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ARTICLE INFO ABSTRACT

Keywords: The rapid advancement of flexible and wearable devices has increased the demand for substrate materials with
PDMS excellent elasticity, biocompatibility, and transparency. Polydimethylsiloxane (PDMS) is widely used in these
Photocurable siloxane applications due to its advantageous properties. However, its inherently low surface energy limits its adhesion in
high-stretchability contexts. To address this issue, various surface modification techniques have been developed,
but these methods often alter the intrinsic properties of PDMS or introduce complexities in the manufacturing
process. This study proposes elastomers based on ultraviolet (UV)-curable siloxane resins, which retain
outstanding flexibility and transparency while significantly enhancing adhesion properties. UV-curable siloxanes
were synthesized to prepare elastomers that were evaluated for their mechanical, thermal, and surface properties
in comparison with PDMS. Results indicate that the prepared elastomers can be rapidly cured under UV expo-
sure, achieving storage moduli 6 and 37 times higher than those of PDMS at 25 °C and 100 °C, respectively.
Furthermore, thermal conductivity improved by 60 %, and the coefficient of thermal expansion was reduced by
26 %, demonstrating superior mechanical stability across diverse conditions. Adhesion properties were also
markedly enhanced, as shown by peel-test adhesion strength that was 7 times greater than that of conventional
PDMS.

Substrate adhesion
Elastomers
Flexible substrate

1. Introduction extensively used in various scientific and engineering applications
because of its flexibility, excellent stretchability, and ease of fabrication

Recent advances in the electrical and medical industries have driven [12,13]. It is particularly favored for stretchable substrates because of its

increased interest in flexible and wearable devices, with a particular
focus on materials that can serve as substrates for these applications [1,
2]. A material suitable for wearable, flexible, or stretchable applications
must possess key properties such as high flexibility, durability,
biocompatibility, and the ability to maintain functionality under me-
chanical deformation [3-5]. Commonly used materials for these sub-
strates include polyimide (PI) [6], polyethylene terephthalate (PET) [7],
and polydimethylsiloxane (PDMS) [8]. Although PI and PET are exten-
sively used in flexible electronics, their low elasticity limits their use in
applications requiring high stretchability [9,10]. In contrast, PDMS ex-
hibits superior mechanical elasticity, biocompatibility, and trans-
parency, making it suitable as a stretchable substrate [11]. PDMS is

* Corresponding authors.

low cost and ability to support complex designs, such as microfluidic
devices, wearable electronics, and sensors [14-16]. However, despite its
advantageous properties, PDMS has an inherently low surface energy,
resulting in poor adhesion with most metals and active materials [17,
18]. This weak adhesion is a significant limitation in applications where
PDMS-based devices are subjected to repeated mechanical stress,
potentially leading to delamination or failure [19-21]. To tackle these
adhesion challenges, several surface modification techniques have been
proposed [22,23], including plasma treatment [24], ultraviolet
(UV)-ozone treatment [25], and the use of silane coupling agents [26].
These methods chemically modify or oxidize PDMS surfaces to increase
their surface energies and bonding strength with other materials. Other
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strategies involve using intermediate adhesion layers, such as poly-
dopamine coatings [27], which enhance adhesion by forming strong
bonds with various materials. In addition, physically patterned PDMS
surfaces [28], such as microstructured surfaces [29], increase the con-
tact area and mechanical interlocking, thereby improving adhesion
[30]. Although these methods have shown promise, they present chal-
lenges, including the need for precise control over processing parame-
ters, potential changes in the mechanical and optical properties of
PDMS, and scalability issues for large-area applications [31-36].
Therefore, further research is required to develop more reliable, scal-
able, and cost-effective strategies to enhance PDMS adhesion without
compromising its desirable properties. Due to these challenges, research
has been conducted on alternative materials that can maintain the ad-
vantages of PDMS while overcoming its limitations [37-40]. Recent
advances in the development of photopolymerizable silicones have
demonstrated their promising potential in this context [41]. Unlike
conventional thermally cured silicones, photopolymerizable silicones
can be rapidly processed under ultraviolet (UV) light, providing
enhanced control over curing and adhesion properties. In addition, the
ability to modify their chemical structure using various functional
groups, such as thiol, methacrylate, and acrylate groups, allows for
further optimization of the mechanical, thermal, and optical properties
of photopolymerizable silicones [42-44]. This enhanced control enables
tuning of material characteristics to meet the specific requirements of
various flexible and wearable applications requiring robust mechanical
and adhesive properties [45,46]. In this study, we synthesized
thiol-functionalized, photopolymerizable siloxane resins containing
either methyl groups or a combination of methyl and phenyl groups.
Structural characterization was performed using gel permeation chro-
matography (GPC), Fourier transform infrared spectroscopy (FTIR), and
nuclear magnetic resonance (NMR) spectroscopy. Elastomers with
various formulations were prepared from the synthesized siloxanes and
compared to commercial PDMS (SYLGARD-184). Characterization
methods included UV spectrophotometry, contact angle goniometry,
rheometry, universal testing (UTM), thermomechanical analysis (TMA),
scanning electron microscopy (SEM), and laser flash analysis (LFA).
Additionally, an LED array was fabricated to demonstrate the practical
applicability of the high-transparency elastomer as a material for elec-
tronic devices. The results indicate that the developed elastomer is a
viable alternative to conventional PDMS, particularly for applications
requiring precise control over mechanical, thermal, and surface
properties.

2. Experimental
2.1. Materials

A two-component kit of the commercially available silicone elas-
tomer Sylgard 184 (Dow Corning, USA) comprising a prepolymer and
curing agent with a default mixing weight ratio of 10:1 was used as the
testing matrix/binder. (3-Mercaptopropyl) methyldimethoxysilane
(MPMDMS, >95 %) was purchased from Sigma-Aldrich Co., Inc.
Methoxytrimethylsilane (MTMS, >98 %), methoxytriphenylsilane
(MTPS, >97 %), and ethyl phenyl(2,4,6-trimethylbenzoyl)phosphinate
(TPO-L, >95 %) were supplied by TCI Co., Ltd. 4,4-(Propane-2,2-diyl)
bis((allyloxy)benzene) (PDBAB, >97 %) was supplied by Ambeed. All
materials were used as received without further purification.

2.2. Synthesis of thiol-functionalized siloxane with methyl group (TFSC)

First, 1.5 g of hydrochloric acid (36.5 % aqueous solution, 41.15
mmol) was added to a 250 mL two-necked flask containing a mixture of
solvents (26 g of ethanol and 6 g of distilled water) and stirred with a
magnetic stirrer. Second, 10.52 g of MPMDMS (58.3 mmol) was added
to the solvent mixture. The solution was then heated to 60 °C and stirred
for 16 h under a nitrogen atmosphere. Next, 2 g of MTMS (19.2 mmol)
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and 0.15 g of hydrochloric acid (36.5 % aqueous solution, 4.12 mmol)
were added, and the mixture was stirred at 40 °C for an additional 8 h
under a nitrogen atmosphere. The mixture was then purified by pouring
it into distilled water several times. Ethyl alcohol, water, methyl alcohol
byproducts, and impurities were removed using a rotary evaporator. The
resulting product was dried in a vacuum oven at 100 °C overnight to
yield a transparent viscous liquid.

TFSC, a clear colorless liquid (yield: 89 %)

'H NMR (300 MHz, CDCl;, ppm): = 0.08-0.22 (m, Si-CHs),
0.72-0.85 (s, Si-CHy), 1.24-1.47 (m, Si-CH>-CH>-CH»-SH), 1.62-1.78
(d, Si-CHy-CHy), and 2.47-2.67 (d, Si-CH,~CHy-CH,); '3C NMR
(100.62 MHz, CDCls, ppm): 6= 1.37 (Si-CHs), 12.18 (Si-CH,), and
26.76 (Si-CHp—CH2-CH»-SH); 295i NMR (99 MHz, CDCl3, ppm): 6= 3.68
(M), -20.8 - -23.1 (R2Si(0Si)2) [D2].

2.3. Synthesis of thiol-functionalized siloxane with methyl and phenyl
groups (TFSCP)

First, 1.5 g of hydrochloric acid (36.5 % aqueous solution, 41.15
mmol) was added to a 250 mL two-necked flask containing a solvent
mixture of ethanol (26 g) and distilled water (6 g) and stirred with a
magnetic stirrer. Next, 10.52 g of MPMDMS (58.3 mmol) was added to
the solvent mixture. The solution was heated to 60 °C and stirred for 16
h under a nitrogen atmosphere. Next, 0.72 g of MTPS (2.48 mmol) and
0.15 g of hydrochloric acid (36.5 % aqueous solution, 4.12 mmol) were
added, and the mixture was stirred at 40 °C for an additional 8 h under a
nitrogen atmosphere. After the reaction, the mixture was purified by
pouring it into distilled water several times. Ethyl alcohol, water, methyl
alcohol byproducts, and impurities were removed using a rotary evap-
orator. The final product was dried in a vacuum oven at 100 °C over-
night, yielding a transparent viscous liquid. The syntheses of TFSC and
TFSCP are illustrated in Scheme 1.

TFSCP, a clear colorless liquid (yield: 82 %)

'H NMR (300 MHz, CDCl3, ppm):): 8= 0.08-0.22 (m, Si-CHg3), 6=
0.72-0.87 (s, Si—-CHy), 1.25-1.55 (m, Si—-CH;-CH,-CH2-SH), 1.62-1.81
(d, Si-CH2-CHy), 2.44-2.67 (d, Si-CHy-CH,-CHy), and 7.26-7.68(m,
Si-PH). 13C NMR (100.62 MHz, CDCls, ppm): 6= 1.37 (Si-CHs), 11.62
(Si-CHy), 27.29 (Si—-CH2-CHy-CH2-SH), 127.62 (Ortho-C), and 131.12
(Para-C), 135.08 (Meta-C).; 2°Si NMR (99 MHz, CDCls, ppm): 8= 2.46
(M), -20.3 - -22.8 (R2Si(0Si)2) [D2].

2.4. Preparation of elastomers [PDBAB-TFS-CHs (61:38), PDBAB-TFS-
CHj3 (48:51), pdbab-tfs-chs-PH (61:38), and pdbab-tfs-chs-PH (48:51)]

To prepare the elastomers, the synthesized siloxanes (TFSC and
TFSCP) and resin (PDBAB) were added to a UV vial, followed by the
addition of a photoinitiator (TPO-L). The mixture was then stirred in a
Thinky mixer at 1500 rpm for 20 min. After mixing, the resulting
mixture was poured into an aluminum (Al) mold and cured. Subse-
quently, the mixture was exposed to 365 nm UV light-emitting diode
(LED) light for 3 min at room temperature. For the SYLGARD-184
elastomer, a prepolymer and curing agent were mixed in a 10:1 wt
ratio in a vial. The mixture was then stirred in a Thinky mixer at 1500
rpm for 20 min, poured into an Al mold, and cured at 60 °C for 8 h in an
oven. The details of the elastomer formulations and their abbreviations
are presented in Table 1. Scheme 2 shows the structural formulas of
elastomers PTC and PTCP, synthesized via photopolymerization.

2.5. Preparation of flexible substrate LED arrays

The fabrication process for a flexible LED array substrate begins with
the preparation and curing of the substrate material. After curing, a thin
copper (Cu) layer is transferred onto the substrate surface under heat
and pressure. A photoresist layer is then applied to the Cu layer and soft-
baked to prepare it for the subsequent patterning steps. Laser patterning
is used to precisely generate desired features on the photoresist-covered
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Scheme 1. Synthesis schemes for TFSC and TFSCP.
Cu layer. Following laser patterning, the exposed regions of the Cu layer
Table 1 . . . . .
. o . . are etched using a chemical etchant, leaving behind only the intended
Elastomer compositions used in this study: Formulations and abbreviations. . . -
patterns. The remaining photoresist parts were removed by rinsing the
Elastomers Abbreviation  Formulation (wt%) substrate with an appropriate solvent, such as acetone, to clean the
PDBAB TFSC TFSCP  TPO- substrate and reveal the patterned Cu layer. Finally, LEDs were carefully
L soldered onto the predefined contact pads on the patterned Cu layer,
SYLGARD-184 PDMS - - - - thereby completing the fabrication of the flexible LED array. A sche-
PDBAB-TFS-CH; (61:38) PTC-38 61 38 - 1 matic of the process is presented in Fig. 1.
PDBAB-TFS-CH3 (48:51)  PTC-51 48 51 - 1
PDBAB-TFS-CH3-PH PTCP-38 61 - 38 1
(61:38) 2.6. Characterization of TFSC and TFSCP
PDBAB-TFS-CH3-PH PTCP-51 48 - 51 1
(48:51) The structural analysis of TFSC and TFSCP was performed using a

Spectrum-400 FTIR spectrometer (Perkin Elmer). The samples (10 pm
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Scheme 2. Structural formula of photopolymerization-produced elastomer: PTC and PTCP.
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Fig. 1. Schematic of the fabrication process of LED array on flexible substrate.
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thick) were applied to attenuated total reflection crystals by dropping
them at room temperature. Each spectrum was obtained from 100 scans
within a wavenumber range of 650-4000 cm™ and was processed by
reducing CO: interference, removing noise, and fitting the baseline. For
further characterization, 'H, 13C, and 2°Si NMR spectra were recorded
using a 300 MHz NMR spectrometer (Bruker, Avance 300) with CDCls as
the solvent at room temperature. The molecular weights of TFS-CHs and
TFS-CHs-PH were evaluated using size exclusion chromatography on an
EcoSEC HLC-8320 GPC system (TOSOH Corporation). A 0.15 % (w/v)
solution of each compound in tetrahydrofuran (THF) was injected into
the system. Separation was performed on a series of columns, including
Guard Super MP (HZ)-M+2 and TSK Gel Super-multipore HZ-M (150
mm X 4.6 mm, 3 pm), with high-performance liquid chromatography-
grade THF as the mobile phase flowing at 0.45 ml/min. The column
was maintained at 40 °C. The GPC system was calibrated using poly-
styrene standards with molecular weights ranging from 580 Da to
660,500 Da

2.7. Characterization of PDMS and new elastomers

The transmittance of the elastomers was measured using a UV
spectrophotometer (UV-3600, Shimadzu, Japan). The coefficient of
thermal expansion (CTE) of the elastomers was tested using TMA
(HITACHI SS7300) in the temperature range of 0-200 °C at a heating
rate of 5 °C/min and a preload force of 0.01 N. Thermal conductivity was
measured using the LFA method by calculating thermal diffusivity. SEM
analysis was performed using an NNS-450 (FEI Hong Kong Company). A
UTM 5567 model (Instron, USA) was used to measure the tensile
strength of the elastomer blends according to ASTM D638. Tensile tests
were conducted at 10 mm/min; 10 tests were conducted for each
specimen, and the mean value was used. The shear modulus was
measured using a rotational rheometer (Discovery HR-10, USA) with a
parallel plate geometry (diameter 20 mm, gap 1 mm) through a time
sweep test. The surface characteristics of PDMS and the prepared elas-
tomers were investigated by measuring the static contact angles with
water. These measurements were performed at room temperature using
the sessile drop method on a contact angle goniometer (Phoenix 300,
Surface Electro Optics, Korea). The surface energy was calculated from
the contact angle values using software provided by the equipment
manufacturer, and the Girifalco-Good-Fowkes-Young (GGFY) method
was applied. E-beam deposition was performed at approximately 0.3 A/
s, with a 5 nm Cr layer and 100 nm Au layer deposited sequentially. The
adhesion strength was measured using a 180° peel test in accordance
with the ASTM D903 standard. The test was conducted with an UTM-
5969 model (Instron, USA) at a constant speed of 5 mm/min. To pre-
vent elongation of the test sample, the study materials, including PDMS,
were applied onto a 0.2 mm thick PET film with a layer thickness of 0.5
mm. After the adhesive layer was allowed to air-dry, the test specimens
were prepared in dimensions of 220 x 25 x 1 mm?. The peel test was
performed 1 day after bonding, and to ensure accuracy, the same test
was repeated on a minimum of 6 samples.

3. Results and discussion
3.1. Structural analyses of TFSC and TFSCP

Fig. 2 presents the FTIR spectra of TFSC and TFSCP, highlighting
several characteristic signals that confirm the successful synthesis of
these compounds. Sharp and intense peaks at 1255 cm™ are observed in
both TFSC and TFSCP, corresponding to the bending vibrations of Si-CHs
groups. Additionally, TFSCP exhibits distinct absorption signals at 1429
and 1588 cm™, attributed to C-C stretching vibrations. The C-H
stretching vibrations of phenyl groups appear at 3058 cm™. A weak
signal at 2558 cm™ in both spectra indicates the S-H stretching mode of
mercapto groups. The absorption bands at 2848 and 2958 cm™ are
assigned to the stretching vibrations of alkane-CH: and Si-CHs groups,
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Fig. 2. FTIR spectra of the synthesized TFSC and TFSCP.

respectively. A prominent peak at 1054 cm™ signifies the presence of
Si-O-Si bonds within the siloxane structure.

Structural analysis of the NMR spectra for TFSC and TFSCP is pro-
vided in the Supplementary materials. Specifically, Fig. S1(a-b) present
the 'H NMR spectra of TFSC and TFSCP, respectively. Fig. S2(a-b)
display their corresponding °C NMR spectra, and Fig. S3(a-b) show
their corresponding 2°Si NMR spectra. In addition, gel permeation
chromatography (GPC) was employed to determine the molecular
weights of TFSC and TFSCP. The results, summarized in Table 2, show
average molecular weights of 674 and 749 for TFSC and TFSCP,
respectively, based on polystyrene calibration. The polydispersity in-
dexes (PDIs) for TFSC and TFSCP were 1.11 and 1.17, respectively. Fig.
S4 depicts the molecular weight distribution and cumulative percentage
curves.

3.2. Optical characterization of PDMS and new elastomers

Fig. 3(a) compares the optical transmittance properties of PDMS and
four new elastomer formulations: PTC-38, PTC-51, PTCP-38, and PTCP-
51. The transmittance data show that all elastomers, including PDMS,
maintained high transmittance levels above 90 % in the visible-spectrum
range (400-800 nm). This finding shows that in the visible-light region,
the new elastomers exhibit optical clarity nearly identical to that of
PDMS. Fig. 3(b) compares the transparency of PDMS and the new
elastomers, providing a confirmation for their optical clarity. However,
in the UV spectrum, the new elastomers exhibit a behavior different
from that of PDMS. Although PDMS exhibits a gradual decrease in
transmittance as the wavelength decreases below 300 nm, the new
elastomers exhibit a sharp decline to 0 % transmittance below 300 nm.

Table 2

Molecular weights of TFSC and TFSCP.
Siloxanes Mn Mw Mp Mz Mz+1 PDI
TFSC 608 674 533 760 874 1.11
TFSCP 641 749 572 1043 1791 117
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Fig. 3. (a) Optical transmittance comparison of PDMS and new elastomers, and (b) photographic images showing the visual transparency of PDMS, PTC-38, PTC-51,

PTCP-38, and PTCP-51.

3.3. Characterization of surface wettability of PDMS and new elastomers

Fig. 4 shows the differences in contact angles measured for PDMS
and the new elastomers, along with the surface energies calculated using
the Girifalco-Good-Fowkes-Young(GGFY) method. The measured con-
tact angles were as follows: PDMS= 104.22° + 0.02°, PTC-38=98.98° +
0.02, PTC-51= 99.68° + 0.02°, PTCP-38= 81.28° + 0.02°, and PTCP-
51=76.29° 4+ 0.03° PDMS generally exhibits hydrophobicity because of
its low surface energy [47], and it exhibits the lowest surface energy
(10.04 mN/m). Conversely, PTCP-51, with the lowest contact angle of
76.29° £+ 0.03°, exhibits the highest surface energy (27.98 mN/m). In
the elastomers containing both phenyl and methyl groups, the phenyl
group increased the polar component of the surface energy owing to its

aromatic ring structure. This enhancement enhances the overall surface
energy and improves material wettability, thereby reducing the contact
angle [48]. The elemental composition (atomic %) of PDMS and the new
elastomers, as determined by XPS analysis, is presented in Table S1.

3.4. Mechanical characterization of PDMS and new elastomers

As shown in Fig. 5(a-b), PDMS exhibited the lowest storage modulus
(G’) at both 25 °C and 100 °C. In contrast, the new elastomers exhibited
significantly higher G’ values than PDMS across all temperature ranges.
Table 3 compares the storage moduli of PDMS and the new elastomers at
25 °C and 100 °C. As shown in Table 3, PDMS exhibited a very low
storage modulus close to 0 at both 25 °C and 100 °C. Among the new
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Fig. 4. Contact angles of PDMS and new elastomers, along with surface energies calculated using the GGFY Girifalco-Good-Fowkes-Young (GGFY)method.
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Fig. 5. Storage moduli (G’) of various elastomers measured by rheometer at (a) 25 °C and (b) 100 °C, and (c) tensile stress—strain curves of the new elastomers

and PDMS.

Table 3
Mechanical properties of various elastomers: storage moduli (G’) at 25 °C and
100 °C and tensile stress-strain behavior.

Elastomers 25 °C 100 °C Tensile Strain (%)
Storage Modulus Storage Modulus stress (MPa)
(G”) [MPa] (G*) [MPa]
PDMS ~ 0.08 ~ 0.01 4.55 + 2.32 104.29 +
10.31
PTC-38 ~ 0.23 ~ 0.07 4.75 £ 1.83 98.17 +
8.98
PTC-51 ~ 0.28 ~ 0.19 5.64 + 1.49 110.32 +
8.01
PTCP-38 ~ 0.34 ~ 0.23 7.27 £ 0.89 87.43 +
6.08
PTCP-51 ~ 0.49 ~ 0.37 7.91 + 0.62 93.36 +
4.11

elastomers, PTCP-51, which contains the highest proportion of siloxanes
with both methyl and phenyl groups, exhibited the highest storage
moduli at both temperatures (0.49 and 0.37 MPa at 25 °C and 100 °C,
respectively). Compared with PDMS, these values correspond to
approximately 6 and 37 times higher storage moduli at 25 °C and 100
°C, respectively. The findings demonstrate that the phenyl group affects
the organization and packing of polymer chains, enhancing their me-
chanical properties through steric hindrance arising from intermolec-
ular interactions [49,50]. In particular, the new PTCP-51 elastomer
maintained a storage modulus of 0.37 MPa at 100 °C, indicating that its

properties did not degrade as significantly as PDMS at elevated tem-
peratures. Fig. 5(c) and Table 3 show the tensile stress—strain behavior of
PDMS and the new elastomers with various compositions. As shown in
Fig. 5(c), the tensile stress of the new elastomers increased with
increasing strain up to their respective breaking points. PDMS exhibited
the lowest tensile stress, reaching a maximum value of 4.55 + 2.32 MPa
at a strain of 104.29 + 10.31 %. Among the new elastomers, PTCP-51
exhibited the highest tensile stress (7.91 + 0.62 MPa) at a strain of
93.36 + 4.11 %, indicating superior mechanical strength compared with
PDMS. Similarly, PTCP-38 exhibited a high tensile stress (7.27 + 0.89
MPa) at a strain of 87.43 + 6.08 %. The combination of phenyl groups in
these elastomers likely strengthens intermolecular interactions, thereby
contributing to increased tensile stress [51]. The elastomers containing
only methyl groups (PTC-38 and PTC-51) exhibited intermediate tensile
stress values of 4.75 + 1.83 and 5.64 + 1.49 MPa, respectively, with
strain levels of 98.17 + 8.98 % and 110.32 + 8.01 %.

Fig. 6(a) shows the thermal conductivity of PDMS and the new
elastomers with various compositions, Fig. 6(b) shows their CTE values.
As shown in Fig. 6(a), the PTCP-51 elastomer, which contains both
phenyl and methyl groups, exhibits significantly improved thermal
conductivity of 0.238 W/mK compared with 0.145 W/mK for PDMS. In
addition, as depicted in Fig. 6(b), the CTE of PTCP-51 was the lowest
among the tested materials. PDMS exhibited the highest CTE value
(289.35 ppm/ °C), indicating greater thermal expansion in response to
temperature changes. Conversely, PTCP-51 exhibited the lowest CTE
value (213.11 ppm/ °C), suggesting reduced thermal expansion and
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enhanced dimensional stability under thermal stress [52]. Compared
with PDMS, the n elastomers containing both methyl and phenyl groups
exhibit superior thermal stability. The n-n interactions between the
phenyl groups in the elastomer matrix and the interfacial components
enhance interfacial compatibility, thereby increasing thermal conduc-
tivity and reducing thermal expansion, as reflected by the lower CTE
values [53,54]. Fig. 6(c) shows the effect of thermal conductivity on
substrates with an attached LED, simulated based on the thermal con-
ductivity data from Fig. 6(a). The simulation results indicate that,
compared to PDMS, the PTC-51 and PTCP-51 substrates exhibit reduced
thermal impact when the LED is attached, effectively dispersing heat
more efficiently. This demonstrates the superior thermal management
capabilities of these materials, attributed to their enhanced thermal
conductivity.

3.6. Surface morphology characterization of PDMS and new elastomers

Fig. 7 shows SEM images of (a) PDMS, (b) PTC-51, and (c) PTCP-51
at various magnifications (1000x, 3000x, and 5000x) after electron
beam deposition. As shown in Fig. 7(a), the SEM surface image of PDMS
exhibits a rough and fractured morphology with visible cracks and
voids. These surface characteristics are likely to increase the stress
concentration points during thermal expansion, which is consistent with
the high CTE of PDMS shown in Fig. 7(b). In contrast, the SEM image of
PTC-51 in Fig. 7(b) shows a denser surface morphology than that of
PDMS. Although the surface appears generally smoother, microcracks
and defects remain, which may limit the performance of PTC-51 under
thermal stress conditions. The SEM image of PTCP-51 in Fig.7(c) shows a
smooth and uniform surface with minimal visible defects even though
wrinkled structures due to thermal effects are observed.

3.7. Characterization of substrate adhesion for PDMS and new elastomers

Fig. 8(a) shows the schematic of the 180° peel test based on ASTM D
903. Fig. 8(b) presents the peel force as a function of displacement for
PDMS, PTC-51, and PTCP-51 elastomers, while Fig. 8(c) compares their
average peel forces. As shown in Fig. 8(b-c), the new elastomers PTC-51
(0.84 + 0.32 N) and PTCP-51 (1.47 + 0.49 N) demonstrate a substantial
increase in peel strength compared to conventional PDMS (0.21 + 0.12
N), with improvements of 4 times and 7 times, respectively. This sig-
nificant enhancement in peel strength for PTC-51 and PTCP-51 is
attributed to their ability to form stronger covalent bonds through thiol-
ene reactions [55], unlike PDMS, which relies on weaker van der Waals
forces [56]. The internal cross-linked network in PTC-51 and PTCP-51
improves cohesive strength, enhancing peel strength overall. In partic-
ular, PTCP-51 exhibits a peel strength that is 7 times greater, primarily
due to the presence of phenyl groups, which are bulkier and more rigid
than methyl groups. These phenyl groups contribute to a stiffer polymer
backbone, enhancing the rigidity and cohesive strength of PTCP-51
[57]. This increased rigidity enables PTCP-51 to better resist deforma-
tion under stress, resulting in a significant improvement in peel strength.

3.8. Characterization of PDMS and new PTCP-51 in LED arrays

Fig. 9(a) shows an image of a flexible substrate prepared using the
new PTCP-51 elastomer. The thermal data in Fig. 9(b) are a direct
comparison of the heat dissipation performances of PDMS and PTCP-51
when used as substrates for LED arrays. As shown in the thermal image,
the LED array mounted on the PTCP-51 substrate exhibited lower tem-
peratures than the LED array on the PDMS substrate, which exhibited a
higher temperature range under the same conditions. This shows that
the PTCP-51 substrate exhibits better thermal management properties
than PDMS because of its improved thermal conductivity and reduced
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CTE, as shown in Fig. 6(a-b), which is consistent with the simulation
results in Fig. 6(c). The results indicate that PTCP-51 substrates provide
more efficient heat dissipation for LEDs than PDMS substrates, thereby
reducing the thermal stress on LEDs. Additionally, Fig. 9(c-d) presents
simulated thermal data for heat dissipation of LED arrays on PDMS and
PTCP-51 substrates, respectively. The simulation results further confirm
that the PTCP-51 substrate exhibits lower heat emission compared to the
PDMS substrate, supporting the experimental findings.

4. Conclusion

This study successfully demonstrated that the newly developed
photopolymerizable siloxane elastomers containing methyl and phenyl
groups provide significant advantages over conventional PDMS in terms
of mechanical and thermal properties. The new elastomers exhibited a
substantial increase in storage modulus, showing values 6 times and 37
times higher than PDMS at 25 °C and 100 °C, respectively. These results
indicate a marked improvement in mechanical stability across a range of
thermal conditions. Additionally, the tensile strength of the new
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Fig. 9. (a) Image of flexible substrate prepared using new PTCP-51 elastomer. (b) thermal imaging comparison of heat dissipation for LED arrays on PTCP-51 and
PDMS substrates. (c) simulated thermal data for heat dissipation of LED arrays on a PDMS substrate and (d) on a PTCP-51 substrate.

elastomers reached 7.91 + 0.62 MPa at a strain of 93.36 + 4.11 %,
outperforming PDMS, which exhibited a tensile strength of 4.55 + 2.32
MPa at a strain of 104.29 + 10.31 %. This highlights the improved
tensile strength of the new elastomers without significantly compro-
mising elongation.

The thermal performance of the new elastomers was also notably
superior to that of PDMS. With a thermal conductivity of 0.238 W/meK,
compared to PDMS 0.145 W/meK, the new elastomers demonstrated
enhanced heat dissipation. Furthermore, the coefficient of thermal
expansion (CTE) decreased from 289.35 ppm/ °C in PDMS to 213.11
ppm/ °C in the new elastomers, indicating improved dimensional sta-
bility under thermal stress. Infrared thermal imaging data from LED
arrays mounted on substrates made from the new elastomers further
validated these results, showing that the LED arrays on the new elas-
tomer substrates maintained lower temperatures than those on PDMS
substrates. Adhesion properties were also markedly enhanced, with
peel-test adhesion strength reaching 1.47 + 0.49 N—7 times greater
than that of conventional PDMS 0.21 + 0.12 N.

These findings suggest that the newly developed photopolymerizable
siloxane elastomers, especially those incorporating both methyl and
phenyl groups, could serve as effective alternatives to PDMS. With their
improved mechanical strength, higher adhesion, and superior thermal
management and dimensional stability, these elastomers represent
promising candidates for applications where material reliability under
mechanical and thermal stress is critical.
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