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Abstract. This study analyses the stability of superhydrophobic coatings produced by plasma polymerisation at atmo-
spheric pressure using argon (Ar) as the base gas and hexamethyldisiloxane (HMDSO) as the precursor. The evaluation
was aimed at determining the strength and durability of these coatings when exposed to various environmental factors
such as fogging, anti-icing and temperature fluctuations. The superhydrophobic properties of the coatings were investi-
gated by measuring contact angles and surface roughness values. The results show that the coatings obtained by the above
mentioned method have significant water repellent property and retain their superhydrophobic characteristics for a long
time. The results indicate that the combination of Ar and HMDSO in plasma polymerisation at atmospheric pressure is
a promising approach to create stable and durable superhydrophobic surfaces suitable for various applications. The main
focus is on the stability of coatings, their ability to resist icing and fogging. The study showed that the hydrophobic prop-
erties of the coatings can be improved by optimising the process parameters, resulting in coatings with a water contact
angle of more than 154±2 degrees and high transparency of up to 98.5% in the visible range. The obtained results testify
to the high efficiency of the proposed method of obtaining coatings, which opens up prospects for their application in
various fields where high resistance and transparency to external influences are required.
Keywords: plasma polymerization, atmospheric pressure, superhydrophobic coatings.

INTRODUCTION

Superhydrophobic surfaces, known for their
exceptional water repellent properties [1], have
the ability to repel water so that it accumulates
and rolls off, resembling mercury droplets. Such
coatings are valued for their multifunctional prop-
erties including water resistance [2], self-cleaning
[3], corrosion protection [4], anti-fogging [5],
anti-icing [6] and biofouling prevention [7–9]. In
recent years, superhydrophobic surfaces (contact
angle (CA) greater than 150◦, sliding angle (SA)
less than 10◦) created by nature have attracted
considerable interest from researchers due to their
exceptional hydrophobic properties [10]. Such
surfaces are known to possess two key charac-
teristics: micro/nanoscale roughness and low sur-
face energy. They show high potential for ap-
plications in various fields such as self-cleaning

[11], concrete protection [12], oil/water separa-
tion [13–15], anti-icing [16], anti-corrosion coat-
ings [17–19], and biomedicine.

Usually, superhydrophobic surfaces are cre-
ated in two main ways: by forming a rough struc-
ture using low surface energy materials or by
pre-treating the rough structure and then modify-
ing it with low surface energy materials. Many
methods have been developed to obtain a sur-
face with a high degree of roughness, includ-
ing sol-gel method [20], chemical vapour deposi-
tion [21,22] and electrodeposition [23]. However,
large-scale production of such surfaces still faces
difficulties due to complex processes and high
equipment costs. A key challenge in this area is
the efficient and cost-effective production of such
coatings on a large scale. Conventional meth-
ods such as chemical vapour deposition [24–26]
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Figure 1 - Scheme of experimental setup.

and plasma polymerisation [27–30], while effec-
tive, often involve complex processes, expensive
equipment and potentially harmful chemicals.

In this regard, plasma polymerisation at at-
mospheric pressure using argon and HMDSO is
becoming a promising alternative [31]. This
method simplifies the deposition process, elimi-
nating the need for high vacuum and reducing the
need for hazardous chemicals, offering an envi-
ronmentally friendly and cost-effective solution.

In addition, the integration of 3D plotter
technology, such as the CNC3018, increases the
practicality of applying superhydrophobic coat-
ings to large areas [32]. This technology enables
coatings to be applied to a variety of materials in
a cost-effective manner, providing a scalable and
efficient approach for industrial applications. The
use of a 3D plotter can produce homogeneous and
durable coatings without the significant costs as-
sociated with traditional methods.

This study investigates the stability of su-
perhydrophobic coatings created using Ar and
HMDSO at atmospheric pressure, with a focus
on anti-icing and anti-fogging. The results high-
light the advantages of combining atmospheric
pressure plasma polymerisation and 3D plotter
technology, offering large-scale and cost-effective
production of superhydrophobic surfaces.

EXPERIMENTAL SECTION

Fig. 1 shows a schematic of the setup used
to study the coating formed by a plasma jet gen-
erated by a radio-frequency discharge at atmo-
spheric pressure. The plasma jet was generated
by means of a radio-frequency generator, which
was placed between a copper wire enclosed in
a quartz tube and a grounded copper plate. The
quartz tube was 100 mm long, with an inner di-
ameter of 3 mm and an outer diameter of 10 mm.
A 13.56 MHz Seren-R 301 radio frequency gen-
erator model was used as the power source. The
main gas stream consisted of argon (Ar) and the
precursor HMDSO. Since HMDSO is liquid at
room temperature, a small amount was added to
the bubbled. The gas supply was regulated by
means of a mass flow controller. The CNC3018
plotter has a maximum speed of 80 mm/s. The
coating samples were deposited on 2×2 cm glass
substrates, which were pre-cleaned in an ultra-
sonic bath for 10 min. At the beginning of the
experiment, a gas mixture of Ar and HMDSO
was fed into the quartz tube, after which an at-
mospheric pressure plasma was initiated by ap-
plying a high-frequency voltage to the outer elec-
trode. In the plasma phase, chemical reactions
and coagulation of atoms took place leading to
the formation of the nanocoating. The experiment
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Figure 2 - Graphs of contact angle versus discharge power (a) and gas flow (d). AFM images of the sample, at
100 W power (b) and at 200 W power (c).

was carried out at a plasma power of 200 W and
a HMDSO/Ar ratio, where 98% was Ar and 2%
HMDSO.

Characterisation Methods

All samples were examined in a controlled
laboratory environment. The surface morphology
of the obtained specimens was investigated us-
ing a scanning electron microscope (Quanta 3D
200i, SEM FEIcompany) and an atomic force mi-
croscope (NTEGRA THERMA NT-MDT AFM).
The optical characteristics of the thin films were
assessed with a UV-Vis spectrophotometer (Cary
5000 UV-Vis-NIR Spectrophotometer). The con-
tact angle measurements were performed with a
Contact Angle Goniometer (Ossila).

RESULTS AND DISCUSSION

In the course of the study, experiments aimed
at finding optimal conditions for the formation of
transparent superhydrophobic coatings were car-
ried out. In the first stage of the work, the depen-
dence of the contact angle of the films on the dis-
charge power was studied. The gas flows of argon
(Ar) and argon-HMDSO mixture were kept con-
stant and were 40 sccm and 20 sccm, respectively.
The maximum speed of the plotter was 80 mm/s.
The discharge power (Fig. 2a) was varied from

100 to 200 W in steps of 20 W, after which the
water contact angles on the surface of the formed
coatings were measured. With an increase in dis-
charge power, a significant change in the surface
morphology of the samples is observed. Fig. 2b
shows an AFM image of the surface treated at
100 W power, which demonstrates a relatively
smooth structure with minor variations in topog-
raphy. The surface roughness was evaluated in
terms of the average roughness (Ra) and the root
mean square roughness (Rq, RMS). Based on the
topographical contrast, the roughness values are
estimated to be in the range of Ra ≈ 8.3±0.2 nm
and Rq ≈ 10.8± 1.5 nm, indicating a relatively
uniform surface morphology. However, when the
power is increased up to 200 W (Fig. 2c), nanos-
tructures grow, resulting in an increase in surface
micro-roughness. This is due to the fact that an in-
crease in the discharge power enhances the energy
of ions and active species in the plasma, thereby
intensifying deposition processes and promoting
the formation of more pronounced nanostructures
on the surface. As a consequence, the surface
roughness increases, with Ra ≈ 15± 1.4 nm and
Rq ≈ 20.3± 6.5 nm, indicating a significant en-
hancement of surface texturing compared to the
100 W condition. At low power levels, the de-
posited layer has a homogeneous and smooth
surface, whereas at high discharge power levels,
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Figure 3 - Graphs of contact angle versus gas flow rate (a). SEM images of the surface of films deposited on a
silicon substrate by plasma polymerisation at atmospheric pressure after one (b) and ten (c) cycles. Graphs of

transmission coefficient dependence on the number of cycles (d).

Figure 4 - Modelling scheme of the fogging protection test.

pronounced nanostructures are formed, contribut-
ing to an increase in the micro-roughness of the
coating. Analysis of the graphs (Fig. 2d) shows
that the wetting angle is maintained in the range
from 150◦ to 180◦ when the Ar+HMDSO mix-
ture flux is changed. These results indicate that
changing the Ar+HMDSO flux does not signif-
icantly affect the hydrophobic properties of the
formed coatings. Therefore, the following exper-
iments will be performed at a set flux of 20 sccm
Ar+HMDSO at a fixed discharge power of 200 W.
The study of optical and superhydrophobic prop-
erties of the films was carried out at the maximum
speed of the CNC3018 plotter - 80 mm/s. The

following parameters were used during the exper-
iments: discharge power - 200 W, pulsation fre-
quency - 1000 Hz, argon main flow - 40 sccm, ar-
gon secondary flow - 20 sccm and HMDSO was
maintained at room temperature. The effect of the
number of deposition cycles on the wetting an-
gle and transparency of the film was also inves-
tigated. In the experiment, the number of depo-
sition cycles was varied from 1 to 10, (Fig. 3a)
which revealed that the wetting angle increases
from 154.25◦ to 174.35◦ with increasing number
of cycles. According to the data presented in the
SEM images of the surface, the morphology of
the films obtained as a result of one and ten depo-
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Figure 5 - Misting process of the test surfaces. Self-destruction of the collected drop using the Self-jump
strategy (a). For comparison, a collected droplet on a conventional glass surface gradually transforms into

larger droplets(b).

Figure 6 - Graph of dependence of misting time on contact angle.

sition cycles is practically unchanged. This situ-
ation confirms the stability of the superhydropho-
bic properties and wetting angle of the films at
different numbers of cycles. However, the film
thickness measurements show significant differ-
ences between the samples obtained after one and
ten cycles. The thickness of the film obtained in
one cycle is about 400±50 nm (Fig. 3b), whereas
it reaches about 6.3 µm (Fig. 3c) for the sample
obtained after ten cycles. To investigate the ef-
fect of the number of deposition cycles on opti-
cal transparency, UVVis analysis was performed
for samples obtained after 1 and 10 deposition cy-
cles, relative to bare glass (Fig. 3d). The optical
transparency of the coatings is closely related to
the film thickness. As the number of deposition
cycles increases, the thickness of the deposited
layer also increases. As a result, the overall op-
tical transparency decreases with increasing film
thickness [17]. In contrast, the coating obtained

after a single deposition cycle exhibits a transmit-
tance of up to 98.5% in the visible region of the
spectrum, which can be explained by its lower
thickness. At the same time, it maintains super-
hydrophobic properties with a water contact an-
gle of 154.25◦, which corresponds to the preser-
vation of the required surface roughness. These
observations are directly confirmed by SEM and
AFM results.

Investigation of the Stability of Hydrophobic Coat-
ings

The experimental setup for the anti-fogging
test is shown in Fig. 4 [37]. A round flask filled
with water was used to evaluate the anti-fogging
properties. The water was brought to boiling by
heating the vessel to 200◦C, after which the sam-
ple was placed in the neck of the round flask. The
test was conducted for 30 seconds at cyclic inter-
vals of 5 seconds each. The contact angle of the
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Figure 7 - Resistance of de-icing surfaces: to the freezing process on a conventional glass surface (a), on glass
with superhydrophobic coating (b). Photographs of ice melting on different surfaces: plain glass (c), glass

with superhydrophobic coating (d).

drop on the sample surface was measured, and its
anti-fogging properties were evaluated by the de-
gree of image clarity through the sample exposed
to steam.

When fog droplets merge, the superhy-
drophobic surface causes them to bounce back
(Fig. 5a). This property indicates that superhy-
drophobic surfaces are highly effective in fog-
ging control. The droplet size on such surfaces
is less than 0.3 mm, which favours self-cleaning
due to the roughness of the surface, preventing
the accumulation of large droplets and their for-
mation [37]. The small water droplets collected
on the surface gradually merge into large droplets.
However, since small droplets cannot slide freely
from the surface, they start to fall under gravity
only after reaching a critical volume under grav-
ity (Fig. 5b). This indicates an insufficient anti-
fogging effect of the surface. However, such sur-
faces show high efficiency as thermal substrates
because the water removal process favours effi-
cient mass and energy transfer.

Fig. 6 shows a graph of the dependence of

the contact angle on the fogging time. The ex-
periment was conducted at intervals from 5 to 30
seconds. The graph shows a slight increase in the
contact angle from 157.24◦ at 5 sec to 165◦ at 30
sec, which is within the error of the measuring de-
vice. This result indicates a high resistance of the
surface to misting.

The study of the resistance of de-icing sur-
faces is presented in Fig. 7. Firstly, two samples
were prepared: the first was ordinary clear glass
and the second was glass coated with a superhy-
drophobic coating. A drop of water was applied
to the surface of each sample and then cooled to
−5◦C. As a result, the water drop froze (Fig. 7a
and 7b). After water freezing on the surface of
the glass coated with the superhydrophobic layer,
re-melting did not cause a change in the contact
angle, indicating a high level of resistance of the
coating to the de-icing process. The next stage
of testing was the process of ice melting on both
surfaces. For this purpose, ice was placed on the
two glass surfaces and the process was observed
(Fig. 7c). When exposed to heat, the ice melted
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Table 1 – Comparative Performance of Plasma-Polymerised HMDSO-Based Hydrophobic Coatings Reported
in the Literature

Method Substrate Precursor /
Gas

Process WCA Optical
Transmit-
tance

Durability

This work Glass HMDSO+Ar Atmospheric
pressure
RF plasma;
controlled de-
position cycles

156◦ 98% icing cycles,
fogging test

Atmospheric
Plasma Spray-
ing [33]

Al2O3–
13%TiO2

SPS-SiO2 SL-AP/SPS-
SiO2 coating

158◦ Not focused
on optical
properties

Abrasion
resistance,
Anti-icing

kHz plasma jet
deposition (N2
shielding influ-
ence) [34]

Glass HMDSO +
Ar

HMDSO 168◦ 90% Not tested

HMDSO
plasma poly-
merisation (low
pressure) [35]

Glass / di-
electric

HMDSO Low-pressure
plasma

158◦ Not focused
on optical
properties

retained after
15 icing/de-
icing cycles

Atmospheric
plasma poly-
merization [36]

Metal / poly-
mer

HMDSO DBD plasma 90◦ Not focused
on optical
properties

Not tested

and the water produced by the melting process
collected on the glass surface. No water remained
on the surface of the sample coated with the su-
perhydrophobic coating, which contributed to the
anti-icing properties of the coating. The superhy-
drophobic properties of the coating allowed wa-
ter to roll off easily (Fig. 7d), resulting in self-
cleaning of the surface and a reduction of residual
ice on the sample. Table 1 summarises the perfor-
mance of the developed atmospheric-pressure RF
plasma coating in comparison with previously re-
ported HMDSO-based plasma-polymerised coat-
ings. The comparison includes key parameters
such as substrate type, precursor system, process-
ing conditions, water contact angle (WCA), opti-
cal transmittance, and durability characteristics.

The coating developed in this work demon-
strates a high optical transmittance of 98%
combined with a hydrophobic behaviour (WCA
≈ 156◦), while being fabricated under atmo-
spheric pressure using controlled deposition cy-
cles. Compared to similar atmospheric plasma jet

approaches (WCA ≈ 160◦), the present method
offers improved optical transparency and scal-
able deposition control. In contrast, low-pressure
plasma systems show comparable wettability
(WCA ≈ 158◦) but require vacuum processing
and focus primarily on icephobic durability rather
than optical performance. Overall, the com-
parative analysis highlights the balanced multi-
functional performance of the developed coating,
which combines high transparency, hydrophobic-
ity, and functional durability under atmospheric
conditions.

CONCLUSIONS

The study comprehensively evaluated the
stability of superhydrophobic coatings produced
by plasma polymerisation at atmospheric pressure
using argon (Ar) as the base gas and HMDSO as
the precursor. The focus was on their resistance to
environmental factors such as icing, fogging and
temperature variations. Experiments confirmed
the significant water repellency of the coatings

International Journal of Mathematics and Physics 17, №1 (2026) Int. j. math. phys. (Online)



PREPARATION OF TRANSPARENT SUPERHYDROPHOBIC COATINGS BY PLASMA POLYMERISATION 29

and their long-term retention of superhydropho-
bic properties. Optimisation of the process pa-
rameters allowed to achieve water repellent prop-
erties with wetting angle over 154±2 degrees and
transparency up to 98.5% in the visible range.
The results indicate the high efficiency of this
method of obtaining coatings, which opens up
prospects for their application in various fields re-
quiring high resistance to external influences and
transparency. Further research could be directed
towards optimising their application technologies
and expanding their scope of use.
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