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TPU-assisted adhesive PDMS film for dry or
underwater environments
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Abstract
Adhesive polymer films with anisotropic properties on either side have attracted tremendous interest for biomedical
and engineering applications. However, developing an innovative solution that provides effective adhesion under
both dry and wet conditions remains a considerable challenge. In this study, we devised a novel process for creating
adhesive films by casting polydimethylsiloxane (PDMS) onto a thermoplastic polyurethane (TPU) substrate. During the
curing process, the PDMS layer in contact with the TPU was lightly cross-linked, which significantly increased adhesion.
The catalytic reaction used for polymerization was regulated by the TPU, which is known to adsorb metal ions. This
adhesive PDMS film (APF) demonstrated outstanding adhesion on various substrates under dry and underwater
conditions and maintained adhesion even after repeated use. In practical applications, the APF proved to be an
effective waterproof patch by adhering to the surfaces of objects submerged in water.

Introduction
Numerous unique adhesion phenomena occur in nat-

ure, such as in gecko foot hairs1, mussels2, and the suction
cups of octopi3,4, which have inspired the design of many
adhesives with strong and reusable adhesion. Among
these, reusable adhesives that can be used in both dry and
underwater environments have attracted significant
attention owing to their high demand in daily life and
industrial applications5 as epidermal adhesives6, under-
water sensors7, and water leak repairs8. To enhance their
usabilities, the adhesives must possess sufficient
mechanical properties and exhibit strong adhesion to
various substrates. Among the diverse adhesives, tape
adhesives9,10, which provide direct adhesion of substrates,
offer better reusability than glue adhesives11. However,
tape adhesives with multilayer structures that combine
rigid carriers and soft adhesives often exhibit poor
mechanical properties and poor interfacial adhesion

between different materials12,13. Therefore, it is impera-
tive to develop robust tape adhesives that can be reused
multiple times.
Polydimethylsiloxane (PDMS) is commonly used as a

stretchable substrate and waterproof packaging material
because of its transparency14, hydrophobicity15, and flex-
ibility16,17. Owing to these useful characteristics, efforts
have been made to utilize PDMS as an adhesive by
enhancing adhesion through manipulation of the cross-
linking networks18,19. The cross-linking network affects
the stiffness and surface adhesion of a material20. Notably,
the networks in PDMS can be controlled by modifying the
amount of curing agent, adjusting the thermal curing
conditions, or adding chemicals21,22. Additionally,
hydrosilylation of PDMS can be interrupted by inhibi-
tors23 when the prepolymer is mixed with oligomers16,
surfactants24, or amine-based materials25. However, fully
cross-linked PDMS exhibits good stiffness but poor sur-
face adhesion, whereas PDMS with lightly cross-linked
chains exhibits good adhesion but reduced mechanical
strength9. Therefore, an adhesive PDMS that exhibits
both excellent mechanical properties and high adhesion
remains a key requirement for applications in numerous
fields.
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Herein, we report adhesive PDMS films (APF) with
different adhesion strengths obtained by simply tuning
the PDMS chains on the surface during curing. The side
of the PDMS in contact with thermoplastic polyurethane
(TPU) during the curing process was lightly cross-linked
and exhibited a higher adhesion strength. In contrast, the
other side of the cured PDMS film normally had highly
cross-linked chains and a higher modulus. The APF, a soft
wet-adhesive film, uniformly adhered to various sub-
strates with rough and flat structures while being
deformed along their surfaces. Owing to these char-
acteristics, the proposed adhesive is suitable for use in
waterproof patches, wearable sensors, and grippers for
underwater applications. Furthermore, the APF, which
has a simple production method, is amenable to large-
scale manufacturing and can be applied in various
industrial environments.

Experimental procedure
Materials
The PDMS-based elastomer Sylgard 184 (Dow Corning,

United States), which consists of a silicone base and a
curing agent, was used. The TPU film was purchased from
Jinheung Industry (South Korea) and was made from
polymeric glycol and polyisocyanate. In addition, a plati-
num (Pt) catalyst solution (with a platinum(0)-1,3-diethe-
nyl-1,1,3,3-tetramethyldisiloxane complex) was purchased
from Sigma‒Aldrich.

Preparation of adhesive PDMS
In our approach, the only modification relative to con-

ventional PDMS processing was the use of TPU as a
substrate for curing the PDMS. The TPU substrate was
cleaned with isopropyl alcohol (IPA) for degreasing and
dust removal. Subsequently, the substrate was washed
with deionized (DI) water and dried using an air dryer.
The PDMS precursor was prepared by mixing the base
PDMS and curing agent at a ratio of 10:1. The precursor
was then degassed under vacuum for half an hour and
poured onto the substrate. The curing conditions were 6 h
at 40 °C, 4 h at 60 °C, and 2 h at 80 °C. The films produced
at curing temperatures of 40 °C, 60 °C, and 80 °C were
denoted as 40APF, 60APF, and 80APF, respectively. A
thick acrylic plate cut into the desired design was used to
control the thicknesses and shapes of the samples. The
designed acrylic plate was stacked on top of the TPU film
and secured with screws to serve as a mold.

Preparation of normal PDMS
A normal PDMS film (NPF) was prepared using the

same process used for the APF. The only difference in the
process was the substrate used for curing the PDMS
precursor. For the NPF, an acrylic material was utilized as
the substrate in the curing process instead of a TPU film.

Furthermore, the films produced at curing temperatures
of 40 °C, 60 °C, and 80 °C were denoted as 40NPF, 60NPF,
and 80NPF, respectively.

Mechanical properties
Tensile tests were conducted using a tensile and com-

pressive testing machine (MCT-2150, A&D Co.). The
samples had thicknesses of 4.5 mm and widths of 10 mm,
and the gauge lengths of the bulk PDMS were 40mm. The
tensile speed was maintained at 100mm/min, and
Young’s modulus was obtained from the linear-range
slope of the stress–strain curves at 20% strain. At least
three tests were conducted for each sample type.

Adhesion tests
Normal adhesion tests were conducted through a tack

test using a tensile and compressive testing machine26.
The samples had areas of 2 cm × 2 cm and thicknesses of
5 mm. A custom-made probe head was prepared for each
sample. The samples were firmly attached to the probe
head of the testing machine, which had the same area as
the sample. Due to the nonadhesive nature of the opposite
side of the sample, the side of the sample to be attached to
the head was treated with an oxygen plasma and then
semipermanently fixed to the head with superglue. The
conditions for the normal adhesion tests included testing
speeds of 20 mm/min to 40 mm/min and preloads of 5 N
to 20 N. The adhesive properties of the PDMS films under
dry conditions were evaluated with various substrates,
including aluminum (Al), glass, Si wafers, polylactic acid
(PLA), polyethylene terephthalate (PET), and TPU. The
adhesion properties with varying surface roughnesses
were tested with an acrylonitrile butadiene styrene (ABS)
substrate manufactured using a fused filament fabrication
three-dimensional (3D) printer. The underwater adhesion
properties of the adhesive PDMS films were evaluated on
different substrates, including Al, Si wafers, and PLA. All
substrates used in the tests were cleaned with IPA, washed
with DI water, and dried. Cyclic tests were conducted
under both dry and underwater conditions with a load of
5 N for 20 cycles at a test speed of 20 mm/min. In the
preloading test, the load range was varied from 1N to
50 N, and the test speed was maintained at 20 mm/min.
Creep tests were conducted under both dry and under-
water conditions by attaching a 200 g weight to the APF
with a 20 N load for 5 s and then measuring the hanging
time. A minimum of three tests were conducted with each
adhesion test condition to ensure reliable results.

Material characterization
Raman spectra in the range 50–3400 cm−1 were

obtained with a laser wavelength of 532 nm and a micro-
Raman spectrometer (DXR-3xi, Thermo Fisher Scientific)
installed at the Hanyang LINC3.0 Analytical Equipment
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Center (Seoul). The measurement parameters included a
laser power of 10 mW, an exposure time of 0.02 s, and
1000 scans. For Raman mapping, the same spectrometer
was used with specific settings: a laser power of 10 mW,
exposure time of 0.083 s, image pixel size of 2 µm, 5 scans,
and an image size of 100 µm × 500 µm.
To quantitatively determine the concentrations of Pt

atoms, inductively coupled plasma‒mass spectrometry
(ICP-MS, Agilent 7700 Series ICP-MS, Agilent Technol-
ogies) was used with a quadrupole and dual-mode discrete
dynode electron multiplier. The sample used in the ana-
lysis was diluted 200 times by adding deionized water (DI
water) as a background solution, and the concentration
was calculated as follows:

Concentration ¼ measured value� background valueð Þ
´ dilution factor

ð1Þ

Contact angles
Contact angle (CA) measurements were performed on a

CA goniometer (Phoenix-MT(A) Surface Electro Optics,
Korea) with image analysis software (Image-Pro 300).
Water droplets with volumes of 7.32 µl were employed for
the measurements. The CAs were evaluated on PET, Si
wafers, glass, Al, 3D-printed PLA, and TPU substrates.
Additionally, the CA of the PDMS surface was also
measured. Screenshots were captured immediately after
the water droplet was placed, and at least three positions
on each surface were tested. The obtained data were
averaged and reported with standard derivations.

Morphological analyses
To evaluate the surface roughness of the substrate, an

alpha-step profilometer (Dektak-XT, Bruker) was used.
Furthermore, scanning electron microscopy (SEM;

Quattro ESEM, Thermo Scientific) was used to identify
the bonded areas in the bulk PDMS.

Results and discussion
Design and characterization of the adhesive films
Figure 1a shows a schematic of an APF fabricated on a

TPU separated from a substrate. The APF was simply
fabricated by curing a conventional PDMS precursor on a
TPU substrate. The PDMS precursor was prepared by
mixing the base and curing agent. The base PDMS con-
tained double-ended vinyl PDMS and a Pt catalyst27,28,
while the curing agent consisted of many Si-H bonds and
may also contain other oligomers29,30. During the curing
process, the vinyl PDMS in the base and the Si-H bonds in
the curing agent formed a highly cross-linked network
through hydrosilylation catalyzed by the Pt catalyst (Fig.
1c). The cured PDMS is contained three types of polymer
networks: free chains, dangling chains, and cross-linked
chains31. The free chains were unbound and mobile in the
polymer network, the dangling chains were connected at
only one end with a deformable other end, and the cross-
linked chains were connected at both ends and strongly
fixed in the network. Notably, the anisotropic distribution
of the polymer chains led to varying mechanical and
adhesive properties of the APF (Fig. 1b). The loosely
cross-linked network, which was rich in free and dangling
chains, exhibited excellent stickiness and softness despite
its low elastic modulus. To characterize the mechanical
properties affecting adhesion, tensile tests of both NPF
and APF were conducted using a tensile testing machine
(Fig. S1a).
Figure 2a shows the stress–strain curves for specimens

40NPF, 40APF, 60NPF, 60APF, 80NPF, and 80APF. As the
curing temperature increased, the Young’s modulus of
bulk PDMS increased linearly22. In comparing the moduli
of NPF and APF, Young’s moduli of 60APF and 80APF

Fig. 1 Design of a TPU-assisted adhesive PDMS film. a Conceptual illustration of the APF cured on TPU. b Anisotropic cross-linked network of APF
with free and dangling chains concentrated on the surface. c Chemical structure of the PDMS polymer.
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were approximately 16% lower than that of NPF (Table
S1). This may be due to the soft adhesive gel on one side of
the APF surface. The normal adhesion test, illustrated in
Fig. S1b, was conducted as a tack test. The testing process
for the PDMS film samples is detailed in Fig. 2b and Fig.
S2. Positive values indicated a tensile adhesion strength,
whereas negative values indicated a compressive preload-
ing strength. The maximum adhesion strength was defined
as the maximum force divided by the contact area, which
was measured when the film detached from the surface
after applying a preload. The maximum adhesion
strengths of the films are shown in Fig. 2c. For each sample
with different curing temperatures, as the curing tem-
perature decreased, the modulus also decreased, making it
easier to deform under the same applied force. When the
sample deformed to match the surface topology of the
substrate, the contact area increased, potentially increasing
the adhesion strength. Consequently, the adhesive
strengths of the NPFs increased in the order 80NPF,
60NPF, and 40NPF based on the change in modulus. In
considering the adhesive properties of APF, we considered
the influence of the bulk PDMS modulus and the unique
properties of the soft adhesive gel. The surface adhesion of
APF was higher overall than that of NPF due to the
adhesive gel formed on the surface of APF. The 60APF
exhibited an excellent adhesion strength of 47 kPa, which
was approximately 13.6 times greater than that of 60NPF.
Similarly, 80APF demonstrated a greater adhesion
strength (38 kPa) than 80NPF. However, 40APF exhibited
a relatively low adhesion strength due to its low intrinsic
modulus and weak properties, so it was unable to provide
strong adhesion on the surface.

Raman spectra of the PDMS films and raw materials
To examine the source of APF adhesion, we used

Raman spectroscopy to analyze the network changes in
PDMS induced by TPU. Figure S3a shows a comparison

of the Raman spectra of the NPF and APF specimens
cured at 60 °C. Overall, the peaks and intensities of the
films were approximately similar. However, compared
with that of APF, the Raman band at 1600 cm−1 for NPF
was weaker, indicating the presence of C=C bonds in the
vinyl groups32,33. This variation arose from consumption
of the vinyl groups during the cross-linking reaction,
which led to a decrease in the peak intensity32. Hence, the
results suggested that the surface of the APF was not fully
cross-linked, indicating that it contained many lightly
cross-linked networks, such as dangling and free chains
(Fig. 1b). To characterize the depth of the lightly cross-
linked layer, spatial variations in the vinyl groups (C=C
bonds) in the cross-section of the APF were determined
with Raman spectral mapping. As shown in Fig. S3b, the
intensity of the peak increaseed as the position approa-
ched the surface. The peak intensity up to a depth of
approximately 300 µm was greater than that of the NPF,
indicating that the adhesive layer existed at that depth. In
addition, reduced cross-linking of the APF may be due to
a shortage of the Pt catalyst. To confirm this, the effect of
the adhesive gel on the APF surface was investigated. The
Raman spectra of the condensed gel were compared with
those of the base PDMS and curing agent (Fig. S3c). The
bands of the gel and base PDMS yielded very similar
spectra; a slight difference was observed in the 2160 cm−1

peak, which was attributed to the formation of Si-H
bonds34. This implied that the gel was simply a mixture of
the base PDMS and the curing agent rather than due to
the introduction of any other substances.
Interestingly, when the PDMS was cured in direct

contact with the TPU, the Pt atoms in the PDMS
migrated and adhered to the surface of the TPU. The
donor atoms in the functional groups of TPU adsorbed
the heavy metals, M(II), through coordinate bonds35.
Therefore, the Raman peak at 1539 cm−1 in the spectrum
of the TPU film was attributed to N‒H bonds, which

Fig. 2 Comparison of mechanical characteristics of APF and NPF. a Mechanical properties of the APF and NPF specimens produced at curing
temperatures of 40 °C, 60 °C, and 80 °C. b Adhesion strength on the PLA substrate versus displacement for 60APF. c Maximum adhesion strengths of
the APF and NPF specimens.
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served as binding sites for the Pt atoms present in the base
PDMS33,36 (Fig. S4). Pt adsorption by the TPU film was
also demonstrated through ICP‒MS analysis. The Pt
atoms in the TPU film before PDMS casting were below
the detection limit. In contrast, Pt atoms were detected in
the TPU film used as the substrate for PDMS casting and
cleaned with DI water and IPA, as shown in Table S2.
Consequently, the Pt atoms detected in the TPU film were
transferred from the PDMS.
To clarify the influence of the Pt catalyst, double

PDMS was fabricated, in which the precursor was suc-
cessively added to APF and NPF. Figure 3 shows optical
and SEM images of the double PDMS. The initially
fabricated PDMS (APF or NPF) is depicted in blue, and
the subsequently added PDMS is depicted in yellow (Fig.
S5a). The ‘A’ region, which is the APF (shown in blue in
the optical image), and the subsequently added PDMS
(‘B’ region) formed a partially bonded interface due to
the lack of a Pt catalyst (Fig. 3a). In contrast, the ‘A’
region, which was NPF, and the other ‘B’ region were
completely bonded to each other after curing (Fig. 3b).
Finally, the Pt catalyst was directly added to the con-
densed gel to complement the PDMS curing inhibition
mechanism. As shown in Fig. S5b, the gel was com-
pletely cured after mixing, confirming that Pt depletion
caused by TPU was an inhibiting factor. Subsequently,
the adhesive properties of the PDMS were measured as a
function of the Pt catalyst content. The samples were
prepared by adding varying amounts of Pt catalyst to the
PDMS precursor and then curing on acrylic substrates.
Comparing the addition of 10 µl and 20 µl of the Pt
catalyst to NPF, the adhesion strength was lower in the
sample with the Pt catalyst added (Fig. S5c). This
showed that the Pt catalyst content affected the adhesive
properties of PDMS.

Dry adhesion strength of the adhesive film
The adhesive properties in dry environments were

characterized under various conditions, as shown in Fig. 4.
For qualitative characterization, additional investigations
were conducted using samples fabricated at a curing
temperature of 60 °C for 4 h. To determine the adhesive
properties under dry conditions, the maximum adhesion
strengths of APF and NPF for each type of substrate were
measured using a normal adhesion test, as shown in Fig.
4a37,38. The test setup is illustrated in Fig. S1b. Notably,
the adhesive strength of APF was greater than that of NPF
for all substrates. APF exhibited the strongest adhesion
(34.8 kPa) to the PET surface, followed by the Si wafer,
glass, Al, PLA, and TPU. Moreover, it is noteworthy that
the APF demonstrated remarkably higher adhesion
strengths on substrates with rough surfaces, such as 3D-
printed PLA, for which the adhesion strength was
approximately 7.71 times greater than that of NPF. The
lightly cross-linked side with many dangling and free
chains was more deformable, allowing the APF to better
adhere to rough surfaces and creating stronger adhesion
by increasing the contact area9. Subsequently, the adhe-
sion strength was measured as a function of the surface
roughness of the substrate39,40. To regulate the surface
roughness, four types of substrates with different patterns
were fabricated using 3D printing technology with ABS
filaments. As shown in Fig. S6, the differences in the
shapes of the surface patterns of the four substrates were
measured using an alpha step profilometer. Figure 4b
shows a comparison of the maximum adhesion strength
with respect to the surface roughnesses. Furthermore, the
tests were performed with a small preloading force of 5 N
and a large preloading force of 50 N. The adhesion
strength increased as the size of the surface pattern on the
substrate decreased from 400 µm to 200 µm, because the

Fig. 3 Differences in cross-linking reactions at the interface of double PDMS. Optical and SEM images of double PDMS and schematic
illustration of the cross-linked network; (a) ‘A’ region, which is the APF (shown in blue in the optical image), and subsequently added PDMS (‘B’
region); (b) ‘A’ region, which is the NPF (shown in blue in the optical image), and the subsequently added PDMS (‘B’ region).
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contact area of the APF attached to the substrate
increased. In addition, as the preloading force increased
from 5 N to 50 N, the adhesion strength of the substrate
with a surface pattern increased, whereas the substrate
without a surface pattern showed similar adhesion
strengths in both cases. This is because in the case of
substrates without surface patterns, the contact areas over
which APF adhered to the substrate did not change even if
the preloading force was increased. However, for sub-
strates with surface patterns, when the preloading force
was increased, the contact area at which the APF adhered
to the substrate increased, as shown in Fig. S7. Addi-
tionally, Fig. S8a shows optical images of APFs adhered to
various substrates, including PET, Si wafers, glass, Al,
PLA, and TPU, under dry conditions. In addition, the
results confirm that 1 kg and 2 kg weights were adhered
and lifted with the APF (Fig. S8b). These results demon-
strated excellent APF adhesion to various substrates
under dry conditions.
To determine the adhesive properties of APF under

various preloads, the maximum adhesion strength was
obtained by gradually increasing the preloading force (1 N
to 50 N) used to attach the APF to the PLA substrate. As
shown in Fig. 4c, as the preloading force increased, the
adhesion strength generated by peeling off the APF
attached to the substrate increased. This was because

when the preloading force increased, the adhesive gel of
the APF deformed along the shape of the substrate sur-
face, resulting in better adhesion. Figure S7 illustrates that
as the preloading force increased, the APF underwent
more pronounced deformation along the shape of the
substrate surface, resulting in an increased contact area.
To examine the reusability of the APF under dry condi-
tions, cyclic tests were performed in which the APF was
attached and detached 20 times from the PLA substrate,
as shown in Fig. 4d. Here, positive values indicated the
adhesion strength, whereas negative values indicated the
preloading strength. The results showed that similar
adhesion strengths were maintained during the cyclic
tests, thereby confirming that APF was reused without a
loss in adhesive strength. Furthermore, when a 200 g
weight was attached to the APF for creep tests, it lasted
359 ± 28 s. The cycling tests and creep tests demonstrated
reversible adhesion of the APF under dry conditions.

Underwater adhesion performance of the adhesive film
(influence of surface wettability)
Prior to characterizing underwater adhesion by APF, the

effects of the surface wettabilities of various substrates on
wet adhesion were investigated. As shown in Fig. 5a and
Fig. S9, CAs were obtained for substrates comprising
different materials. Among these substrates, the Si wafer,

Fig. 4 Adhesion of the PDMS film in a dry environment. a Adhesion strengths of the APF and NPF specimens on various substrates including PET,
wafers, glass, Al, PLA, and TPU. b Adhesion strengths of the APF on substrates with different surface patterns depending on the preloading force.
c Effect of the preloading force on the adhesion strength of the APF. d Cyclic adhesion test of the APF specimen.
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Al, and PLA substrates were selected as representative
substrates for adhesion tests under wet conditions, and
their CAs were 48.3°, 99.3°, and 103.8°, respectively.
Thereafter, normal wet adhesion tests were conducted
using an experimental setup similar to that used under
dry conditions. An underwater environment was created
by filling a transparent acrylic box with water and
installing the desired substrates (Fig. S1c). Compared with
the NPF, the APF demonstrated significantly stronger
underwater adhesion on various substrates, as shown in
Fig. 5b. APF exhibited underwater adhesion strengths of
12.0 kPa, 14.7 kPa, and 15.6 kPa on Si wafers, Al, and PLA
substrates, respectively. In contrast, the NPF yielded
underwater adhesion strengths of only 2.2 kPa, 0.8 kPa,
and 0.9 kPa on the same substrates. This occurred
because more dangling and free chains on the lightly
cross-linked side of the APF increased the van der Waals
force and allowed the APF to make contact more easily
and adhere to the substrates18. Additionally, the APF
adhered well to various substrates, including PET, Si
wafers, glass, Al, PLA, and TPU, under water, as shown in
Fig. S8c. Figure 5c shows a comparison of the adhesive
strengths of the APFs in normal adhesion tests conducted
under dry and wet conditions. In the case of an Al sub-
strate with a comparatively large CA, the surface energy
was lower than that of a Si wafer41,42. Materials with lower

surface energies exhibited resistance to adhesion due to
poor wetting and chemical inertness43. Therefore, under
dry conditions, adhesion of the APF on the Si wafer
substrate was stronger than that on the Al substrate.
However, a different trend was observed in wet environ-
ments. For the Al substrate, the adhesion strength in
water was slightly lower than that for dry conditions, but
excellent adhesion was still obtained. As shown in Fig.
S9b, PDMS exhibited a CA of 108°, indicating its hydro-
phobicity. As the APF approached the Al substrate
underwater, both the APF and the Al substrate exhibited
hydrophobic properties, effectively repelling water at the
interface. Subsequently, the high adhesion strength seen
for the APF and the Al substrate was attributed to the
lightly cross-linked side of the APF with many dangling
and free chains. The increased mobilities of the chains
facilitated easy and conformal contact between the APF
and the substrate, thereby strengthening the van der
Waals forces18. Therefore, compared to the dry environ-
ment, there was a minimal decrease in adhesion strength.
In contrast, the adhesion strengths on the Si wafer sub-
strate differed by more than 2.43 times for the dry and wet
conditions. In this case, APF exhibited hydrophobic
characteristics, while the Si wafer substrate was hydro-
philic. As a result, compared to the Al substrate, the APF
was unable to repel water at the interface with the Si wafer

Fig. 5 Underwater adhesion of the APF specimen. a Water contact angles of different substrates including wafer, Al, and PLA. b Underwater
adhesion strengths of the APF and NPF on different substrates. c Comparison of the adhesion strengths of the APF on different substrates under dry
and underwater conditions. d Cyclic adhesion tests of the APF specimen under underwater conditions.
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substrate, ultimately leading to a substantial decrease in
underwater adhesion strength9,44. An analysis of the
results based on the CAs indicated that the difference in
the adhesion strengths measured under dry and under-
water conditions increased as the CA of the substrate
decreased. Consequently, in underwater environments,
the strength of APF adhesion on the Si wafer substrate
was significantly lower than that on the Al substrate. This
led to the conclusion that the underwater strength of APF
adhesion on the Si wafer substrate was lower than that on
the Al substrate, contrary to the trend observed under dry
conditions. These results indicated that the hydro-
phobicity of the substrate was a critical factor influencing
the underwater adhesive strength. To demonstrate reu-
sability under wet conditions, cyclic tests were conducted
for a total of 20 cycles, as shown in Fig. 5d. The results
indicated that even with repeated use of water, the
adhesion strengths remained stable, and no degradation
occurred. In creep tests performed under water, the APF
lasted for 414.7 ± 10.5 s with a 200 g weight attached,
indicating that it is suitable for underwater reuse. In
conclusion, the APF is a hybrid adhesive film that
exhibited excellent adhesion in both dry and underwater
environments. This opens up promising possibilities for
practical application.

Adhesive films for waterproof patches
To validate the applicability of the proposed APF, water-

proofing tests were conducted in water on both a flat sub-
strate and an unevenly gloved hand, as shown in Fig. 6. As
shown in Fig. 6a, two pieces of cobalt chloride paper were
attached to the PLA substrate, and the NPF and APF were
applied to the top. The waterproofing performance of each
PDMS film was assessed by observing the color change of the
cobalt chloride paper. When the substrate was placed in a
water chamber and shaken several times, the cobalt chloride
paper with the NPF turned red, whereas the cobalt chloride
paper with the APF remained blue, indicating no moisture
penetration. Figure 6b shows additional adhesion tests per-
formed under more challenging conditions, in which the film
was attached to a silicone glove and the hand was moved.
The NPF and APF were tested sequentially through repeated
clenching and unclenching of the hand inside the water
chamber while monitoring the color of the cobalt chloride
paper. Similar to the results shown in Fig. 6a, the drag force
with water caused the edges of the NPF to separate from the
glove, allowing water to seep in and turn the cobalt chloride
paper red. However, when the APF was adhered to the sili-
con glove, it maintained adhesion even with repeated hand
movements, preventing water from permeating the APF
and allowing the cobalt chloride paper to remain blue.

Fig. 6 Application of the APF specimen as a waterproof patch. a Comparison of the waterproofing performance of the APF and NPF specimens
on the PLA substrate, and (b) on a hand wearing a silicone glove. c Performance of the APF in preventing water leakage.
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Furthermore, as shown in Fig. 6c, the APF was also used to
prevent water leakage from a hole in an acrylic box. When
the APF was initially adhered to the hole, the water did not
leak and remained stable. However, once the APF was peeled
off, water started to leak from the hole. Reattaching the APF
to the hole stopped the water leakage and restored the stable
state. These results demonstrated excellent adhesion of the
APF under water, highlighting its potential for use as a
waterproof patch and water-leakage sealing tape.

Conclusion
In summary, we developed a novel adhesive PDMS film

by casting PDMS on a TPU substrate. The side of the
PDMS in contact with the TPU during the curing process
was lightly cross-linked and exhibited a substantial increase
in adhesion strength. The adhesive properties were analyzed
using Raman spectroscopy and ICP-MS. The results
showed that Pt depletion by the TPU inhibited PDMS
curing, forming a lightly cross-linked side with a higher
concentration of dangling and free chains. The obtained
APFs exhibited exceptional adhesion on various substrates
under both dry and underwater conditions. The experi-
mental results confirmed that the APF showed stronger
adhesion, approximately 13.6 times greater than that of the
NPF, on the PLA substrate under dry conditions. Addi-
tionally, the adhesion performance remained stable even
after multiple adhesion cycles, thus demonstrating its reu-
sability. In an underwater environment, the APF showed
excellent adhesion and repeatability on all substrates. As a
practical application, the APF demonstrated its effectiveness
as a waterproof patch by efficiently separating the water
layer from the surface of an object upon attachment.
Because the APF showed excellent adhesion in both dry and
underwater environments, it is expected that the film can be
used in various fields, such as in wearable electronic devices
and health care, by utilizing these advantages.
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Material properties of the samples: Young’s moduli and

adhesion forces. Concentration of Pt atoms in the TPU film.
Experimental setup for tensile and adhesion tests under
both dry and underwater conditions. Adhesion strength
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the condensed gel. Surface profiles of 3D-printed substrates
with different printing resolutions. Contact area of the APF
with the substrate depending on pressure. Optical images of
APF adhering to various substrates. Contact angle on var-
ious substrates and the PDMS surface.
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