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Facile coating of low-molecular-weight
stretchable adhesive films leveraging
carbodiimide-to-urea conversion and gallic acid
for enhanced adhesiont
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and Toshinori Fujie ) *2°

We present a simple method for bonding an elastomer substrate using a stretchable, low-molecular-
weight adhesive. By mixing 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and gallic acid on an
aminated surface, EDC is converted into a urea derivative. This derivative features both hydrogen bond
donor and acceptor functionalities, combined with bio-inspired adhesive gallol groups, which
collectively enhance adhesiveness through extensive hydrogen bonding. Importantly, the adhesive
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1. Introduction

Adhesives play a vital role in the robust attachment of biome-
dical devices to biological tissues or living bodies. Numerous
stretchable devices have been reported for biosensing’® and
therapeutic applications.”™™ In most cases, these devices
require an adhesive for long-term use on the target tissue.
Potential adhesive materials for stretchable substrates are
either polymeric materials (e.g. polydopamine,'"'* graphene
oxide-based bioadhesives,” polyethylene glycol-lactide acid dia-
crylate hydrogels,® and gallol-functionalized hydrogels'*™°) or
low-molecular-weight materials (e.g. ionic liquids'® and supra-
molecular materials'”'®). Although polymeric adhesives have
strong adhesive performance due to abundant covalent and
cross-linked structures,”® these curable adhesives require care-
ful surface treatment and have a risk of impairing the flexibility
or stretchability of the elastomer substrates. In contrast, the
adhesiveness of low-molecular-weight adhesives (LMWAs) can
be tuned based on their various in situ non-covalent interac-
tions, and they have larger absolute adhesion areas owing to a
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preserves the stretchability of the elastomer.

higher degree of freedom for molecular diffusion.'® Although
LMWaAs are strongly adhesive, most are also highly viscous.'®™®
This high viscosity of LMWAs may impair the stretchability of
the substrate. Therefore, further optimization of non-covalent
bonds of LMWAs is necessary to balance adhesiveness with the
stretchability of elastomeric substrates.

To ensure the stretchability of LMWAs, we aimed to increase
the formation of additional non-covalent bonds from the pre-
cursor solution by applying the conversion of carbodiimide to
urea derivatives. Liang et al. created an adhesive that used urea
derivatives as hydrogen bond donors for efficient adhesion.*
Urea derivatives are often produced as by-products from carbo-
diimides such as 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDC) during amide bond formation. EDC has also tertiary amino
hydrochloride groups that can be used as hydrogen bond
acceptors.”® Therefore, in the present study, we used EDC as an
adhesive precursor solution. In addition to exploiting this conver-
sion from carbodiimide to urea derivatives, we introduced bio-
inspired adhesive-functional gallol groups as auxiliary hydrogen
bond donors.’>*' They were used to supplement the hydrogen
bonds from urea and amino groups for stronger adhesiveness.*

Herein, we report a facile method for coating a low-mole-
cular-weight stretchable adhesive on an aminated substrate of
polydimethylsiloxane (PDMS), one of the versatile elastomers
(Fig. 1a). EDC and gallic acid (GA) are mixed on the surface of
PDMS so that the EDC is converted to 1-ethyl-3-(3-dimethyl-
aminopropyljurea (EDU) for the formation of an adhesive layer
with numerous hydrogen bond acceptors and donors from gallol,
urea, and amino groups (Fig. 1b and c). The simultaneous
modification of the surface of the PDMS substrate by gallol
via amino groups produces an adhesive substrate (Fig. 1b).
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Fig. 1 (a) Schematic showing the modification of a PDMS film by casting GA and EDC in ethanol to enhance the adhesiveness of the PDMS film, (b) the

reaction scheme, and (c) accompanying substitution of carbodiimide to urea which can form hydrogen bonds (PDMS = polydimethylsiloxane; GA = gallic

acid; EDC = 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide).

When applied to an aminated PDMS synthesized through
hydrophilization by plasma treatment* followed by a silane
coupling reaction®® (Fig. S1, ESI{), the adhesive enhanced the
adhesiveness of PDMS fabricated by bar-coating. The adhesive
coating does not sacrifice the stretchability of the original
PDMS. The simultaneous adhesiveness and stretchability are
attributed to the energy dissipation and robust cohesion
ensured by hydrogen bonds in the adhesive layer.

2. Materials and methods

2.1. Materials

Polyvinyl alcohol (PVA, My: 13 000-23 000) was purchased from
Kanto Chemical (Tokyo, Japan). Polyethylene terephthalate
(PET, 12 cm width, Lumirrors L-25T60) was purchased from
Toray Industry Inc. (Tokyo, Japan). Ethyl acetate, hexane, super-
dehydrated ethanol (99.5%), dimethyl sulfoxide-ds (DMSO-d,
99.9%, containing 0.05 vol% tetramethylsilane (TMS)), and 1-
ethyl-3-(3-dimethylaminopropyljurea (EDU) were purchased
from FUJIFILM Wako Pure Chemical (Osaka, Japan). Polydi-
methylsiloxane (PDMS, SILPOT 184) was purchased from Dow-
Toray Specialty Materials (Tokyo, Japan). 3-Aminopropyl-
trimethoxysilane (APTMS), gallic acid (GA), 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), and
ethyl gallate (EGA) were purchased from Tokyo Chemical
Industry Co., Ltd (Tokyo, Japan). Scotch tape (243] Plus) was
purchased from 3M Company (MN, USA). The glass substrate
(no. 5 thickness, 30 x 30 mm?) was purchased from Matsunami
Glass (Osaka, Japan). The nylon mesh (HC-15) was purchased
from Sefar Holding AG (Thal, Switzerland). 70% Ethanol
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(alcohol preparations ET-N) was purchased from UENO FOOD
TECHNO INDUSTRY, Ltd (Tokyo, Japan). The bio-skin model
was purchased from Beaulax Co., Ltd (Saitama, Japan).

2.2. Fabrication of the PDMS films

A PET film was coated with a sacrificial layer comprising PVA
solution (7 wt% in water) using a roll-to-roll gravure printing
system (Tabletop Mini-Labo Test Coater, Yasui Seiki Co., Ltd,
Tokyo, Japan) under 30 rpm gravure roll rotation and
1.3 m min~"' line speed with in-line thermal treatment at
80 °C. The PVA film was coated with a PDMS solution (the
ratio of the base to the curing agent was 10:1 (w/w)) (30 and
60 wt% in a mixed solvent of hexane/ethyl acetate = 4:1 (w/w))
using a desktop coater (TC-1, Mitsui Electric Co., Ltd, Tokyo,
Japan) and a wireless bar coater (OSP-100-L60, OSG System
Products Co., Ltd, Aichi, Japan) at a moving speed of 10 mm s~
with a platform at 25 °C to fabricate the 9.4 and 40 pm PDMS
films on PVA. The 133 um thick film was fabricated in a similar
way using a 100 wt% PDMS solution and double-layered scotch
tape to raise the height of the processing bar. The PDMS with
various thicknesses were crosslinked by heating at 100 °C for
1 h. Scotch tape was cut to a square frame with inner dimen-
sions of 20 x 20 mm?” and outer dimensions of 30 x 30 mm?>
using a laser processing machine (VLS2.30DT, Universal Laser
System, Inc., Kanagawa, Japan). Subsequently, the PDMS/PVA
film was peeled off from the PET film using the frame of scotch
tape attached around the side of the PDMS film (20 x 20 mm?).
Finally, the PVA sacrificial layer in the detached PDMS/PVA film
was dissolved in water to obtain the PDMS film.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3. Measurement of the thickness of the PDMS films

The PDMS film was dried on a glass substrate and the film was
scratched to make the glass surface exposed. The thickness of
the film was calculated based on the difference of height
between the film surface and glass surface measured using a
profilometer (Dektak XT-S, Bruker BioSpin, Kanagawa, Japan,
0.1 nm resolution) with a stylus (12.5 um radius).

2.4. Adhesive modification of the PDMS films with GA
and EDC

Each PDMS film was transferred on a nylon mesh and surface-
treated using a plasma cleaner (PDC-001, HARRICK PLASMA,
Ithaca, NY, USA) at 7 W for 10 min to introduce hydroxy groups
onto the PDMS surface.”® Each film was then immersed in an
APTMS solution (10 wt% in methanol) for 30 min. Subsequently,
each PDMS film was washed with methanol and dried. GA
(0.65 mol L") and EDC (1 eq. vs. GA) in super-dehydrated ethanol
were cast on the PDMS film and left for 1 h in a vacuum to obtain
the adhesive PDMS (adhesive layer: 40 pm). We also prepared
adhesive PDMS with a thinner adhesive layer (4.5 or 10 pm) by
using 0.065 or 0.325 mol L™ " GA instead of 0.65 mol L " GA.

2.5. Fourier-transform infrared (FT-IR) spectroscopy analysis

To investigate the surface structure of the modified PDMS film,
the adhesive layer of the adhesive PDMS film was washed with
ethanol to obtain PDMS-GA to expose the modified surface.
Subsequently, the FT-IR spectra of the freestanding films of
pristine PDMS, PDMS-NH,, (after reaction with APTMS), and
PDMS-GA were obtained using a Compact FT-IR Spectrometer
(ALPHA II-P, C295-W/D, Bruker BioSpin, Kanagawa, Japan).

2.6. Electrospray ionization-mass spectrometry (ESI-MS)

Samples were prepared by diluting pure GA, EDC, and the
adhesive layer, which comprised the products from GA and
EDC, by 10° times with methanol. The ESI-MS spectra of the
samples were obtained using an electrospray ionisation time-
of-flight mass spectrometry system (micrOTOF II, Bruker BioS-
pin, Kanagawa, Japan). Positive mode ESI was used for the
measurement of pure GA, EDC and the adhesive layer, and
negative mode ESI was used for the measurement of the
adhesive layer.

2.7. Proton nuclear magnetic resonance (‘H NMR)
spectroscopy

The adhesive layer, which comprised the products from GA and
EDC, was concentrated using a rotary evaporator (N-1100,
Tokyo Rikakikai Co., Ltd, Japan) to remove the ethanol. Ethyl
acetate was added to the products from GA and EDC followed by
water. After stirring thoroughly, the aqueous layer was separated
from the organic layer. The products in the aqueous and organic
layers were concentrated under vacuum, and DMSO-ds was
added to each product to dissolve it. The "H NMR spectrum of
each product was obtained using a nuclear magnetic response
apparatus (Agilent 400-MR spectrometer at 400 MHz, Agilent
Technologies International Japan, Ltd, Japan).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.8. Measurement of the thickness of the adhesive layer

Adhesive PDMS (PDMS: 40 pum) was prepared on a glass
substrate (560 pm). The thickness of the adhesive PDMS and
glass substrate was measured using a digimatic micrometer
(227 Series Adjustable Measurement Force Digimatic Micro-
meters, MISUMI Group Inc., Tokyo, Japan). The thickness of
the adhesive layer was calculated by subtracting the sum of the
thicknesses of the PDMS and the glass substrate (600 pm) from
the value measured using the digimatic micrometer.

2.9. Ultraviolet-visible (UV-Vis) analysis

The UV-Vis spectra of the films of pristine PDMS (40 um) and
adhesive PDMS (PDMS: 40 pm) were obtained using a GENESYS 50
Spectrophotometer (Thermo Fisher Scientific K. K., Tokyo, Japan).

2.10. Tensile tests

Tensile tests were carried out on the films of pristine PDMS
(40 pm) and adhesive PDMS (PDMS: 40 pm) using a tensile
tester (EZ Test EZ-SX, SHIMADZU Co., Ltd) equipped with a
100 N load cell. Each film was stretched at a strain rate of
10 mm min~". The elastic modulus was estimated from the
slope of the stress-strain curve from 2% to 5% of the strain.

2.11. Tack separation tests with a custom jig

The adhesion performances of the films of the pristine PDMS
(40 um) and adhesive PDMS (PDMS: 40 pum, adhesive layer:
40 um) were determined by tack separation tests using a tensile
tester (EZ Test EZ-SX, SHIMADZU Co., Ltd) equipped with a
100 N load cell. Our method is based on a tack separation
test'*>” and we modified this method to measure the adhe-
siveness of the adhesive-modified composite film rather than
just the adhesive. Each film supported by a square frame
(internal area: 20 x 20 mm?®) comprising a polystyrene plate
was attached to the surface of the skin model (10 x 10 X
5 mm?®) wiped with 70% ethanol in advance. After applying a
downward force of 0.1 N to the film against the skin model for
5 s, the force was decreased to 0 N and the film was kept to be
attached to the skin model for 10 min at room temperature. After
10 min, the frame was lifted (5 mm min~") until the film was
detached from the skin model. From the obtained profile of the
separation displacement versus the separation force, the adhesion
energy of the film was calculated using the following equation:

W = J:fds

where W, x, f, and s represent the adhesion energy, the displace-
ment when the film was detached, the force required to lift the
film against the skin model, and the displacement, respectively.
The same tests were conducted by using pristine PDMS (9.4 or
133 pum) and adhesive PDMS (PDMS: 9.4 or 133 um, adhesive
layer: 40 um) and adhesive PDMS (PDMS: 40 pum, adhesive layer:
4.5 or 10 um).

Mater. Adv,, 2025, 6,1513-1519 | 1515
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2.12. Rheology measurements

The viscosity, storage modulus, and loss modulus were mea-
sured at 25 °C using a rheometer (Modular Compact Rheometer
MCR102e, Anton Paar, Graz, Austria) with a laminator with a
diameter of 20 mm and a cone angle of 2°. The flow sweep
measurements (viscosity vs. shear rate) of the adhesive layer,
which was synthesized from GA and EDC in ethanol, pure
EDU, and a mixture of pure EGA and EDU (EGA + EDU), were
conducted at shear rates of 107> to 10* s~ ' at 25 °C. The
temperature sweep measurements (viscosity vs. temperature)
for each sample were conducted in the temperature range 15 to
50 °C at a shear rate of 10 s~ '. The frequency sweep measure-
ment (frequency vs. storage and loss moduli) of the adhesive
layer was conducted in the frequency range from 10" to
10® rad s~ at a shear strain of 1%.

3. Results and discussion

3.1. Structure analysis of modified PDMS films

We investigated the chemical structure of the film surface using
FT-IR spectroscopy. We obtained FT-IR spectra of pristine
PDMS, PDMS-NH, (after reaction with APTMS), and PDMS-GA
(after reaction with GA and EDC, and washing the adhesive
layer with ethanol) to determine the chemical structure of the film
surface. The FT-IR spectra confirmed the introduction of amino
groups by the silane coupling reaction, and subsequently the
introduction of gallol groups by reaction with GA and EDC on
the PDMS film surface were achieved (Fig. S2, ESIt). We attributed
the bands at 3200-3500 and 1570 cm ' to N-H stretching
vibrations and N-H bending vibrations,*® respectively, and
confirmed the successful introduction of amino groups onto the
PDMS films. The bands at 3100-3300 and 1610 cm " were
attributed to the O-H stretching vibrations of gallol groups and
the C=O0 stretching vibrations of amide bonds,"* respectively,
and confirmed the successful introduction of GA on the surfaces
of the PDMS films.

3.2. Structure analysis of the adhesive layer

We investigated the chemical structures of the compounds in
the adhesive layer using ESI-MS and "H NMR spectroscopy.
The thickness and transparency of the adhesive layer were,
respectively, evaluated using a digimatic micrometer and UV-
Vis analysis. The adhesive layers on the films were analyzed by
ESI-MS and 'H NMR spectroscopy to identify the specific
synthesized compounds. The ESI-MS spectra of pure GA, pure
EDC, and the compounds in the adhesive layer dissolved in
methanol were measured (Fig. S3, ESIt). The peak (m/z = 193,
363) in GA solution is, respectively, attributed to GA monomer
and GA dimer, which gained a sodium ion (Fig. S3a, ESIt), and
the peak (m/z = 156) in an EDC solution is attributed to
protonated EDC (Fig. S3b, ESIt). The peak derived from the
cation (m/z = 174) which was observed in positive mode ESI-MS
measurement of the adhesive layer was attributed to the pro-
tonated EDU (Fig. S3c, ESIt), and the peak derived from the
anion (m/z = 197) which was observed in negative mode ESI-MS
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View Article Online

Materials Advances

HiC H aHBC\ .........
CHy € o d bHCELCT
H NS b H Ha TNH
1o o AN HO _C_e teod:
o N CH3CH,0H 07 "“CHs 0)'/:":NH':
HaC Ho H + e f
HO OH Hoo+ : \?Hz a OH ¢ ez \Cle
H,C. .CHj b EGA H,C-,,-CHs
N g N
A h
G EDC éH3 EDU (l:Hg
e
c h
d
Organic layer aeeennes . l b |1
ided eypg f a
Aqueous layer L : J
80 70 6.0 50 40 30 20 1.0 0.0

ppm

Fig. 2 Reaction scheme in the adhesive layer and the results of *H NMR
spectroscopy of the compounds in the adhesive layer after separation by
extraction (*H NMR = proton nuclear magnetic resonance; EGA = ethyl
gallate; EDU = 1-ethyl-3-(3-dimethylaminopropyl)urea).

measurement of the adhesive layer was attributed to EGA,
which lost a proton (Fig. S3d, ESIt). Considering the peaks of
GA and EDC disappeared in the adhesive layer, we demon-
strated GA and EDC are mostly reacted and converted to EDU
and EGA. Next, the compounds in the adhesive layer, ie. the
products from GA and EDC, were separated into aqueous and
organic layers by extraction, and the '"H NMR spectrum of
each compound was obtained. The obtained spectra shown in
Fig. 2 reveal that EGA and EDU were present in the organic
and aqueous layers, respectively. Therefore, the adhesive layer
comprised EGA and EDU, which were synthesized from GA and
EDC in ethanol. In summary, the adhesive PDMS consisted of a
PDMS layer, the surface of which had been modified with gallol,
and an adhesive layer containing EGA and EDU. It was also
shown that the adhesive layer had 40 £ 4.3 pm thickness and the
same level of transparency as the pristine PDMS measured using
a digimatic micrometer and UV-Vis measurement (Fig. S4, ESIT).
Therefore, the modification method would be applicable to
biomedical devices with light-emitting systems.**"

3.3. Mechanical properties of adhesive PDMS

To confirm the stretchability of the adhesive based on abundant
non-covalent bonds, the mechanical properties of the adhesive
PDMS were evaluated by a tensile test. We used a pristine PDMS
film (40 pm) and an adhesive PDMS film (80 pm (PDMS: 40 pm,
adhesive layer: 40 pm)) for the measurement on a tensile tester.
The films were stretched at a strain rate of 10 mm min !, and
their elastic moduli were estimated from their stress-strain
curves. The results are shown in Fig. 3a and the calculated
elastic moduli are shown in Fig. 3b. The elastic modulus of
the adhesive PDMS film (1.01 MPa) was lower than that of the
pristine PDMS film (1.79 MPa). The observed reduction in stress
for the adhesive PDMS compared to the pristine PDMS can be
attributed to accounting for the adhesive layer’s thickness in the
stress calculation, despite both films being subjected to the
same tensile force (Fig. S5, ESIt). This result means the elastic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Results of tensile tests on a PDMS film and an adhesive PDMS

film, and the image of stretching adhesive PDMS. (b) Calculated elastic
moduli and (c) ultimate tensile elongation values of each PDMS film
(PDMS = polydimethylsiloxane).

modulus of the PDMS substrate is dominant over the adhesive
layer. The ultimate tensile elongation of the adhesive PDMS film
(94.0%) was as large as that of the pristine film (82.6%) (Fig. 3c).
Therefore, we conclude that the adhesive modification does not
impair the original mechanical properties of the PDMS film.

3.4. Tack separation test of adhesive PDMS with a custom jig

Next, we conducted a tack separation test with a custom jig on a
skin model to evaluate the adhesiveness of the adhesive-modified
PDMS. First, the skin model (surface area: 10 x 10 mm?®) was
prepared on a plastic plate and pristine PDMS film (40 pm) or an
adhesive PDMS film (PDMS: 40 um, adhesive layer: 40 pm) was
prepared and attached to the skin model for 10 min (Fig. 4a).
Next, the PDMS film supported by a square frame was lifted until
it detached from the skin model, and a profile of the separation
displacement versus the separation force was obtained (Fig. 4b).
The adhesion energy of each sample was obtained by calculating
the integral value of the profile (Fig. 4c). The average adhesion

energy value of the adhesive PDMS film was 27.4 + 3.40 puJ cm ™2,
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Fig. 4 (a) The schematic image of the tack separation test of adhesive
PDMS with a custom jig. (b) Results of the tack separation test and (c)
calculated adhesion energy values of pristine PDMS and adhesive PDMS
(PDMS = polydimethylsiloxane).
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which was 130 times larger than that of pristine PDMS films
((2.11 £ 1.30) x 10" puJ em™2). The order of the adhesion energy
value was comparable to that of the value obtained using a
previous method using polydopamine to enhance the adhesive-
ness of PDMS to chicken muscle' This phenomenon can be
attributed to the energy dissipation of the compounds in the
adhesive layer, which facilitated an increase in the film’s absolute
adhesion area by effectively infiltrating the surface of the adher-
ents. We prepared adhesive PDMS with different thicknesses of
the adhesive layer (4.5 &+ 3.0 and 10 + 3.1 um) by changing the
concentration of the precursor solution of GA and EDC and a tack
separation test of them was conducted (Fig. S6, ESIt). We found
that the adhesion energy of adhesive PDMS increased as the
thickness of the adhesive layer became thicker, and it hit the limit
at the point around 10 pm thickness. This indicates that a thicker
adhesive layer is required for efficient energy dissipation for
strong adhesiveness but a too thick adhesive layer cannot con-
tribute to strong adhesiveness because of cohesive failure.>® We
also prepared adhesive PDMS with different thicknesses of the
PDMS layer (9.4 & 5.0, 40 + 3.8, and 133 + 5.9 um) and confirmed
that our adhesive modification can improve the adhesiveness of
the PDMS films regardless of the thickness and mechanical
properties (Fig. S7, ESIt). The adhesion energy as well as the data
variation of adhesive PDMS (133 pm) was larger because the
peeling behavior was considered inconsistent throughout the
experiment. When using a thicker film, a larger force is required
to pull up and deform the margin of the PDMS film in the phase
before the peak of maximum force® and the adhesion energy was
calculated as a larger value. The increased data variation observed
in the thicker film is attributed to the slight tilt of the adhesive
PDMS film when attached to the skin model. This tilt causes a
heterogeneous distribution of vertical pulling force. Although the
thinner film is more stretchable and can remain attached on the
skin model even if the pulling force is different on both sides of
the tilt, the thicker film cannot remain attached and easily peels
off, resulting in larger data variations due to the tilt of the film.

3.5. Viscoelasticity of the adhesive layer and the mechanism
of adhesiveness

Next, we measured the viscoelasticity of the adhesive layer
(Fig. 5a) using a rheometer to elucidate the mechanism under-
lying the adhesiveness of the film. For example, we sought to
identify the chemical bonds formed by the functional groups
that were required for proper cohesion performance and the
energy dissipation required for a large adhesion area between
the PDMS and the adherents. Adhesive layers comprising EGA
and EDU, pure EDU, and a mixture of pure EGA and EDU (EGA
+ EDU) were prepared on a glass plate by each and investigated
using a rheometer. The flow sweep measurements (viscosity
versus shear rate) and temperature sweep measurements
(viscosity versus temperature) are shown in Fig. 5b and Fig. S8
(ESIY), respectively. It is supposed that the larger decrease in
the viscosity of EDU under an increasing shear rate and
temperature was attributable to the dissociation of hydrogen
bonds.'®?" However, it is suggested that the smaller decrease in
the viscosity of the adhesive layer and the EGA + EDU layer
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(c) frequency sweep measurements (frequency vs. storage (G’) and loss (G”) moduli and loss tangent) of the adhesive layer (EDU = 1-ethyl-3-(3-

dimethylaminopropyl)urea; EGA = ethyl gallate).

compared with the EDU layer was due to stronger non-covalent
bonds than hydrogen bonds. These bonds include electrostatic
interactions between the cationic amino groups in the EDU and
the anionic phenol groups in EGA or hydrophobic interactions,
which contributed to the adhesiveness. However, further research
on the relationships between functional groups and adhesiveness
is required. Next, frequency sweep measurements (frequency vs.
storage and loss moduli) revealed that G’ was larger than G” at low
frequencies, but a gel-sol transition occurred at 7.09 rad s, after
which G” exceeded G’ (tand > 1) at higher frequencies (Fig. 5¢).
Together with the adhesion mechanism, these phenomena sug-
gest that the adhesive layer on the PDMS had high cohesive
strength at smaller frequencies and high peel strength at higher
frequencies.®” It is possible that a loss tangent close to 1 facilitated
the proper diffusion of the compounds that contributed to a larger
adhesion area between the skin model and the PDMS, as well as
strong adhesiveness.**** This phenomenon could be attributed to
energy dissipation by weak non-covalent bonds in the adhesive
layer.*® It has been reported that a larger cohesion and a larger G’
are more important factors for stronger adhesiveness than a large
G".*® Therefore, we conclude that the adhesive PDMS had stronger
adhesiveness at lower frequencies and under slow retraction.
Furthermore, the larger G” at higher frequencies meant that the
adhesive layer could be easily detached by fast retraction. There-
fore, it could be described as a pressure-sensitive adhesive. In
short, we found that our adhesive layer applies to elastomer films
in terms of balancing cohesion and molecular diffusion due to
energy dissipation for effective adhesiveness and detachment.

4. Conclusions

In conclusion, we demonstrated a facile method for fabricating
an adhesive layer comprising the low-molecular-weight com-
pounds; EGA and EDU for maintaining the original mechanical
properties of PDMS. Our results suggested that abundant
hydrogen bonds as well as many other kinds of non-covalent
bonds among the gallol, urea, and tertiary amino groups
contributed to both energy dissipation and strong cohesion for
effective adhesiveness. To further strengthen the adhesive perfor-
mance, the conjugation of low-molecular-weight compounds to

1518 | Mater. Adv., 2025, 6, 1513-1519

the polymer backbone to improve cohesion for water resistance is
also required. This versatile method could be applied not only to
amine-bearing substrates but to a variety of elastomers to which
amines can be introduced.?” Our method for modifying adhesives
onto elastomer films does not sacrifice stretchability and could be
applied to thicker films, despite thinner films being preferred to
obtain larger adhesiveness."*® This method expands the possi-
bility of the application of many kinds of thin film devices for
electroencephalographic analysis,” electromyographic analysis,’
measuring electrical signals in plants,® and so on. The present
research provides guidelines for the molecular design and mod-
ification of adhesives for biomedical devices and will contribute to
their long-term use.
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