chemical (South Korea). All chemicals 
were used as received without any further purification. 

2.2. Synthesis of polydopamine-coated silica nanoparticle 

Polydopamine-coated silica nanoparticles (PDA-Si) were obtained 
first by placing 1.0 g of silica nanoparticles and 80 mL of tris buffer base 
solution (pH 9.5) into a 250 mL round-flask and dispersed by tip- 
ultrasonication (SONOPLUS, Bandelin) for 20 min with a 20 s/10 s 
pulse cycle. Then, 200 mg of dopamine hydrochloride (1.30 mmol) and 
34.9 mg of sodium (meta)periodate as an oxidant (0.163 mmol) were 
dissolved in a tris buffer solution before carefully being combined in the 
reaction flask. The flask was stirred at 600 rpm for 24 h at 25 ◦C. After 
stirring, the solution was filtered through a membrane filter, and the 
filtered particles were washed twice using ethanol and deionized (DI) 
water. The particles were dried overnight at 60 ◦C oven. 

2.3. Fabrication of nanocomposite PSA films 

PSA nanocomposite films were obtained through similar methods for 
the three sample types (neat; Si 3 wt%; and PDA-Si 3 wt%). To disperse 
3 wt% of nanoparticles into acrylic PSA, 19.4 mg of PSA mixture and 0.6 
mg of each nanoparticle (Si, PDA-Si) were placed into a vial. The 
nanoparticles were dispersed in the PSA mixture via tip-ultrasonicator 
(20 s/10 s pulse cycle) and vortex mixer (VM-10, DAIHAN Scientific) 
for 20 min. Next, the nanoparticle mixture was cast between release 
films, and the thickness was adjusted to 150 μm by a micro-film appli
cator. After that, the casted films were cured via a customized UV curing 
device (8.0 mW/cm2) for 5 min and stored in 60 ◦C oven for 24 h. The 
resultant thickness of film was 150 ± 30 μm. 

Fig. 2. (a) FT-IR spectra of the pure silica nanoparticle (Si, black), dopamine 
(Dopamine, blue), and polydopamine-coated silica nanoparticles (PDA-Si, red). 
(b) TGA curves of the pure silica nanoparticle and polydopamine-coated silica 
nanoparticles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 3. XPS spectra of: (a) silica nanoparticle (Si), (b) polydopamine-coated 
silica nanoparticles (PDA-Si). 

Table 2 
XPS results for the atomic ratio of each nanoparticle.  

Sample C 1s (atomic 
%) 

O 1s (atomic 
%) 

N 1s (atomic 
%) 

Si 2p (atomic 
%) 

Si 3.95 84.39 – 11.66 
PDA-Si 10.31 80.25 0.72 8.72  
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2.4. Characterization of nanoparticles and nanocomposite PSA films 

To observe the change of the nanoparticle surface through poly
dopamine coating, FT-IR (Nicolet, Thermo Scientific) in KBr mode, XPS 
(AXIS Supra+, Kratos Analytical), and TGA (Q50, TA instrument) were 
performed. FE-SEM (Supra25, Carl Zeiss AG) images were obtained to 
observe the dispersion of the nanoparticles in PSA films. 

2.5. Gel content of the PSA films 

To identify whether the crosslink density was changed due to the 
reinforcement of the silica nanoparticles by polydopamine coating, the 

gel contents of each PSA film were measured via the following proced
ure. The initial weight (W0) of the PSA films was measured before being 
placed into a vial and immersed in THF for 72 h to resolve the un- 
crosslinked contents of the PSA films. After immersion, THF was care
fully removed by a PTFE membrane filter. Next, the residual film was 
dried at 60 ◦C in a vacuum oven for 24 h. Then, the final weight (Wt) was 
measured, and the gel contents were calculated as follows: 

​ Gel ​ contents ​ (%)=
Wt

W0
× 100 (1)  

Fig. 4. FE-SEM images of the neat and nanocomposite PSA films. (a) Neat (x1000), (b) Neat (x8000), (c) Si 3 wt% (x1000), (d) Si 3 wt% (x8000), (e) PDA-Si 3 wt% 
(x1000), (f) PDA-Si 3 wt% (x8000). 

Fig. 5. High magnification FE-SEM images of nanocomposite PSA films. (a) Si 3 wt% (x50000), (b) PDA-Si 3 wt% (x50000).  
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2.6. Viscoelastic properties of the PSA films 

DMA (TA instruments Q850) was used to characterize the visco
elastic properties of PSA films with a tension film clamp. Each PSA film 
(L × W × T = 8 mm × 6 mm × 0.15 mm) was heated from − 80 ◦C to 

150 ◦C at a ramp rate of 3 ◦C/min with 14.0 μm amplitude under con
stant frequency of 1 Hz. The maximum peak observed in the tan δ curves 
was used to determine the glass transition temperature (Tg). The fre
quency sweep was performed from 0.1 to 100 Hz with 0.05% of strain at 
30 ◦C. 

2.7. Mechanical properties of the PSA films 

The tensile properties, including strength, strain, and modulus, were 
measured by a universal testing machine (UTM, DR-100, DRTECH) with 
reference to ASTM D638 [29]. The measurement was conducted at room 
temperature, and the crosshead speed was 20 mm/min. The maximum 
stress and initial slope until 5% of strain were used to represent tensile 
strength and tensile modulus, respectively. Five specimens were evalu
ated, and the average and standard deviation of the median three values, 
except maximum and minimum, were calculated. 

2.8. Adhesive properties of the PSA films 

Probe-tack testing was performed by ASTM D2979 [30] using a 
texture analyzer (TA.XT express, Stable Micro System Ltd.) equipped 
with an 11-mm-diameter stainless spherical probe. The test was con
ducted in 3 steps: approach, contact, and pull. The approach speed rate 
was 0.1 mm/s; the contact force was 35 N, where the contact time was 
around 4.5 s for all measurements, and the pull speed was 1.5 mm/s. 
During the pull stage, the maximum force value was recorded as 
probe-tack force. 

The 180◦ peel strength test was conducted by ASTM D903 [31] using 
the same UTM as the tensile test. The film specimens were produced at 
the size of 25 × 100 mm2. One side of the fabricated films was covered 
by 25 μm of the PET film, while the other side was attached to the SUS 
304 substrate. Then, a 2-kg rubber-roller was passed over the fabricated 
film back and forth twice. Because the peel strength is influenced by the 
dwell time in which the adhesive diffuses to the microstructure of the 
substrate, we compared the initial peel (30 min) and 24-h (24 h-) peel 
strength. Therefore, after 30 min and 24 h of stabilization, the specimens 
were measured at a crosshead speed of 200 mm/min. The average load 
value was used to indicate peel strength. 

Lap shear strength was measured by ASTM C961 [32]. The PSA films 
were attached between 2 PET substrates that had a size of 25 × 100 mm2 

with an overlap size of 12.5 × 25 mm2. Again, the rubber-roller was 
passed over back and forth twice. After 24 h of stabilization, the speci
mens were measured by another UTM (RB301, R&B Inc.) at a crosshead 
speed of 1.3 mm/min. Then, the maximum value was recorded to 

Fig. 6. (a) Gel content of the nanocomposite PSA films, (b) the temperature 
ramp curve of the nanocomposite PSA films (–: storage modulus, —: tan δ), and 
(c) the frequency sweep curve of the nanocomposite PSA films by DMA (-●-: 
storage modulus, -○-: loss modulus). 

Fig. 7. Tensile stress-strain curves of the nanocomposite PSA films with 
0 (neat), 1, 2, 3, 5 wt% of Si nanoparticles. 
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represent the lap shear strength. 
All measurements for both the mechanical and adhesive perfor

mances were conducted five times. The middle three values were used to 
obtain the average and standard deviation. 

3. Results & discussion 

3.1. Characterization of nanoparticles 

The FT-IR spectra of the pure silica nanoparticles, dopamine, and 
polydopamine-coated nanoparticles (Si, DA, and PDA-Si) are shown in 
Fig. 2 (a). The characteristic peak of the Si–O–Si bonding at 1100 cm− 1 

(Yellow) was observed in each nanoparticle spectrum. Dopamine pos
sesses an amine group, aromatic ring, and catechol group, which have 
distinguishable FT-IR peaks. Thus, the N–H stretching and bending at 
3400 cm− 1 and 1650 cm− 1 (Orange), the conjugated alkene at 1600 
cm− 1 (Blue), and the O–H stretching at 3200–3600 cm− 1 (Green) were 
well observed in the dopamine spectra. For PDA-Si, the peak of the 
hydroxyl group at 3200–3600 cm− 1 was broadened by the presence of 
the catechol group in dopamine. Furthermore, the peaks of the amine 
and aromatic ring at 1600–1650 cm− 1 were faintly visible. 

Next, TGA curves were plotted, and they are shown in Fig. 2 (b). 
First, the pure silica nanoparticles showed about 4% of mass loss at 
100 ◦C because of the loss of atmospheric moisture. It gradually 
decreased to around 8% at 800 ◦C. When Si surface was coated with 
polydopamine, the trend of mass loss became considerably changed. In 
the PDA-Si curve, the steep decrease of mass at 100 ◦C by atmospheric 
moisture loss was not observed due to the hydrophilic nature of poly
dopamine. The decomposition of polydopamine led to the continuous 
mass decrease until 800 ◦C with a lower steepness, affording a higher 
percentage of mass loss than pure silica by approximately 12%. 

The XPS results of each nanoparticle (Si, PDA-Si) are represented in 
Fig. 3 and summarized in Table 2. First, in the pure silica nanoparticle, 
the O 1s peak and Si 2p peak were dominant due to the Si–O–Si bond, 
accounting for 84.39% and 11.66%, respectively. The C 1s peak occu
pied a lower ratio of 3.95%. Moreover, the N 1s peak did not appear. 
When considering the polydopamine coating, the dominant O 1s and Si 
2p peaks decreased to 80.25% and 8.72%, respectively, and the C 1s 
peak was increased to 10.31%. Most importantly, the 0.72% of the N 1s 
peak clearly appeared due to the nitrogen atoms in the polydopamine, 
suggesting successful incorporation of polydopamine on the Si surface. 

3.2. Dispersion of nanoparticles in the nanocomposite PSA film 

The surface morphology of each nanocomposite PSA film (neat, Si 3 
wt%, and PDA-Si 3 wt%) was observed by FE-SEM at two kinds of 
magnification each as shown in Fig. 4. Firstly, we could see the inherent 
wrinkled surface morphology of neat PSA film in Fig. 4(a) and (b). By the 
adding 3 wt% of silica nanoparticles, we could observe the nanoparticles 
on the surface of PSA film as shown in Fig. 4(c) and (d). However, they 
were highly aggregated on the surface because the pure silica nano
particles had strong particle-particle interactions each other. As repre
sented in Fig. 4(e) and (f), polydopamine coated silica nanoparticles 
showed the better dispersion than the pure silica particles even though 
some portion of aggregations were still observed. Theses improvement 

of dispersion can be explained by the enhanced interfacial interaction 
between nanoparticles and PSA films via polydopamine coating. As 
represented in Fig. 1(a), the polydopamine has a lot of hydroxyl groups 
in its molecular structure and the PSA films consist of acrylate mono
mers which can have strong molecular interaction with hydroxyl group. 
Furthermore, the abundant aromatic groups in polydopamine layer can 
improve the molecular interaction with terpene oil, the additive of PSA 
composition, as displayed in Table 1. Therefore, it could be expected 
that polydopamine coating improved the dispersion of nanoparticles as 
well as interfacial bonding with surrounded polymer chains in the 
nanocomposite films. 

It was also demonstrated by observing the fracture surfaces with 
much higher magnification as shown in Fig. 5. We observed that the 
nanoparticles were highly aggregated and separated with PSA film in 
Fig. 5(a), which implied that pure silica nanoparticles and the sur
rounded acrylate polymers in PSA film had a poor interaction each 
other. On the other hand, the polydopamine coated silica nanoparticles 
seemed to be embedded in PSA film in Fig. 5(b). This means that poly
dopamine coating enhanced the interfacial interaction between nano
particles and the surrounded polymer chains in PSA films and it 
improved the dispersion of nanoparticles as we demonstrated above. 

3.3. Gel content of the nanocomposite PSA films 

The results from the gel content examination of the PSA films are 
indicated in Fig. 6 (a). The neat PSA film had 40.3% gel content. The 
reinforcement of 3 wt% silica nanoparticles into the PSA film did not 
make a significant difference in the gel content (40.8%). However, with 
the polydopamine coating, the gel content substantially increased to 
55.5%, implying that the pure silica nanoparticle had a weak physico
chemical interaction with the molecular chain of the PSA film. In 
contrast, the polydopamine layer atop the silica surface produced better 
physiochemical interactions with the PSA chains, resulting in an 
enhancement of the gel content within the film. Based onthe gel content 
analysis, the PDA-Si 3 wt% was thought to have the greatest mechanical 
properties among the three samples. 

3.4. Viscoelastic properties of the PSA films 

The temperature dependent viscoelastic properties of the PSA films 
are shown in Fig. 6 (b), which provide information about the modulus, 
Tg and cross-link density of each PSA film. The storage modulus (E’) at 
− 79 ◦C and Tg of neat PSA film was 212 MPa and 3.1 ◦C, respectively. 
After Tg, a rubbery plateau was observed indicating successful formation 
of crosslinked network. When 3 wt% silica nanoparticles were incor
porated, both storage modulus at − 79 ◦C and Tg were increased to 563 
MPa (166% increment) and 4.3 ◦C, respectively. Also, the rubbery 
modulus (0.023 MPa) at 100 ◦C became higher than that (0.008 MPa) of 
neat PSA film. After polydopamine coating, both storage modulus at 
− 79 ◦C and Tg was further increased to 1070 MPa (405% increment) and 
6.3 ◦C, respectively. Interestingly, the highest rubbery modulus (0.035 
MPa at 100 ◦C) was observed for the PDA-Si 3 wt%. These results suggest 
that the polydopamine layer on the surface of the silica nanoparticles led 
to stronger interactions with the PSA polymer chains compared to that of 
pure silica surface, which resulted in enhanced cohesion of 

Table 3 
Average and standard deviation value of physical properties of the nanocomposite PSA films.  

Sample Tensile Strength (MPa) Tensile Modulus (MPa) Probe Tack (N) Lap Shear Strength (MPa) Initial 
Peel Strength (kgf/25 mm) 

24 h-Peel 
Strength (kgf/25 mm) 

Neat 0.168 
±0.007 

0.081 
±0.011 

18.47 
±0.35 

0.390 
±0.029 

2.236 
±0.078 

2.257 
±0.021 

Si 3 wt% 0.309 
±0.023 

0.138 
±0.018 

16.30 
±0.40 

0.521 
±0.058 

2.164 
±0.119 

2.392 
±0.190 

PDA-Si 3 wt% 0.474 
±0.020 

0.176 
±0.012 

11.13 
±0.79 

0.613 
±0.010 

2.111 
±0.115 

2.429 
±0.139  
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nanocomposite PSA film and superior mechanical properties. Further
more, the wettability of PSA film decreases with increasing the cohesion 
of the film in which the wettability is directly related with the experi
mental results of probe-tack test. Therefore, we could also predict that 
the PDA-Si 3 wt% would have the lowest tack force among the PSA films, 
which will be discussed in the later section on physical properties. 

The frequency dependent viscoelastic properties of the PSA films are 
shown in Fig. 6 (c). The difference in viscoelastic property between the 

Si 3 wt% and PDA-Si 3 wt% at 30 ◦C was obvious with the frequency 
sweep experiment, which was unclear in the temperature ramp curve at 
room temperature. The PDA-Si 3 wt% PSA film showed the highest 
values of storage and loss modulus, followed by the Si 3 wt% and the 
neat PSA film at all frequency range. Again, these results suggest that the 
PDA-Si 3 wt% displayed the greatest mechanical properties among three 
PSA films as discussed above in temperature ramp. 

Especially in frequency sweep tests, we could correlate the specific 
frequency with the measurement condition of adhesive properties. 
Because the test condition of probe-tack and shear strength corresponds 
to low frequency region, we can predict the relative superiority of these 
two properties of the PSA films by comparing the storage modulus at low 
frequency. In the case of tack, the relative superiority can be easily 
predicted by wettability differences with the same principle in temper
ature ramp. Consequently, we could expect that PDA-Si 3 wt% would 
have the lowest tack force. In contrast, the shear strength can be simply 
predicted by comparing storage modulus at low frequency because shear 
modulus (G′) is proportional to tensile modulus (E’). And we predicted 
that the PDA-Si 3 wt% would have the most superior shear strength 
among the PSA films. 

3.5. Physical properties of the PSA films 

In advance, we have evaluated the mechanical properties of the 1 wt 
%, 2 wt%, 3 wt%, 5 wt% of silica nanoparticles reinforced nano
composite PSA films in order to find out the optimal weight fraction (wt 
%) of silica nanoparticles. As represented in Fig. 7, both tensile strength 
and modulus had improved until 3 wt%. However, when the 5 wt% of 
silica nanoparticles was reinforced, the mechanical properties were 
rather decreased than 3 wt% due to the aggregation of nanoparticles. 
Therefore, we concluded that the PSA film reinforced with 3 wt% of 
silica nanoparticles had the most superior improvement in effect in 
mechanical properties. 

Test results for the mechanical properties are shown in Table 3 and 
Fig. 8(a). The neat PSA film had 0.168 MPa of tensile strength and 0.309 
MPa of modulus, and it was very stretchable over 1200% of elongation. 
When the 3 wt% of silica nanoparticles were reinforced into the PSA 
film, the strength and modulus increased to 0.309 MPa and 0.138 MPa, 
showing 83.7% and 63.9% increase, respectively. This improvement 
was caused by the stress transfer from the PSA film to the nanoparticles 
when tensile force was applied. When the coated polydopamine was 
introduced on the nanoparticles, the strength and modulus dramatically 
increased to 0.474 MPa (181.9% increment) and 0.176 MPa (109.1% 
increment), respectively, as was previously predicted by the frequency 
sweep test of DMA. This remarkable improvement of tensile properties is 
because the stress was more effectively transferred by the polydopamine 
layer at the interfaces, and the strain was not affected by the rein
forcement of nanoparticles. 

The adhesive performance tests of each PSA film are also shown in 
Table 3 and Fig. 8(b). The neat PSA film had 18.47 N of probe tack. 
When reinforced with the 3 wt% silica nanoparticles, the tack slightly 
decreased to 16.30 N (11.7% decrement). The PDA-Si 3 wt% PSA film 
had the lowest tack force of 7.28 N (39.7% decrement). This decreasing 
trend is due to the numbers of attaching molecular chains of PSA 
affected by the interaction between the chains and nanoparticles, which 
is consistent with temperature ramp result in DMA indicating the in
crease of cohesion by polydopamine coating. And the tack showed the 
typical trade-off relationship with the mechanical properties. 

The results of lap shear strength showed an opposite trend to the 
probe tack and peel strength, as represented in Table 3 and Fig. 8(b). The 
neat PSA film had 0.390 MPa of lap shear strength, and it increased to 
0.521 MPa (36.1% increment) with the reinforcement of the 3 wt% of 
silica nanoparticles. The lap shear strength of the adhesive is a function 
of the ability to distribute or diminish the shear force and adhesive 
strength [33]. In the tests for the mechanical properties, we postulated 
that the silica nanoparticles acted as a stress transfer agent. Likewise, the 

Fig. 8. Graphs for the average values of the (a) mechanical properties and (b) 
tack and lap shear strength (c) initial and 24 h- 180◦ peel strength of the 
nanocomposite PSA films. 
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reinforced nanoparticles could distribute the applied shear force; hence, 
the lap shear strength was increased. With polydopamine coating, the 
shear strength was further increased to 0.613 MPa (57.2% increment), 
and this improvement was also caused by the enhanced stress transfer by 
the polydopamine layer. 

In the case of 180◦ peel strength indicated in Table 3 and Fig. 8(c), 
we measured the initial peel and 24 h-peel strengths. The initial peel 
strength showed a similar trend with the probe tack. The neat PSA film 
had an initial peel strength of 2.236 kgf/25 mm. With the addition of the 
3 wt% silica nanoparticles, the initial peel slightly decreased to 2.164 
kgf/25 mm (3.2% decrement). Furthermore, the 3 wt% polydopamine- 
coated nanoparticles had an even further decrease of 2.111 kgf/25 
mm (5.9% decrement). In contrast, the 24 h-peel showed an opposite 
trend. The neat PSA film had a 24 h-peel strength of 2.257 kgf/25 mm. 
With the addition of the 3 wt% of silica nanoparticles, the 24-h peel 
slightly increased to 2.392 kgf/25 mm (6.0% increment). Moreover, 
with 3 wt% polydopamine-coated nanoparticles had a more increase of 
2.429 kgf/25 mm (7.6% increment). These opposite results can be 
explained by an influence of time dependent tack and peel forces. The 
peel strength is combined result of the tack and shear forces, which 
forces exert differently according to the detail geometry of adhesive 
interfaces. As schematically shown in Fig. 9(a), the 30 min of dwell time 
for the initial peel test are not sufficient to fill the microstructure of the 
adherend by diffusion of PSA molecular chains. Then, the tack is more 
dominant than shear force during the peeling process because the con
tact surface is limited to only the top substrate area. Therefore, the re
sults of the initial peel strength followed the trend of probe-tack in 
which the neat PSA film had the largest value of tack. On the other hand, 
the 24 h of dwell time are sufficient to fill the microstructure of the 
adherend as described in Fig. 9(b). Then the shear is more dominant 
than tack force because the whole area is in contact with the PSA film. As 
a result, the 24 h-peel strength had the same trend with shear strength in 
which the PSA film reinforced with 3 wt% polydopamine coated nano
particles had the largest shear strength. 

We confirmed that our prediction of mechanical and adhesive 
properties was consistent with final experimental results through the 
measurements of physical properties. 

4. Conclusion 

In this study, we investigated the effect of silica nanoparticles coated 
with polydopamine for the reinforcement of thin-film PSAs in over
coming the trade-off relationship between the mechanical and adhesive 
properties. We covered polydopamine on the surface of silica nano
particles to fabricate the PSA nanocomposite film. Full characterizations 
were performed to confirm the functionalization of polydopamine on 
the nanoparticle surface. In doing so, it was confirmed that the 

polydopamine layer enhanced dispersion and interface interaction be
tween the nanoparticles and molecular chains of PSA. Besides, it was 
possible to predict the relative superiority concerning the physical 
properties of each PSA film by observing their viscoelastic behaviors, 
which were confirmed later by the test results of physical properties. 

A considerable increase in the mechanical properties of the PSA film 
by approximately 180% was obtained, while the loss of initial peel 
strength was minimized by about 6% through the utilization of the 
polydopamine-coated silica nanoparticles. Further, we could overcome 
the trade-off relationship between mechanical and adhesive properties 
by enhancing 24 h-peel strengths. Therefore, the usefulness of poly
dopamine coating as a reinforcing method for thin-film PSA is verified. 
These results are promising for future research to lessen the effects of the 
trade-off relationship between mechanical and adhesive properties in 
PSA films. 
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