
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=ysue20

Surface Engineering

ISSN: 0267-0844 (Print) 1743-2944 (Online) Journal homepage: http://www.tandfonline.com/loi/ysue20

Robust hydrophobic coating on glass surface
by an atmospheric-pressure plasma jet for
plasma-polymerisation of hexamethyldisiloxane
conjugated with (3-aminopropyl) triethoxysilane

Md. Mokter Hossain, Quang Hung Trinh, Duc Ba Nguyen, M. S. P. Sudhakaran
& Young Sun Mok

To cite this article: Md. Mokter Hossain, Quang Hung Trinh, Duc Ba Nguyen, M. S. P. Sudhakaran
& Young Sun Mok (2018): Robust hydrophobic coating on glass surface by an atmospheric-
pressure plasma jet for plasma-polymerisation of hexamethyldisiloxane conjugated with (3-
aminopropyl) triethoxysilane, Surface Engineering, DOI: 10.1080/02670844.2018.1524037

To link to this article:  https://doi.org/10.1080/02670844.2018.1524037

Published online: 26 Sep 2018.

Submit your article to this journal 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=ysue20
http://www.tandfonline.com/loi/ysue20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/02670844.2018.1524037
https://doi.org/10.1080/02670844.2018.1524037
http://www.tandfonline.com/action/authorSubmission?journalCode=ysue20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=ysue20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/02670844.2018.1524037&domain=pdf&date_stamp=2018-09-26
http://crossmark.crossref.org/dialog/?doi=10.1080/02670844.2018.1524037&domain=pdf&date_stamp=2018-09-26


Robust hydrophobic coating on glass surface by an atmospheric-pressure
plasma jet for plasma-polymerisation of hexamethyldisiloxane conjugated with
(3-aminopropyl) triethoxysilane
Md. Mokter Hossaina, Quang Hung Trinhb,c, Duc Ba Nguyen a, M. S. P. Sudhakarana and Young Sun Moka

aDepartment of Chemical and Biological Engineering, Jeju National University, Jeju, Korea; bInstitute of Research and Development, Duy Tan
University, Da Nang, Vietnam; cFaculty of Mechanical Engineering, Le Quy Don Technical University, Hanoi, Vietnam

ABSTRACT
Plasma polymerisation of hexamethyldisiloxane (HMDSO) and (3-aminopropyl)triethoxysilane
(APTES) was attempted to form a robust hydrophobic coating film on glass surface. Although
HMDSO is a common precursor for generating hydrophobic surface, the HMDSO-polymerised
thin film is poor in strength. For the purpose of achieving the mechanical robustness of the
coating, APTES was used together with HMDSO. Plasma polymerisation was performed using
a dielectric barrier discharge plasma jet by varying the ratio of the two precursors to find a
suitable condition that would produce robust hydrophobic thin film. Various instrumental
techniques were used to characterise the coating layer. As a result of the examination of the
hydrophobicity through the water contact angle measurements and the robustness by the
scratch tests, the most reasonable coating was achieved at the HMDSO/APTES ratio of 3/1,
the voltage of 7 kV and the treatment time of 60 s, and at this condition the WCA was 143°.
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Introduction

Nonthermal plasma (NTP) treatment at atmospheric
pressure has been a warm research topic in recent
years for making hydrophobic surface of various
materials [1–7]. The hydrophobic surface can be used
for various purposes such as self-cleaning windows,
anti-icing, out-door textiles, self-cleaning of antennas,
ultra-dry surface applications, protection of circuits
and grids, medical devices, and other optical appara-
tuses [8–12]. Basically, the thin films deposited by
plasma polymerisation are pinhole free, have good
adhesion, and have better mechanical and chemical
stabilities. To get hydrophobic characteristics the sur-
face requires nano- to micro-scale roughness. Both
the surface roughness and the surface chemistry
affect the hydrophobicity [2]. Up to now, several
methods have been proposed to generate surface
roughness, including plasma treatment, sol–gel depo-
sition, anodisation, electrodeposition, chemical treat-
ment, hot-water immersion, and lithography [12–17].
A surface having water contact angle (WCA) from
90° to 150° is known as hydrophobic, and the surface
more than 150° is known as super hydrophobic due
to its excellent self-cleaning ability.

Although low surface energy materials such as fluor-
ocarbons can be used to produce hydrophobic coatings
[14,18,19], the plasma polymerisation of silicon-based
compounds is more environmentally friendly. This
study has dealt with the plasma polymerisation of

hexamethyldisiloxane (HMDSO, C6H18OSi2) and (3-
aminopropyl)triethoxysilane (APTES, H2N(CH2)3Si
(OC2H5)3) at atmospheric pressure. The main purpose
of using the two precursors is to increase not only
hydrophobicity but also robustness of the coating. As
well known, one of the major drawbacks of the silicon
compound coatings is their poor mechanical abrasion
which extinguishes the self-cleaning function due to
the damage of surface roughness and coating layer.
HMDSO is generally used to promote hydrophobicity,
but due to its poor adhesion to metal or inorganic
material, the long-term stability of the coating layer is
not satisfactory. Hence, APTES is used with HMDSO
to overcome this issue but the cost is to sacrifice the
WCA as it is known that APTES is hydrophilic in
nature. Basically, organosilane reagents are commonly
used to produce functionalised thin films on silicon
oxide and other substrates for a variety of technological
applications. APTES is one of the similar aminosilanes
which is used in this study to facilitate production of
arrays of metal nanoparticles on silica substrates [20].
For surface coating, APTES is highly suggested to use
for its covalent attaching to silica (SiO2), titania
(TiO2), organic films, and metal oxides [2]. Masuko
et al. [21] studied the shear strength and durability of
self-assembled monolayer (SAM) and the tribological
performance with different numbers of siloxane
bonds on smooth silicon substrates. They found that
increasing the number of siloxane bonds of SAMs
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gives more stable surface with low friction and greater
durability. One of the key parameters explored in this
work was the ratio of HMDSO to APTES.

Experimental

Schematic diagrams of the plasma polymerisation sys-
tem and homemade scratch tester are shown in
Figure 1. The plasma reactor was made of a glass
tube and two stainless steel needles acting as the high
voltage (HV) electrode. The HV electrode was powered
by an AC power source (Korea Switching Co.) with an
operating frequency of 11.5 kHz. The inner and outer
diameter of the glass tube was 5.0 and 8.0 mm, respect-
ively. The distance between HV electrode tip and the
end of the reactor glass tube was kept constant at

75 mm. The gap between the end of the tube and the
substrate was kept constant at 2 mm. The substrate
samples held on a Teflon plate reciprocated below
the stationary plasma jet at a speed of 90 mm s–1.
Argon (99.99%) and nitrogen (99.99%) were used as
the carrier and shielding gas, and they were separately
fed into the system as shown in Figure 1(a). The pur-
pose of using the shielding gas was to protect the
plasma jet from the interference of oxygen and water
vapour diffused from ambient air. The two precursors,
namely, HMDSO and APTES were purchased from
Sigma-Aldrich Korea Co., Ltd. HMDSO was used to
promote hydrophobicity while APTES to promote
mechanical robustness.

The appropriate condition was determined based on
the parametric study with several key parameters such

Figure 1. Schematic diagrams of (a) the experimental setup and (b) homemade scratch tester.
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as treatment time, applied voltage, gas flow rate, and
the ratio of two precursors. The treatment time was
changed from 30 to 120 s, and the effect of applied vol-
tage was examined from 5 to 8 kV. The total concen-
tration of the precursors was set to 280 ppm (parts
per million, volumetric). The concentration of
HMDSO was 280 ppm in the HMDSO-alone case
(H100); in the APTES-alone case (A100), the concen-
tration was also the same. The HMDSO/APTES (H/
A) ratio was varied by 3/1, 1/1, and 1/3. Both precur-
sors were delivered to the jet by bubbling HMDSO
and APTES (at 25° and 121°C, respectively) contained
in Pyrex flasks using argon gas. The flow rate of the
shielding gas was fixed at 2.5 L/min, and the effect of
the flow rate of argon on the coating was examined
in the range of 0.5–4.5 L/min. Thus, the total flow
rate of argon and nitrogen was changed from 3.0 to
7.0 L/min. The substrates for coating were soda-lime
glasses with dimensions of 75 mm × 27 mm×
1.2 mm, and thus the resulting coated area was esti-
mated to be around 1500 mm2.

The WCA of the coated surfaces was measured for
understanding the hydrophobicity of the coated surface
polymer. The WCA measurements were carried out on
a goniometer (Phonix 300, Surface & Electro Optics
Co., Ltd., Korea) using sessile drop technique by drop-
ping about 10 μL of distilled water on the sample’s sur-
faces. The surface morphology was seen by scanning
electron microscopy (SEM, JSM-6700F, JEOL, Japan)
at an operating voltage of 15 kV. The surface nanos-
tructures of the coating were examined by atomic
force microscopy (AFM, Nano Xpert II, EM4SYS,
USA). Fourier transform infrared spectroscopy
(FTIR, FTIR-7600, Lambda Scientific, Australia) was
used to investigate the composition of the effluent
from the plasma jet and the deposited thin films. The
coating surface chemistry was analysed using X-ray
photoelectron spectroscopy (XPS). The coating layer
robustness was performed by homemade scratch tester
and wear tracks were observed by an optical micro-
scope (2MP 1000X 8 LED USB Digital Microscope
Endoscope Zoom Camera, A4Tech, Taiwan). For a
typical scratch test, a diamond tip moves over the sur-
face to make a scratch with either constant or progress-
ively increasing load [22]. Usually, the normal force,
tangential force, friction coefficient, acoustic emission,
and penetration depth are measured continuously
during scratch testing [22]. Figure 1(b) shows the
home-made scratch tester used in this work to examine
the robustness of the coating. The scratch tester is
mainly composed of a dc motor which drives a needle
(tip diameter: 0.5 mm) to move on the sample’s surface
for creating scratch with predetermined vertical loads.
Yarn is used to connect motor’s driving shaft to the
needle holder. The needle holder is guided by a sliding
guide and it can travel horizontally back and forth. The
samples for testing were put under the tip of the needle

and fixed by double sided tape so that the samples did
not move during scratching. The tip of the needle was
cleaned with ethanol and tissue wiper before and after a
scratch test for each sample. The moving speed of the
tip was set to 37 mm s–1 and the length of scratch
was around 10 mm. For every sample, constant loads
were applied every time to determine the breakdown
force for the coating layer.

Results and discussion

Water contact angle measurements of the glass
substrates

The surfaces with different degrees of hydrophobicity
were observed after the plasma polymerisation process,
depending on the operating conditions including the
applied voltage, the gas flow rate, the HMDSO/
APTES (H/A) ratio, and the treatment time. Figure 2
shows the dependence of WCA on the treatment
time, the applied voltage, the H/A ratio and the gas
flow rate. The WCA results reported in Figure 2 are
the average values of five measurements at each con-
dition. In detail, Table 1 summarises the values of the
experimental parameters, the average WCAs and the
standard deviations.

The effect of treatment time was examined from 30
to 120 s at a H/A ratio of 3/1 with the applied voltage
and the total gas flow rate kept constant at 7 kV and
6 L/min, respectively. As shown in Figure 2(a), the
WCA was varied from 100° to 141° by changing the
treatment time within the investigated range. Basically,
WCA depends on surface roughness and thickness. At
a short treatment time of 30 s, the surface roughness
and coverage were relatively poor, compared with
45–120 s treatment time. Increasing the treatment
time can allow more deposition on the surface, which
increases thickness, surface coverage and roughness.
After a certain limit, however, thickness may increase
but surface coverage and roughness remain similar
and hence the WCA does not increase. In this exper-
iment, the WCA increased from 100° to 143° with
increasing the treatment time from 30 to 60 s, but
further increasing the treatment time hardly affected
the WCA. Thus, 60 s was chosen for the treatment
time.

In the second step, the effect of applied voltage was
examined from 5 to 8 kV with the treatment time, the
H/A ratio, and the total flow rate kept constant at 60 s,
3/1, and 6 L/min, respectively. As in Figure 2(b), the
WCA increased with raising the applied voltage from
5 to 7 kV and then levelled off. Generally, the higher
the applied voltage, the more intense the plasma was,
leading to the enhancement in the deposition rate
and the formation of particulates in the plasma gas
phase, called dusty plasma which is prerequisite to
obtain rough surfaces. The highest WCA were

SURFACE ENGINEERING 3



measured to be 143° at 7 kV. There was no significant
change in the WCA at higher applied voltages. From
the results obtained, the applied voltage of 7 kV was
chosen for the appropriate applied voltage.

The third step was to see the effect of the H/A ratio
on the WCA. The treatment time and the applied

voltage chosen above were 60 s and 7 kV, respectively.
Figure 2(c) shows the dependence of WCA on the H/A
ratio with the treatment time and applied voltage kept
constant at 60 s and 7 kV, respectively. The WCA
values of the coatings formed from the single precursor
of APTES and HMDSO are also added for the purpose
of comparison. It is natural that the WCA should
decrease with increasing the content of APTES in the
mixture of the two precursors due to its hydrophilic
character, which has been confirmed by the low
WCA of the A100 coating.

Lastly, the gas flow rate was changed to understand
its effect on the WCA while the treatment time, the
applied voltage, the H/A ratio were kept constant at
60 s, 7 kV, and 3/1, respectively. In Figure 2(d), it
was observed that by increasing the total gas flow
rate from 3 to 6 L/min the plasma was getting more
intense, leading to an increased WCA from 103° to
143°. But further increases of the feed gas flow rate to
7 L/min did not noticeably change the WCA, and
hence 6 L/min was chosen for the optimal gas flow rate.

Coating stability test

Coating stability was examined by performing natural
and thermal aging. All the plasma-treated samples

Figure 2. Dependence of WCA on (a) the treatment time, (b) the applied voltage, (c) the H/A ratio and (d) the gas flow rate.

Table 1. Operating conditions and WCA measurement results.

Treatment
time (s)

Applied
voltage
(kV)

H/A
ratio
(–)

Gas flow
rate

(L min–1)
Average
WCA (°)

Standard
deviation

30 7.0 3/1 6 100 2.4
45 7.0 3/1 6 120 2.1
60 7.0 3/1 6 143 2.6
90 7.0 3/1 6 142 2.4
120 7.0 3/1 6 141 2.1
60 5.0 3/1 6 70 2.5
60 6.0 3/1 6 103 2.7
60 7.0 3/1 6 143 2.6
60 7.5 3/1 6 142 2.8
60 8.0 3/1 6 142 2.7
60 7.0 H100 6 162 3.1
60 7.0 3/1 6 143 2.6
60 7.0 1/1 6 101 2.8
60 7.0 1/3 6 78 2.5
60 7.0 A100 6 47 2.1
60 7.0 3/1 3 103 2.7
60 7.0 3/1 4 115 2.2
60 7.0 3/1 5 130 2.3
60 7.0 3/1 6 143 2.6
60 7.0 3/1 7 142 2.6
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were stored in centrifuge tube at room temperature.
The aging time was reported to have a significant
effect on WCA for the powder substrate coating

[23]. Trinh et al. [23] have reported that the WCA
could increase by 15–40° within 30 days in the case
of powder substrate coating. Unlike the power sub-
strate coating, the WCA of the plasma-treated sub-
strate (glass) as shown in Figure 3(a) was hardly
affected by the aging (15, 30, and 90 days), indicating
that the coating is highly stable and durable. The ther-
mal stability of the coating was examined by anneal-
ing tests at 200°C and 250°C for one hour. The WCA
did not nearly change in both cases, as shown in
Figure 3(b).

Surface morphology and coating thickness

The AFM and SEM analyses were carried out to under-
stand the relationship between the two precursors in
the plasma polymerisation process as well as to see
the surface morphology, roughness and thickness of
the coating. Root-mean-square (RMS) roughness and
coating thickness are listed in Table 2. Figure 4 shows
the AFM results of the coated samples for H100,
A100 and various H/A ratios. From the figure, it can
be seen that the number of needle-like peaks grown
on the substrate surfaces decreased from Figure 4(a–
e). The higher the number of needle-like peaks, the
higher the surface roughness. The H100-alone coating
(Figure 4(a)) had the highest surface roughness and
thickness and it is likely due to the hydrophobic nature
and reactivity of HMDSO in the plasma. When
HMDSO and APTES were added together, the rough-
ness and coating thickness decreased as the H/A ratio
decreased. The formation of rough surfaces with
nanoscale topographic features results from the gener-
ation of particulates through gas-phase condensation
reactions. The plasma-induced particulates then
deposit and adhere to a substrate [5]. In the plasma
polymerisation, it is believed that HMDSO is more

Table 2. Thickness and RMS roughness of each sample.
Sample Thickness (nm) RMS roughness (nm)

H100 420 182 ± 5
H/A = 3/1 370 123 ± 6
H/A = 1/1 317 86 ± 4
H/A = 1/3 275 48 ± 4
A100 215 36 ± 5

Figure 3. (a) Aging time effect and (b) annealing temperature
effect on the coating.

Figure 4. AFM images of the coated samples. (a) H100; (b) H/A = 3/1; (c) H/A = 1/1; (d) H/A = 1/3; (e) A100.
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active than APTES to produce fragments, facilitating
the formation of particulates and therefore the high
surface roughness.

Figure 5 shows SEM images of the corresponding
samples. The coatings consist of nanostructures ran-
ging from 70 to 200 nm. It was found that the coatings
had shown cauliflower-like morphology in the case of
H100 and the H/A ratio of 3/1 (Figure 5(a,b), respect-
ively), while in the other cases the nanostructures
formed were like numerous circular islands with differ-
ent sizes.

Surface modification by APTES

Plasma polymerisation with amines is still under inves-
tigation and only a few articles discussed about this
issue [24–28]. The plasma polymerisation by the
APTES is described in Figure 6 [29–31]. For better
understanding, the surface modification by the
APTES can be divided into three parts: (a) hydrogen
bonding due to initial adsorption, (b) surface attach-
ment, and (c) multilayer formation [31]. If we take a
careful look at Figure 6(a,b), it can be seen that still
there is no sign of donor amine and acceptor groups.
It indicates that some of APTES molecules are not
H-bonded to the surface. Hence, the formation of
siloxane cross-links depends on the inter-APTES reac-
tion and makes a thin layer (Figure 6(c)) where donor
amine and acceptor H-bond both are present.

FTIR spectroscopy

The chemical characterisations of the coatings were
done by the FTIR spectroscopy, which are shown in
Figure 7. Since the soda-lime glass is not transparent
to infrared (IR), polymer films were deposited on pot-
assium bromide (KBr) disks by the same plasma poly-
merisation process. All the spectra were collected by

Figure 5. SEM images of the coated samples. (a) H100; (b) H/A = 3/1; (c) H/A = 1/1; (d) H/A = 1/3; (e) A100.

Figure 6. Surface modification and possible reaction routes of
APTES: (a) hydrogen bonding due to initial adsorption, (b) sur-
face attachment, and (c) multilayer formation.
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taking average of 10 scans at 1 cm–1 resolution in the
range of 500–3500 cm–1. The asymmetric stretching
band of the backbone Si–O–Si is found at 1047 cm–1

[32,7]. Si–O stretching in Si–OH can be seen at 830–
940 cm–1 [7,33,34], and Si–C stretching is found at
800 cm–1 [7]. The Si–CH3 symmetric deformation
appears at 1260, 1350, and 2966 cm–1 where the
peaks at 1260 and 1350 cm–1 are medium in intensity
and the peak at 2966 cm–1 is weak in intensity
[32,35]. The absorption band at 1600 cm–1 that corre-
sponds to water is due to the moisture of KBr. Peaks
from 2340 to 2360 cm–1 are due to the presence of
CO2 in the ambient environment [36].

XPS results

The XPS examination was done to understand the sur-
face chemical composition and the chemical bonds of
the polymer thin films. Figure 8 demonstrates the

atomic concentrations measured by the XPS for var-
ious specimens. Three samples out of five were selected
(H100, A100, and H/A = 3/1) for XPS analyses where
all the three samples contain silicon (Si), carbon (C),
oxygen (O), and nitrogen. The H100 sample has
shown 37.5% of carbon, 33.5% of oxygen, 27.1% of sili-
con, and 1.9% of nitrogen. On the other hand, APTES
(A100) and the H/A ratio of 3/1 coated sample have
shown 20.9% and 40.2% of carbon, 50.1% and 37.9%
of oxygen, 24.6% and 18.8% of silicon, and 4.4% and
3.1% of nitrogen, respectively. Here, sample H100 has
shown less nitrogen when compared to the other two
samples, which is due to no nitrogen from the
precursor.

The deconvolution results of C1s spectra are pre-
sented in Figure 9 and Table 3. The plasma-polymer-
ised thin film shows a high contribution of the Si–
CHx (x = 3 or 2) or C–C at 284.6 eV in the all three
samples in Figure 9 [37,38]. The peaks at 286 and
287.5 eV are seen due to the presence of C–O or
C–N and C=O in all the coated samples [37]. But,
C–Six (x = 3 or 2) peak at 283.2 eV is found only in
the sample H100 and H/A ratio of 3/1 in Figure 9
(a,c) [37]. So, it could be said that this chemical
bond is generated due to the HMDSO precursor.
On the other hand, the chemical bonding of O–C-O
at 288.7 eV in Figure 9(b,c) is due to the APTES
precursor [37].

UV-visible spectroscopy

Transmittance and hydrophobicity have an inverse
relation because both depend on the thickness and
roughness of the coating. As the surface thickness
and roughness of the coating increase, the

Figure 7. FTIR spectra of the coated samples from 500 to 3500 cm–1.

Figure 8. Atomic composition (%) of selected sample surfaces.
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hydrophobicity increases but the visibility decreases
[39]. Figure 10 shows the UV–VIS transmission spec-
tra of the bare glass and the ones coated with
HMDSO, APTES, and their mixture at various ratios
[39]. Uncoated glass exhibited around 80%

transmittance in the visible regions (from 390 to
700 nm), while the plasma-treated glasses at different
H/A ratios exhibited slightly lower transmittance.

Figure 9. Deconvolution of C1s spectra (282–290 eV) of the selected coated samples.

Figure 10. UV-visible spectra of the coated samples.

Table 3. Deconvolution of C1s spectra along with binding
energies and functional groups.
Functional groups Peak position (eV) References

C–Six (x = 3 or 2) 283.2 [37]
Si–CHx (x = 3 or 2) or C–C 284.6 [37,38]
C–O or C–N 286 [37]
C=O 287.5 [37]
O–C–O 288.7 [37]

Table 4. Scratch test results for each sample.

Sample
Annealing

temperature (°C)

Applied
force (AF)
(dyne)

Sliding
speed

(mm s–1)

Needle tip
diameter
(mm)

H100 250 3432 37 0.5
H/A =
3/1

250 9316 37 0.5

H/A =
1/1

250 13,239 37 0.5

H/A =
1/3

250 20,104 37 0.5

A100 250 25,007 37 0.5

Figure 11. Breakdown forces of the samples obtained by the
scratch tests.
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Scratch tests

To analyse the mechanical robustness of the coatings,
scratch tests were performed after the annealing of
the samples at 250°C for 1 h. All the experimental con-
ditions for the scratch test are summarised in Table 4.
The weight of weight holder and needle was 3432 dyne,
and thus the minimum applied force was 3432 dyne.
The force was gradually increased to find the break-
down force. All the results of the scratch tests are
shown in Figure 11, and the scratch test images taken
by the digital microscope are given in Figure 12. The
sample H100 could not sustain minimum force applied
by the scratch tester. When the mixture of the two pre-
cursors was used, the coating was stronger as the H/A
ratio decreased.

Conclusions

The plasma polymerisations of HMDSO and APTES at
different ratios were carried out by the atmospheric-
pressure plasma jet in order to get a robust and stable
hydrophobic surface layer on the glass surface. The
HMDSO was used to promote hydrophobicity and
the APTES to promote robustness and durability
owing to the presence of amines capable of promoting
the adhesion of the coating layer. In terms of hydro-
phobicity and robustness of the coating, the applied
voltage of 7 kV, treatment time of 60 s, and the H/A
ratio of 3/1 were chosen as optimal condition. The
WCA of 143° and reasonable mechanical strength
were obtained under this condition. The deposition
of the polymer thin film on the glass surface was evi-
denced by the SEM and AFM images. The UV–VIS

transmission study revealed that there was no signifi-
cant transmittance loss in the visible region for the
sample with H/A ratio of 3/1. Consequently, the non-
thermal atmospheric-pressure plasma jet could be a
good candidate for producing reliable hydrophobic
surface.
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