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Abstract

	 In this study, it was aimed to fabricate a super hydrophobic layer as an air-retaining surface 
on a commercial wet suit to reduce the drag force. Silica nanoparticles (SiNPs) were synthesized 
in situ on the outer surface of a wet suit through sol-gel method and then they were treated with 
hydrolyzed n-octyltriethoxysilane (OTES).  Scanning electron microscopy (SEM) and atomic-force 
microscopy (AFM) images showed a uniform formed coating of SiNPs on the surface of wet suit. The 
values of Static water-contact angle (SWC) and water-shedding angle (WSA) for hydrolyzed samples 
were 153° (for a 10 µL water droplet) and 34° (for a 15 µL water droplet) respectively. Attributed to 
the desired formed air film, the wind tunnel test results showed drag reduction for coated wet suit. 
The introduced product showed high potent for long distance swimming and triathlon.
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INTRODUCTION

	 Drag or hydrodynamic resistance plays 
an important role in swimming performance and in 
general for every moving object submerged in water. 
Over 90% of the swimmer’s power output is spent 

overcoming hydrodynamic drag1, 2. There are three 
different types of drag: pressure, wave, and friction. 
Pressure or form drag is the energy required to move 
fluid in front of an object in the flow. The energy 
required for creating velocity gradients in the fluid 
layer to move the object is named drag3. The speed 



1157 Rad et al., Orient. J. Chem.,  Vol. 33(3), 1156-1163 (2017)

of swimmers depends on hydrodynamic drag force. 
To achieve higher speed, the hydrodynamic drag 
force should be reduced for forward motion. Several 
studies have investigated the effect of swimsuits on 
hydrodynamic drag4-7.

	 One way to reduce drag is to use a layer 
of air bubbles on the surface of the object. The air 
water interface reduces the hydrodynamic force.
In this field, superhydrophobe surfaces play an 
important role, as they are capable of trapping air 
pockets due to their roughness and their low surface 
energy because of micro and nanoscale features. A 
superhydrophobic substrateis defined as a surface 
with low wett ability and with a contact angle (CA) 
greater than 150°. Many fabricated superhydrophobic 
surfaces are based on mimicking biological air-
retaining plants such as the floating ferns Salvinia 
and the back swimmer Notonecta. The attempt to 
reduce hydrodynamic drag was originally inspired by 
the unique properties of fast-swimming shark skin. 
A layer of air trapped on the surface of the object 
leads to slip which exhibits drag reduction. This slip 
reduces drag at higher Reynolds numbers in both 
laminar and turbulent regimes8, 9. Different studies 
presented the drag reduction of laminar flow through 
microchannels by using hydrophobic surfaces10-12. 
For example, Henoch et al. (2006)13 demonstrated 
that superhydrophobic surfaces reduce the drag force 
at velocities up to 1.4 m/s.

	 Up to now many methods have been 
presented for fabricating such surfaces on different 
substrates,14-17 including lithography, chemical vapour 
deposition, a sol-gel process, electrochemical 
deposi t ion,  layer-by- layer  assembly,  and  
etching18-22.A sol-gel process is a wet chemical 
procedure that makes it simple to synthesize 
metal-oxide nanoparticles. In this process, metal 
alkoxide, which is used as a precursor, is dissolved 
in water or alcohol to form a colloidal solution (sol). 
The gel is formed through hydrolyses and then 
condensation of the colloidal solution. The sol-gel 
method is economical—it, as a low-temperature 
technique, affords good control of the obtained 
products. Typically, siliconalkoxide groups, such as 
tetraethoxysilane Si(OC2H5)4 (TEOS), have been 
used as Si precursors23-29.

	 Swimwear can be divided into two 
categories: wet suits and dry suits. Both types 
of diving suits protect divers from water and the 

elements. Dry suits are mostly used for warm water. 
Wet suits show some benefits over dry suits including 
being relatively inexpensive and easily wearable. It is 
usually made of foamed neoprene coated sometimes 
with a fabric such as PET. It is used by surfers, 
divers, windsurfers, canoeists, and others engaged 
in water sports, providing thermal insulation, abrasion 
resistance, and buoyancy. Bubbles of gas in the 
surface of wet suits lead to drag reduction as well as 
heat conduction. They make the wet suit with a low 
density and provide buoyancy in water. Its drag or 
hydrodynamic resistance depends on the behaviour 
of the outer surface.

	 By considering different literatures, there 
is no study to reduce the drag of wet suits by 
superhydrophobic coating to ease body movement. 
So in this study, it was intended to convert the outer 
surface of the wet suit into an air-retaining surface 
by fabricating a superhydrophobic surface on it and 
thereby reducing the hydrodynamic drag. SiNPs were 
synthesized in-situ on a commercial wetsuit by sol-
gel method. They were treated with a hydrolyzedalkyl 
silane solution. Samples were characterized by 
scanning electron microscopy (SEM), atomic-
force microscopy (AFM), and energy-dispersive 
spectroscopy (EDS). The superhydrophobic effect 
was investigated by measuring the SWC, WSA, and 
surface energy. Finally, the hydrodynamic drag of 
samples determined in a wind tunnel and compared 
with untreated samples. 

MATERIALS AND METHODS

	 A commercial wet suit (including PET fabric 
coated with neoprene) provided by Mares Company 
(Rapallo, Italy). Tetra ethyl ortho silicate(TEOS), 
n-octyltriethoxysilane (OTES), ammonium hydroxide 
(25%),ethanol (96%) and hydrochloric acid were 
purchased from Merck. 

Procedures
	 SiO2nanoparticles were synthesized in 
accordance with the Stöber method[30]. Briefly, 
ethanol (25 ml), ammonium hydroxide (1 ml), distilled 
water (3.6 ml), and TEOS (11.5 ml) were stirred 
for 2 h at room temperature to prepare the sol-gel 
solution. Wet suit samples (5 cm2) were immersed 
in the prepared solution at 30 °C for 5 min, dried at 
60°C,and then cured at 160 °C for 5 min. OTES (17 
ml) and hydrochloric acid (0.05 M, 4.2 ml) were mixed 
and stirred for 24 h at room temperature. Samples 
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were immersed in hydrolyzed and diluted OTES (with 
4% wt/wt ethanol) for 4 h at room temperature. The 
samples treated with hydrolyzed OTES were cured 
at 120 °C for 1 h30.

Characterization
	 The morphology of samples was observed 
using SEM(XL30, Philips, Royal Philips Electronics, 
Amsterdam, Netherlands), and their surface 
roughness was measured via AFM (Danish Micro 
Engineering A/S, Copenhagen, Denmark) in tapping 
mode. Fourier Transform Infrared (FTIR) spectra 
were measured by FTIR spectrophotometer (Bruker 
Optics) in ATR mode (Germany). The SWC was 
measured using a contact-angle measurement 
device (Data physics OCA, Germany). A 10 ml 
droplet of deionized water was placed at each of 
the five different positions on the sample surfaces, 
and the angle of each drop on the sample was 
determined. The SWC values and surface energy of 
the samples were reported based on an average of 
three measurements (Dataphysics OCA, Germany).
The WSAs of the various samples were measured 
following the method of Zimmermann et al.31.The 
droplet (15 ml) was released at a height of 1cm, and 
the minimum angle at which the droplet started to 
roll off the surface was then determined. Each test 
was repeated three times.

	 The drag reduction was studied by wind 
tunnel. The experiments were performed in a 
closed-circuit wind tunnel of 45 × 45 cm2 test section 
with a length of 120cm at Amir kabir University of 
Technology. The experimental setup is shown in 
Figure 1. A cylinder of 110 mm diameter and 200 

mm length was covered with fabric and stood at an 
angle of 90°. The wind tunnel was run at a velocity 
of 15 m/s.

RESULTS AND DISCUSSION

	 The process for synthesizing SiNPs is 
shown in Figure 2. TEOS was hydrolyzed and silica 
nanoparticles nucleates were obtained by Si-O-Si 
bonding during the condensation reaction; thereby, 
the sol-gel solution was obtained. The surface of 
the solvent was evaporated after the sample treated 
with the sol solution had been dried and cured. In 
this step, the treated sample was still hydrophilic 
due to the presence of hydroxyl groups in the silicon 
nanostructures. The hydrophobic surface was then 
obtained by the interaction of hydrolyzed OTES with 
silanol groups (Figure 2)31. 

	 The surface morphologies of the untreated 
and OTES-TEOS- treated samples were investigated 
by electron microscopy. The SEM images of the 
samples are shown in Figure 3.As shown in the 
Figure 3a,the untreated sample had a smooth 
structure, whereas the treated sample with SiNPs 
had a rough surface. An SEM survey of 20 
synthesized SiO2 nanoparticles showed that the 
fabricated nanoparticles had an average size of  
76 nm.

	 The AFM images of the untreated and 
OTES-TEOS-treated wet suit surface are provided 
in Figure 4. It is obvious that the untreated sample 
is smooth (Figure 4a), while the treated sample 
has a rough surface (Figure 4b). The root-mean-

Fig. 1:  Schematic of wind Tunnel
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Fig. 2:  Schematic and chemical reactions for the fabrication of a superhydrophoic SINPs on the 
surface of a wetsuit

Fig. 3: SEM images of (a) Untreated, (b) TEOS and (c) OTES”TEOS coated samples, and (d) 
Particles size of SiO2 nanoparticles for OTES”TEOS coated samples. Images on the right are at 

higher magnification

square (RMS) roughness of the wet suit was also 
measured by AFM-software.  The untreated sample 
had an RMS roughness of 46 ± 0.05 nm, whereas 
the treated wet suit samples with OTES-TEOS had 
an RMS roughness of 80±0.1 nm.

	 The surface elemental analysis of the 
treated wet suit was carried by EDS (Table 1). The 
results show just an Au peak for the untreated 
sample, while there is a Si value for both TEOS and 
TEOS-OTES samples. As expected, the amount of Si 
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Table 1. Energy Dispersive X-ray Spectroscopy 
results of a) pristine polyester b) TEOS-treated 

sample c) OTES-TEOS-treated sample

		 Sample Kind / treated sample 
with			 
Element	P ristine	 TEOS	 TEOS-OTES
	 (%)	 (%)	 (%)

Si	 -	 65.43	 92.99
Au	 100%	 34.57	 7.01
Total	 100	 100	 100

Fig. 4: AFM images of (a) Untreated (b) OTES-
TEOS-treated wetsuit’s samples

Table 2: Static water, water shedding angles and surface energy of 
pristine, TEOS and OTES-TEOS-treated samples

		
Sample kind /	 Mean of static 	 Mean of static 	 Surface
 treated with	 contact angle	 contact angle 	 Energy 
 	 “SWC” (°)	 “SWC” (°)	 (N/m)

Pristine	 109± 1.5	 109± 1.5	 34±2.7
TEOS	 76±0.5	 76±0.5	 123±3.2
OTES”TEOS	 153±1.5	 153±1.5	 4.5±0.05

increased from 65.43% to 92.99% for TEOS-OTES 
samples. Therefore, post treatment of TEOS samples 
with OTES result in to more deposition of Si on the 
surface. 

	 To consider the characteristic peaks of 
silicon and its oxide form, the FTIR transmittance 
spectra of different samples are shown in Figure 
5 in the range of 750 cm-1 to 1250 cm-1. The 
characteristic bands at 800 cm-1 and 900 cm-1 are 
attributed to the stretching of SiO bending and 
SiOH bonds respectively. The characteristic bond at  
1090 cm-1is related to the stretching of SiOSi. It is 
seen that there are no Si characteristic bonds for 

untreated samples. On the other hand, TEOS-OTES 
sample has weaker SiOH stretching intensity bond 
(930 cm-1) than TEOS sample. It is a confirmation 
for the reduction of SiOH bonds after treating TEOS 
sample with hydrolyzed alkyl silane (Hydrolysed 
OTES32-33. 

	 The water-repellent properties of untreated, 
TEOS-treated, and OTES-TEOS-treated samples 
are presented in Figure 6. On the untreated sample, 
the water droplet does not distribute and penetrates 
the surface in the same place. On the OTES-TEOS-
treated sample, the water droplet gets distributed on 
the surface and does not penetrate, because the 
pores are filled with SiO2 nanoparticles.

	 The contact angle of water droplets on 
untreated, TEOS-treated, and OTES-TEOS-treated 
samples are shown in Figure 6. The water-contact 
angle on the TEOS-treated sample (76± 0.5°)is 
lower compared to other samples (Figure 6b & 
Table 2). It is because of the presence of hydroxyl 
groups following the TEOS treatment (Figure 2). 
Figure 6c shows a spherical-like water droplet with 
a contact angle of 153± 1.5° (Table 2).The WSA on 
the OTES-TEOS-treated sample has decreased to 
30°.Thesurface energy of the OTES-TEOS-treated 
sample is significantly lower than that of the TEOS-
treated sample due to the presence of hydroxyl 
groups in the latter.

	 The surface roughness of a swimsuit or 
any other moving object submerged in water has 
an important role in the resultant drag force. In this 
paper, the drag coefficient (CD)is presented as a 
function of Reynolds number (Re) (Figure 7). The 
CD and Re were calculated by using the following 
formulas:
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Fig. 6: Contact angles and wettability of (a) Untreated, (b) TEOS and(c) 
OTES-TEOS-treated samples

Fig. 7:  Drag coefficient values of samples in different Reynolds numbers

Fig. 5: FTIR of Untreated, TEOS and OTES-TEOS-treated samples
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CD= FD /0.5ρV2A   		 ...(1)

	 Where FD is drag force, ρ density, V velocity 
of wind, and A area of samples. 

Re=ρVL/m	 	 ...(2)

	 Where ρ, V and  m are density, velocity, 
and viscosity of wind and L is sample length  
(Marhino et al., 2012).

	 For comparison, the CD values of the bare 
cylinder are also presented in the figure. The surface 
roughness has a significant effect on the air flow 
characteristics over the surface. 

	 The data indicates the CD start to decrease 
for untreated sample at Re=1.2 × 105. Similarly, 
the CD of OTES-TEOS samples reduced at  
Re=1.5 × 105. It is because of the surface tension 
decreased by introducing OTES. Moreover, super 
hydrophobic surfaces contain nanoscale features 
which cause air trapping and slip. Therefore, the 
slip leads to drag reduction at higher Reynolds 

numbers in both laminar and turbulent regimes  
(Dean & Bhushan, 2010). In contrast, due to 
increasing surface tension, the TEOS sample 
undergoes increase at Re=2 × 105.

CONCLUSION

	 A commercial wet suit was coated with 
hydrophobic silica nanoparticles by the sol-gel 
method. The fabricated layer produced a super 
hydrphobic layer on the outer layer of the wet suit due 
to the produced roughness and the low energy of the 
surface. The wind test results showed the reduction 
of hydrodynamic drag for the coated wet suit—
especially in high Reynolds numbers. It indicates 
that the super hydrophobic-fabricated layer can act 
as an air-retaining surface and so the produced air 
film can reduce the drag due to slip phenomena. The 
modified wet suit shows high potential for maximizing 
the mobility of limbs and can be used for distance 
swimming and triathlon. It can also cooperate with 
the enclosed bubbled gas of neoprene for improving 
the insulating ability of such a wet suit. 
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