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Abstract: The versatile chemistry of polyurethanes (PUs) makes them suitable for a wide range of appli-
cations. In particular, surface topography and thermal behavior can be effectively tailored by adjusting the
soft segment content (SSC) within the PU structure. However, as an intrinsically nonconductive class of
polymers, PUs are not suitable for electronic applications. With the increasing interest in polymer/graphene
heterostructures, the formation of graphene conductive pathways on polymer surfaces has emerged as a
promising approach to overcome this limitation. In this study, we systematically examined the effects of
varying SSC (expressed in wt.%) in synthesized cross-linked PUs, as well as the influence of laser-induced
graphene (LIG) transferred onto the PU surface on several key properties: surface roughness via atomic
force microscopy (AFM), surface wettability using water contact angle (WCA) measurements, and thermal
properties through differential scanning calorimetry (DSC). An increase in SSC led to a reduction in surface
roughness and a concomitant increase in WCA, indicating enhanced hydrophobicity. The presence of LIG
further augmented the hydrophobic character of the surface. The PU structure exhibited a pronounced effect
on both glass transition (7' g) and melting temperatures (7, ), while LIG had a minimal impact on thermal
properties. This research provides a framework for engineering the surface and thermal properties of PU-
based materials for applications in flexible electronics and smart coatings.
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1. INTRODUCTION larly attractive due to their improved elasticity, bio-

compatibility [3,4], corrosion and thermal resistance

Polyurethanes (PUs) represent a broad and
versatile class of polymers that include thermopla-
stics, thermosets, flexible and rigid foams, adhesives,
and waterborne formulations. They exhibit a wide
range of structures, properties, and applications,
with their primary structural commonality being the
urethane linkage (-NH-CO-0O-), typically formed
through reactions between isocyanates and polyols
[1,2].

Thermoset or chemically cross-linked PUs
based on poly(dimethylsiloxane) (PDMS) are particu-

[5], and enhanced hydrophobicity [4]. Tailoring sur-
face roughness and wettability underscores the strong
structure—property relationship in PUs. Surface and
thermal characteristics of PUs are of special impor-
tance for purposes such as self-cleaning, protective
clothing, stimuli-responsive smart coatings, marine
antifouling, and anticorrosion coatings [6].

For the fabrication of durable, flexible elec-
tronic devices with desired characteristics, polymer/
graphene heterostructures have emerged as a promis-
ing solution [3,7]. Laser-induced graphene (LIG) has
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recently gained attention as an innovative and scal-
able method for producing conductive patterns by
laser irradiation of a suitable substrate surface (e.g.,
commercial polyimide, PI) [8].

However, for the polymers that lack in aromatic
structures, like aliphatic PUs [9], silicone-based sub-
strates [10] or poly(methylmethacrylate) (PMMA)
[11], direct laser induction graphene is not feasible.
In these cases, transfer approaches have been devel-
oped to improve adhesion and wettability of LIG
films [12]. The morphology [13] and wettability [14]
of LIG can be readily adjusted by many methods,
including altering lasering parameters, changing in-
duction atmosphere [16,17], or through in situ fluo-
rination [15,17].

This work is a continuation of research on
LIG/PU materials [3], with emphasis on surface and
thermal properties to expand the potential applica-
tions. In this study, we systematically investigated
the effects of varying soft segment content on sur-
face roughness by atomic force microscopy (AFM),
wettability by static water contact angle measure-
ments and thermal behavior by differential scanning
calorimetry (DSC). This study provides further in-
sight into designing PU-based materials for advanced
applications in coatings and flexible electronics.

2. MATERIALS AND METHODS
2.1. Material Synthesis

Laser-induced graphene (LIG) was produced
on commercial polyimide substrate according to
the procedure described by Vicéenti¢ et. al. [7], and
subsequently transferred onto the synthesized PUs.
Thermoset polyurethane was synthesized via two-
step polyaddition reaction in a solution. For the syn-
thesis, we used a,w-dihydroxyethoxy poly(dimehyl-
siloxane) (EO-PDMS) pretpolymer as a part of the
soft segments (SS), while 4,4’-methylenediphenyl
diisocyanate (MDI) and hyperbranched polyester of
the second pseudo generation (BH-20) crosslinker as
a part of hard segments (HS), Sn(Oct), catalyst and a
THF/NMP solvent mixture. The SS:HS ratios were
adjusted to 30:70, 40:60, and 50:50, denoted as PU-
30, PU-40, and PU-50, respectively. All materials in-
vestigated in this study were synthesized and struc-
turally characterized in our previous work reported
by Vojnovic¢ et. al. [3].

HS

Figure 1. Schematic representation of cross-linked
polyurethanes. SS — soft segments (darker regions),
HS — hard segments (brighter regions).

2.2. Characterization Methods

Static water contact angle (WCA) measure-
ments were performed at room temperature using a
goniometer (Ossila, The Netherlands) with distilled
water. Thin PU and LIG/PU films were placed on a
flat holder with double-sided adhesive tape to ensure
flat surface for the reliable experiment. Results are
given as an average value obtained from five differ-
ent surface droplet positions with its standard devia-
tions (WCA+£SD).

Surface topography data (root mean square
roughness, arithmetic average roughness, average
height, and peak-to-peak values) of the synthesized
PUs were obtained by atomic force microscopy
(NTEGRA Prima atomic force microscope, NT-
MDT) in the intermittent-contact mode at a scan
size of 30x30 pm? WSxM 4.0 software (v. beta 9.3)
[18] was used to analyze images. WCA and AFM
experiments were conducted under ambient condi-
tions.

Thermal transitions were analyzed via differ-
ential scanning calorimetry (DSC, Q1000, TA In-
struments, USA). All DSC scans were conducted in
the temperature range from — 90 to 260 °C, in three
cycles: the first heating cycle from — 90 to 260 °C,
the second cooling cycle from 260 to — 90 °C and the
third heating cycle from — 90 to 260 °C, at heating
and cooling rates of 10 and 5 °C min’!, respectively.
The samples (each weighted ~ 7 mg) were placed in
aluminum pans. TA Advantage/Universal Analysis
2000 software (v. 4.5 A) was used for thermogram
analysis.
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3. RESULTS AND DISCUSSION

Polyurethanes with varying soft segment
content in their structure, along with the subse-
quent transfer of laser-induced graphene onto PU
thin films, were thoroughly characterized in the
work of Vojnovic¢ et al. [3]. These materials previ-
ously demonstrated stability as pulse rate sensors
in humid environments, but for further application
in coatings and flexible electronics, it is essential
to understand how their surface characteristics and
thermal transitions are governed by composition
and LIG quality.

3.1. Atomic Force Microscopy

Intermolecular hydrogen bonding between
NH and C=0O groups within the urethane hard seg-
ments plays a key role in phase separation and the
development of surface topography in PDMS-based
PUs [18]. Atomic force microscopy was employed
to examine the surface topography of PUs and to es-
tablish a correlation with HS/SS ratio in the polymer
structure, which later impact surface wettability and
thermal transitions in the samples. PU-30 exhib-
its the highest RMS roughness (Table 1), with pro-
nounced bright domains corresponding to aggregat-
ed hard segments organized in partially ordered clus-
ters (Figure 1). This indicates limited compatibility
between PDMS soft domains and the urethane-based
hard domains at lower SSC, leading to microphase
separation and heterogeneous surface relief.

As SSC increases, both RMS roughness and
peak-to-peak values decrease, with PU-50 showing
the smoothest and most homogeneous morpholo-
gy. The average height parameter also follows this
trend, confirming that higher PDMS content leads to
a more uniform distribution of domains and suppres-
sion of large hard-segment aggregates. The reduced
roughness in PU-50 correlates with enhanced micro-
phase mixing and improved flexibility, consistent
with earlier mechanical tests [3]. Concrete values of
these parameters are listed below (Table 1).

These observations highlight that the interplay
between hydrogen bonding density and PDMS con-
tent critically dictates surface topography. Smooth
and homogeneous surfaces (PU-50) are beneficial
for electronic device integration, since they mini-
mize defect formation at the PU/LIG interface.

2D height

Figure 2. 2D height and phase AFM images
of the prepared PU materials.

Table 1. Data extracted from AFM analysis.
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PU-30 493 293 2773 747.8 78£3
PU-40 293 19.0 89.8 5326 86+3
PU-50 20.2 13.8 824 402.1 91+l

* wk . .
root mean square roughness and “arithmetic average
roughness

3.2. Water Contact Angle Measurements

Control of wettability of materials is crucial
for applications in self-cleaning surfaces, antifouling
coatings, and biomedical devices [6]. The composi-
tion of polyurethanes, specifically the content of soft
segments [4] or hard segments [19], significantly
influences the wetting characteristics of these poly-
mers. It is well-established that PDMS has low sur-
face energy exhibiting a WCA exceeding 100° [20].
According to this deliberation, PUs with a higher wt.
% of PDMS macrodiol in their structure are likely
to exhibit enhanced hydrophobicity. This assumption
is supported by results from static water contact an-
gle measurements, where WCA increases in the fol-
lowing order: PU-30 < PU-40 < PU-50, hence alter-
ing the surface wettability from hydrophilic (WCA
< 90°) to hydrophobic (WCA > 90°). Figure 3, b).
Namely, PU-30 exhibits WCA < 90°, placing it in
the hydrophilic regime, while PU-40 and PU-50 pro-
gressively increase WCA, with PU-50 crossing into
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the hydrophobic domain (Table 1, Figure 3b). This
progression from hydrophilic to hydrophobic with
higher SSC directly reflects the dominant contribu-
tion of PDMS to the surface chemistry.

In the same manner, WCAs were assessed for
LIG transferred onto PUs with varying SSC via spin
coating. A commercially available polyimide sheet
served as a hydrophilic parent substrate (refer to
the dashed line in Figure 3, a)) for the LIG transfer.
While LIG produced on PI showed superhydrophilic
nature as a result of partial oxidation occurring in the
air [8,14], the transfer process flips the oxygen-rich
LIG side, resulting in WCAs values of approximate-
ly 140° (Figure 3), which gives bordering superhy-
drophobic surfaces. All LIG materials exhibit com-
parable WCA values (WCA = 138° for LIG/PU-30;
WCA = 140° for LIG/PU-40, and WCA = 143° for
LIG/PU-50), which is anticipated due to the same
parent substrate utilized in LIG production. Such
high WCAs approach the superhydrophobic thresh-
old, indicating that the LIG transfer process creates
surfaces highly resistant to water wetting. Interest-
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ingly, all LIG/PU composites show nearly identical
WCA values regardless of SSC, since the LIG layer
dominates surface properties. This can be the main
reason for minimal cross-sensitivity to humidity [3].
This finding is particularly relevant for sensor appli-
cations in humid conditions. Luong et al. [12] ob-
served a similar behavior for transferred LIG, while
Li et al. [15] produced hydrophobic films through
vacuum filtration using LIG powder scratched off the
substrate. The present results confirm that transferred
LIG provides a robust, composition-independent hy-
drophobic coating.

3.3. Differential Scanning Calorimetry

Semi-crystalline PUs contain randomly dis-
tributed hard segments within the PDMS matrix and
therefore possess both glass transitions (associated
with amorphous regions) and melting transitions (as-
sociated with crystalline regions). Differential scan-
ning calorimetry shows these transitions during the
first heating scan for all the investigated materials
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Figure 3. a) Static water contact angles of pure PUs and average WCA of LIG/PUs; b) Water contact angles and
surface roughness with varying SSC in PU matrix; and c) From hydrophilic to bordering superhydrophobic surfaces.
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(see Figure 4 and Table 2). While soft segments af-
fect the thermal stability of polyurethanes [21], a hy-
drogen bonds in hard segments exert a greater influ-
ence on the thermal properties [22]. Hard segments
exhibit a high glass transition temperature, whereas
PDMS is recognized for its exceptionally low T, of
around — 123 °C [5,23] but this low Tg is out of scope
of our instrument (— 90 °C to 260 °C).

DSC analysis of the first heating scans (Figure
4, Table 2) reveals that T, decreases systematically
with increasing SSC: PU-30 shows the highest 7T "
while PU-50 exhibits the lowest. This trend reflects
the plasticizing effect of PDMS, which lowers the
segmental mobility threshold temperature [24]. The
observed reduction in 7 aligns with mechanical re-
sults where PU-50 displayed the greatest flexibility
[3]. It is anticipated that this category of PUs will
exhibit a moderate to high T, Values for T, obtained
from DSC experiment suggest that expected trend
was observed, and PU-50 with a balanced ratio of
SS/HS exhibited the lowest glass transition tempera-
ture in the series (Table 2).
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The melting temperatures (7' ) associated with
hard-segment crystalline domains show a slight de-
crease with higher SSC. This can be attributed to
reduced packing efficiency of hard segments when
diluted by flexible PDMS chains. Moreover, stronger
hydrogen bonding within densely packed hard do-
mains in PU-30 stabilizes crystalline order, whereas
in PU-50, lower HS density leads to smaller and less
ordered crystallites, lowering 7' [25,26].

Comparison of the first (C,) and second (C,)
heating scans (Table 2) confirms the elimination of
thermal history in C,, which results in slightly low-
er and more reproducible glass transition tempera-
tures. For PU-30 samples, T, decreases from 55.8 °C
to 48.9 °C (PU-30,) and from 47.1 °C to 47.7 °C
(PU-30_), while the melting temperatures increase,
indicating that initial crystalline domains reorganize
into more stable structures after the first heating. In
contrast, PU-40 and PU-50 exhibit a decrease in 7' ]
(from 50.8 °C to 46.6 °C and from 43.8 °C to 41.7
°C, respectively), but no detectable 7 in C,. This
absence of melting peaks demonstrates that crystal-
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Figure 4. DSC thermograms: a), b) for the Cl scan, and c), d) for the C3 scan.
Samples are denoted in the figure. The samples are marked in the figure.
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line hard-segment domains, once disrupted in the
first cycle, cannot recrystallize during cooling due
to the dominant amorphous character and the higher
PDMS content. These findings underline the meta-
stable nature of hard-segment crystallinity in PDMS-
based PUs with higher SSC.

A greater degree of branching or cross-link-
ing in the polymer, and a higher density of hydrogen
bonds within the hard domains can results in reduced
melting temperatures in comparison to linear poly-
urethanes [25,26]. Obtained results of DSC analysis
in corresponding LIG/PU materials showed negligi-
ble changes in thermal behaviors. Similar result was
previously observed [27]. In the conclusion, ther-
mal behavior of polyurethanes and its composites is
mostly governed by the soft and hard segments ra-
tios, and thin LIG film on the surface has minimal
impact on thermal stability of the composites.

Table 2. Results of DSC analysis.

C, C,
Material r,co 71,0 T,(°0) T,(°C)

PI 49.7 113.3 44.1 -

PU-30, 55.8 100.4 48.9 112.3

PU-30_ 47.1 77.0 47.7 105.0
PU-40 50.8 78.8 46.6 -
PU-50 43.8 91.8 41.7 -
LIG/PI 47.1 112.2 47.5 -

LIG/PU-30_ 49.6 110.4 44.4 117.7
LIG/PU-40 479 78.1 42.6 -
LIG/PU-50 46.6 93.4 44.8 -

4. CONCLUSION

In this study, cross-linked polyurethanes with
different soft segment contents (30, 40, and 50 wt.%
SSC) and their LIG/PU counterparts were system-
atically characterized using AFM, WCA, and DSC
techniques. The results demonstrate that hydrogen
bonding within hard segments significantly influ-
ences the surface topography of PDMS-based PUs.
Increasing SSC leads to smoother and more homo-
geneous surfaces, consistent with enhanced micro-
phase mixing.

Wettability analysis revealed that SSC is the
dominant factor controlling surface hydrophobicity.

PU-30 exhibited hydrophilic behavior, while PU-50
became distinctly hydrophobic, reflecting the low
surface energy of PDMS. After LIG transfer, all PU
surfaces achieved water contact angles above 140°,
approaching superhydrophobicity, irrespective of
SSC. This finding indicates that LIG layers provide a
robust strategy for humidity resistance and moisture
stability, which is crucial for sensor and coating ap-
plications.

DSC analysis showed that thermal transitions
are primarily determined by the relative balance of
soft and hard segments. Increasing SSC lowered the
glass transition temperature due to the plasticizing
effect of PDMS, while melting transitions associated
with hard domains shifted slightly to lower values as
the HS fraction decreased. Importantly, the presence
of a thin LIG layer had negligible influence on bulk
thermal properties, confirming that its effect is limit-
ed to surface modification.

Overall, this work establishes that tailoring the
PU composition combined with LIG transfer enables
simultaneous optimization of surface hydrophobicity
and thermal behavior. These insights provide a foun-
dation for designing LIG/PU-based materials with
high potential in durable, flexible electronics operat-
ing under humid conditions, as well as in advanced
smart coatings, including self-cleaning, anticorro-
sion, and antifouling applications.
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YTHUHAJ CAAP/KAJA MEKUX CETMEHATA U JTACEPCKU-
NHAYKOBAHOI I'PA®OEHA HA ITOBPIIIMHCKA U TEPMUYKA
CBOJCTBA YMPE/KXEHHUX ITOJINYPETAHA

Caxerak: PazHoBpcHa xemuja nonuyperana (I1Y) uuHn oBe nmojauMepe NOrOAHNM 32 HajpasInuuTHje
npumene. [ToBprmHcka Tonorpaduja 1 TepMHUIKa CBOjCTBA CE Ha JeIHOCTaBaH HAYMH MOT'Y ITO/ICIIIaBaTH
BapupameM Mekux cermenara (SSC) Ha 6a3u nonmu(aqumerwicmitokcana) (IIJIMC) y ITY marpunum. 300r
HEJ0CTaTKa eJIEKTpUYHEe NpoBOAHOCTH, IIY nomumepu, HUCY MOrOJHU 3a NPUMEHY Y E€JIIEKTPOHMIIU.
MelhyTum, ca mopacToM HHTEpECOBama 3a MoJuMep/rpadeH XeTepoCTpyKType, Kperpame rpageHcKrx
MPOBOTHHUX CTPYKTypa Ha MOBPLIMHH IMOJMMEpa Ce M0Ka3ajo Kao A00pO pellemhe 3a BUIIEHAMEHCKE
CaBUTJBHBE EIEKTPOHCKE ypehaje. Y 0BOM UCTpakMBamby CUCTEMATCKH j€ UCIIUTAH YTHUIIA] PA3INIATHX
Macenux nporeHara SSC Ha cunTeTHcane ympeskeHe [1Y, kao U yTHIIaj mpeHeToT TacepCKu-NHIyKOBa-
Hor rpadena (JINI') ma [TY ¢ummoBe, ¥ TO Ha XparmaBoCT IMOBPIIHHE TOMONY MHKPOCKOITHj€ aTOMCKUX
cuia (AFM), KBalJBUBOCT MOBPIINHE MepemheM yriioBa kamema (WCA), kKao 1 Ha TepMIYKa CBOjCTBa
kopuctehn mudepernujanny ckennpajyhy xamopumerpujy (DSC). Ca mopactom SSC cMmamyje ce Xpa-
MaBOCT TIOBPIIUHE, JOK UCTOBpeMeHO nona3u no mosechama WCA, a JIMI' nomaTtHO yTHYe Ha mopact
xuapodoodHocT noBpimHe. Cacras [1Y 3Ha4ajHO yTHYe Ha TeMIIepaType OCTaK/bHBamba M TOIUbEHHA,
Jnok cam JIUI mMa MuHMManaH yTHIaj Ha TepMHYKa CBOjcTBAa Marepujana. OBO HCTpaKUBaIbE HYIN
CTpareruje 3a nojiellaBame NOBPIIMHCKUX U TePMUYKHX CBOjCTaBa Marepujaia Ha 6a3u I1Y 3a nmpumeny
y (QIICKCHOMITHO] IEKTPOHUIIM U ITAMETHUM TIPEBIaKaMa.

Kibyune peun: moiaumepu, KOMIIO3UTH, OHOC CTPYKTypa—cBojctBa, AFM, WCA, DSC.
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