
Accepted Manuscript

Title: Laser-induced superhydrophobic grid patterns on PDMS
for droplet arrays formation

Author: Bahador Farshchian Javad R. Gatabi Steven M.
Bernick Sooyeon Park Gwan-Hyoung Lee Ravindranath
Droopad Namwon Kim

PII: S0169-4332(16)32277-2
DOI: http://dx.doi.org/doi:10.1016/j.apsusc.2016.10.153
Reference: APSUSC 34247

To appear in: APSUSC

Received date: 19-6-2016
Revised date: 21-9-2016
Accepted date: 23-10-2016

Please cite this article as: Bahador Farshchian, Javad R.Gatabi, Steven M.Bernick,
Sooyeon Park, Gwan-Hyoung Lee, Ravindranath Droopad, Namwon Kim, Laser-
induced superhydrophobic grid patterns on PDMS for droplet arrays formation, Applied
Surface Science http://dx.doi.org/10.1016/j.apsusc.2016.10.153

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

http://dx.doi.org/doi:10.1016/j.apsusc.2016.10.153
http://dx.doi.org/10.1016/j.apsusc.2016.10.153


Laser-induced superhydrophobic grid patterns on PDMS for 

droplet arrays formation 
 

Bahador Farshchian
1
, Javad R. Gatabi

2
, Steven M. Bernick

1
, Sooyeon Park

1
, Gwan-

Hyoung Lee
3
, Ravindranath Droopad

1,2
, and Namwon Kim

1,*
 

 

1
Ingram School of Engineering, Texas State University, San Marcos, TX 78666, USA. 

2
Materials Science, Engineering and Commercialization, Texas State University, San Marcos, 

TX 78666, USA.  
3
Department of Materials Science and Engineering, Yonsei University, Seoul 03722, Republic of 

Korea 

 

E-mail: n_k43@txstate.edu 

  

mailto:n_k43@txstate.edu


 

Highlights 
 Superhydrophobic grid patterns were processed on the surface of PDMS using a pulsed 

nanosecond laser. 
 Droplet arrays form instantly on the laser-patterned PDMS with the superhydrophobic grid 

pattern when the PDMS sample is simply immersed in and withdrawn from water. 
 Droplet size can be controlled by controlling the pitch size of superhydrophobic grid and 

the withdrawal speed.  
  



 

Abstract  

 

We demonstrate a facile single step laser treatment process to render a polydimethylsiloxane 

(PDMS) surface superhydrophobic. By synchronizing a pulsed nanosecond laser source with a 

motorized stage, superhydrophobic grid patterns were written on the surface of PDMS. 

Hierarchical micro and nanostructures were formed in the irradiated areas while non-irradiated 

areas were covered by nanostructures due to deposition of ablated particles. Arrays of droplets 

form spontaneously on the laser-patterned PDMS with superhydrophobic grid pattern when the 

PDMS sample is simply immersed in and withdrawn from water due to different wetting 

properties of the irradiated and non-irradiated areas. The effect of withdrawal speed, and pitch 

size of superhydrophobic grid on the size of formed droplets were investigated experimentally. 

The droplet size increases initially with increasing the withdrawal speed and then does not 

change significantly beyond certain points. Moreover, larger droplets are formed by increasing 

the pitch size of the superhydrophobic grid. The droplet arrays formed on the laser-patterned 

PDMS with wettability contrast can be used potentially for patterning of particles, chemicals, 

and bio-molecules and also for cell screening applications. 
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1. Introduction 

The wetting property of a surface is a function of both surface chemistry and surface 

topography [1]. Recently, superhydrophobic surfaces defined as surfaces with a static contact 

angle larger than 150° and a sliding angle less than 10° have attracted extensive attention in 

virtue of their potential applications for self-cleaning surfaces, anti-icing, anti-fouling, anti-

corrosion, and drag reduction in microfluidics [2-6]. Wetting behavior on a rough surface is 

usually described by the well-established Wenzel [7] or Cassie-Baxter [8] models. In the Wenzel 

model, the liquid fills the surface structures completely, leading to pinning of droplets on the 

rough surface (sticky condition). While in the Cassie-Baxter model, the liquid sits only on top of 

the surface structures and air is trapped between the liquid and the rough surface, which results 

in a small contact area and a low friction between the droplet and surface, and consequently a 

low sliding angle (slippery condition).  

           Among the materials which have been used for fabrication of superhydrophobic surfaces, 

silicon-based elastomer, polydimethylsiloxane (PDMS), offers various advantages. Because of 

its water repellency and high electrical resistance, PDMS is a suitable material to replace glass 

and porcelain in housing and high voltage insulators [9]. PDMS also has been widely used in soft 

lithography for the fabrication of microfluidic devices because of its non-toxicity, optical 

transparency, and flexibility [10, 11]. Since the PDMS surface is intrinsically hydrophobic, 

enhancing its surface roughness can potentially turn its surface superhydrophobic. Various 

techniques have been employed to render the surface of PDMS superhydrophobic. Sun et al. 

replicated a lotus leaf as a natural superhydrophobic template on the PDMS surface by 

nanocasting to obtain a superhydrophobic surface [12]. Tserepi et al.  treated a PDMS surface 

with sulfur hexafluoride (SF6) plasma to form high aspect ratio columnar-like nanostructures and 



subsequently coated its surface with fluorocarbon using octafluorocyclobutane (C4F8) plasma to 

enhance the hydrophobicity [13]. Cortese et al. used a two-step process to create a hierarchical 

double scale roughness on the surface of PDMS to acquire a superhydrophobic state. Firstly, 

micropillars were formed on a PDMS surface by replicating a micropatterned SU-8 master onto 

PDMS and then nanoposts were formed on the top of the micropillars by exposing the 

micropatterned PDMS to tetrafluoromethane (CF4) plasma [14]. Nanostructures were also 

formed on the PDMS surface to achieve superhydrophobicity by a surface-initiated 

polymerization and acidic treatment using sulfuric or hydrofluoric acid [15, 16]. In addition, 

pulsed laser irradiation has been used to manipulate surface properties of PDMS [17-22] and 

fabricate superhydrophobic PDMS surfaces [23-26]. Pulsed laser treatment has shown 

repeatable, precise, and controllable surface modifications on a variety of materials such as 

metals [27-30], polymers [9, 23-26, 31, 32], silicon [33, 34], ceramics [35, 36], and composite 

[37]. Moreover, the desired patterns can be readily written on a surface without any 

contamination by directly exposing the surface to laser in a computer-controlled system [38]. 

  In this study, we used a nanosecond pulsed laser system to create superhydrophobic grid 

patterns on a PDMS surface for spontaneous formation of water droplet arrays. By synchronizing 

the laser light source with a motorized stage, the superhydrophobic grids were directly written on 

the PDMS surface. The surface topography of the patterned PDMS was investigated by scanning 

electron microscope (SEM) and the contact angles of water droplets on the treated PDMS surface 

were measured at different time intervals after fabrication until superhydrophobicity was 

achieved. We demonstrate that laser-patterned PDMS with superhydrophobic grids can be used 

as an effective tool for the formation of small droplet arrays by simply immersing and 

withdrawing the laser-patterned PDMS in and out of water. The size of formed droplets can be 
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controlled with the withdrawal speed, and pitch size of grids. Such microarrays of the droplets 

can be used as templates for the pattering of particles, chemicals, and any compound in the 

aqueous solutions. Also, cells can be encapsulated in the arrays of microdroplets and hydrogels 

for cell screening and for cell culturing in a 3D microenvironment [39-41].  

2. Experimental 

Sylgard 184 (Dow Corning Corp., MI) silicone rubber base and curing agent were mixed 

at a 10:1 mass ratio. In order to remove air bubbles, the mixture was vacuumed for 20 min. After 

removing air bubbles, the PDMS was poured into a glass petri dish up to a height of 3 mm, 

vacuumed again and cured at 65 ° C for 4 h in a convection oven. The cured PDMS was peeled 

off from the glass petri dish and cut into 3 cm × 8 cm rectangular pieces using a razor blade. 

Figure 1a shows the experimental setup of the laser-patterning system used in this experiment. 

The laser source used was an excimer laser system (COMpexPRO 201, Coherent Inc., CA) 

which generates 25 ns pulsed laser at 248 nm wavelength with the maximum pulse repetition rate 

of 10 Hz and maximum pulse energy of 700 mJ. The pulsed laser was guided and focused on the 

PDMS surface using a mirror and two lenses. To control the size of the beam adjustable 

apertures were used. The desired superhydrophobic patterns were directly written on the PDMS 

surface by programming a motorized x-y stage and synchronizing the laser system with the 

stage. The scanning speed, pulse frequency, laser fluence, and overlapping ratio were 0.5 mm/s, 

10 Hz, 5 J/cm
2
, and 50%, respectively. 5 mm × 5 mm square superhydrophobic patterns, 

superhydrophobic TEXAS STATE patterns, superhydrophobic grid patterns with the pitch sizes 

of 0.5, 1, and 2 mm, and 2.5 cm × 2.5 cm superhydrophobic patterns enclosing a 5 mm × 5 mm 

untreated area at the center were written on the PDMS surface. Three samples were prepared for 

each of those patterns. Figure 1b shows a photo of a PDMS sample attached to the x-y stage 

during writing TEXAS STATE pattern on it. A photo of a PDMS sample with superhydrophobic 



grid pattern with pitch size of 1mm after laser patterning is also demonstrated in figure 1c. 

Morphology of the laser-patterned PDMS was observed by SEM (Helios Nano Lab 400, FEI, 

OR). Surface roughness and 3D topography image of the laser-patterned PDMS were acquired 

using a stylus surface profiler (KLA-Tencor, P-7, CA). To study aging of the laser-treated 

PDMS, static contact angles of 5 μL water droplets resting on the laser-treated PDMS surface 

were measured at different time intervals using a contact angle analyzer (Falcon, First Ten 

Angstroms Inc., VA). Five measurements were taken to calculate the average contact angle at 

each time interval. To measure the sliding angle of water droplet on a superhydrophobic PDMS 

surface, a manual goniometer (GN05, Thorlabs Inc, NJ) was used. Five measurements of the 

sliding angle for 5 μL water droplets were performed. In order to form arrays of droplets, the 

laser-patterned PDMS with a superhydrophobic grid pattern was immersed in a beaker full of 

water and then immediately withdrawn. A lifter robot, capable of immersing the laser-patterned 

PDMS samples into water and withdrawing it out of water at a constant speed, was built in order 

to control the withdrawal speed of the PDMS samples. We measured the size of droplets formed 

on the superhydrophobic grid patterns with the pitch sizes of 0.5, 1, and 2 mm as a function of 

different withdrawal speeds of 5.7, 14.5, 30, 43.5, and 55.7 cm/s. Three measurements were 

conducted at each withdrawal speed. The images of the droplets formed on the laser-patterned 

PDMS were then acquired using an optical microscope equipped with a 2.5× objective. The 

diameters of the droplets parallel and vertical to the withdrawal direction were measured and 

averaged to calculate each droplet diameter.  

3. Results and discussions 

During the laser irradiation, high-temperature and high-pressure plasma forms on the 

PDMS surface as a result of the interaction between the laser light and PDMS. As the plasma 



expands and bursts out of focal spot shock waves form. The shock waves remove the ablated 

materials and form dual-scale surface roughness on PDMS [26, 42, 43]. Figures 2a and b show 

the SEM images for the top and tilted views of the laser-treated PDMS, respectively. The inset in 

figure 2a shows a magnified image of the top view of the surface. After the samples were 

irradiated with the laser, the surface of PDMS became considerably rough, forming irregular 

multi-scale structures consisting of microstructures with sizes smaller than 20 m covered with 

tens or hundreds of nanometer structures. The root-mean-square (rms) roughness which is the 

standard deviation of the height values of surface structures was measured by the stylus profiler 

to be 1.56 μm.  

Figure 3 shows the evolution of the static contact angle of a water droplet on the laser-

treated PDMS surface at different time intervals after laser treatment of the PDMS. The static 

contact angle decreases drastically to 38 ± 2° compared to the untreated PDMS, 111 ± 2 °, and 

then increases gradually with time, eventually reaching 154 ± 2 ° after 5 hours, causing the 

surface to achieve a superhydrophobic state. The contact angle evolution can be approximated 

with an exponential growth curve,  t

eq e1  where eq  is the maximum contact angle 

toward which the contact angles converge and   is a time constant, which represents the time at 

which 63.2% of the maximum contact angle value is reached. The values of eq   and   are 154° 

and 1.15 hr, respectively. The value of sliding angle of water droplet on the laser-treated PDMS 

surface was measured to be 4 ± 2°. 

As a result of the laser-induced ablation, the PDMS surface is significantly roughened.  

Furthermore, it causes formation of oxide groups [23, 44], decomposition of PDMS, and 

formation of crystalline silicon and amorphous carbon [19-22], which drastically increase the 

surface energy. At the initial stage after laser irradiation, a combination of high surface energy 
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and high surface roughness causes the noticeable drop of the contact angle. However, the surface 

energy decreases and hydrophobicity recovers gradually due to the reorientation of surface oxide 

groups and/or immigration of low molecular weight (LMW) silicone generated during laser 

treatment from below the surface towards the surface [22, 44]. Hydrophobic recovery of PDMS 

exposed to the plasma, UV/ozone and corona discharge has also been reported [45-49]. Close 

inspection of SEM images revealed no discernible difference of surface topography between the 

laser-treated PDMS samples immediately and 5 hours after treatment. The surface chemistry 

recovery coupled with high surface roughness causes the interaction of a water droplet and the 

laser-treated PDMS to be limited, therefore facilitating conditions for extreme water repellency. 

The inset in figure 3 shows a water droplet on a laser-irradiated area of PDMS after 5 hrs. The 

laser-irradiated area appears dark compared to the transparent non-irradiated area because of 

enhanced surface roughness and the water droplet beads up on the superhydrophobic surface. 

Superhydrophobic grid patterns with different pitch sizes of 0.5, 1, and 2 mm were written on the 

PDMS surface. Figure 4a shows a grid pattern with 0.5 mm pitch written on PDMS by the laser 

irradiation. The magnified images of the irradiated and non-irradiated areas of PDMS surface are 

shown in figures 4b and e, respectively. Irregular hierarchical micro and nanostructures form in 

the laser-irradiated grid (LIG) area (figure 4b) by the laser ablation. In contrast, the non-

irradiated cell (NIC) area (figure 4e) is partially covered by nanostructures because of the 

deposition of ablated particles on its surface.  The ablation of PDMS in the LIG areas causes a 

height difference of about 10 μm between the top surface of the cells and the bottom surface of 

the grids (figures 4c and d). Using the laser-patterned PDMS samples with a 2.5 cm × 2.5 cm 

superhydrophobic LIG area enclosing a 5 mm × 5 mm hydrophobic NIC area at the center, the 

static contact angle of water droplets on the NIC areas was measured 5 hours after fabrication. 
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The measured static contact angle was 121 ± 2°, which achieves the moderate wettability 

contrast along with the LIC areas of 154 ± 2° contact angle. 

Laser-patterned PDMS samples with the moderate wettability contrast were used as 

templates to form droplet arrays 5 hours after their fabrication to ensure that the LIG areas 

reached the superhydrophobic state. The laser-patterned PDMS was simply immersed in and 

withdrawn vertically from water to form droplet arrays. When the PDMS sample was fully 

immersed in water, the LIG area exhibited a mirror-like sheen caused by light reflection from the 

thin layer of air trapped on the superhydrophobic surface [50]. Water contacting the LIG areas 

has a Cassie-Baxter state, in which it only contacts the peaks of the hierarchical micro and 

nanostructures. Whereas, water contacting the NIC area has a Wenzel state, in which the whole 

surface is completely wetted during immersion (figure 5a). When the laser-patterned PDMS is 

lifted vertically out of water, two areas experience different frictional drags, i.e. the higher 

frictional drag on the NIC surface and the lower frictional drag on the LIG surface. The trapped 

air on the superhydrophobic LIG area results in reduced frictional drag compared to the 

neighboring NIC areas [51]. The surface condition varies alternatively across the LIG and NIC 

areas. As the result of this difference in frictional drag, the contact lines on the LIG surface 

moves faster than the ones on the NIC surface during withdrawal from water (figure 5b). The 

velocity differences of the contact lines eventually leads to pinching off water covering the NIC 

areas and results in spontaneous droplet formation on their surface (figure 5c). 

Droplet arrays formed on the laser-patterned PDMS when PDMS was immersed in and 

withdrawn from water at a speed of 55.7 cm/s are demonstrated in figures 6a-d. Following 

withdrawal, the LIG areas (the dark areas) remain dry and the NIC area (the transparent areas) 

become partially wet. Figure 7 shows the graph in which the droplet sizes versus withdrawal 



speed for grids with different pitch sizes are plotted. The droplet size increases initially as the 

withdrawal speed increases for all the sizes of the grid pitches and then does not significantly 

increase beyond a certain point.  At lower withdrawal speeds the contact lines on NIC areas have 

more time to sweep over the surface before pinch off occurs, therefore less water will remain on 

top of them after pinch off. At a certain speed as the grid pitch size increases, i.e. the area of the 

NIC increases, the size of droplets increase. Increasing the area of the cells causes the Wenzel 

contact area between water and NIC surface during immersion to increase. Thus, more water will 

remain on top of the NIC as the sample is withdrawn from water and pinch-off happens.  

There have been reports for droplet arrays formation on surfaces with extreme wettability 

contrast (superhydrophobic areas vs. superhydrophilic areas), which were often fabricated using 

intricate multistep processes [40, 52, 53]. In this research, surfaces with moderate wettability 

contrast (hydrophobic areas vs. superhydrophobic areas) were fabricated in a single step by 

writing superhydrophobic patterns on an intrinsically hydrophobic material without any further 

chemical treatment. Unlike the platforms with extreme wettability contrast in which the surfaces 

of superhydrophilic areas become fully wet when a liquid is applied to them, the hydrophobic 

areas (NIC) surrounded by superhydrophobic areas (LIG) on the platform that we have designed 

and fabricated by laser patterning only get wet partially. This happens due to the fact that the 

contact lines of the applied liquid can move on the hydrophobic areas of the platform with 

moderate wettability contrast, while the contact lines are pinned in the superhydrophilic areas of 

the platform with extreme wettability contrast. This allows controlling the size of the droplets not 

only by the grid size, but also by the withdrawal speed as discussed above. The laser-patterned 

PDMS with superhydrophobic grid patterns can also be used potentially as a master mold for the 

mass production of superhydrophobic grids. The minimum feature size that can be replicated by 



casting is 20 nm [54]. Yoon et al. has shown a positive replica of the superhydrophobic laser-

treated PDMS, which is replicated on PDMS, still has superhydrophobic properties [26]. Laser 

treatment of PDMS described in this work can also be applied for other applications including 

passive valves in microfluidics [55], droplet-driven transports on surface microfluidics [56], 

transport of fluids between component chips in modular microfluidic systems [26], 

superhydrophobic nozzles for contact-free dosage [57], and mixing in microfluidics [58].  

4. Conclusions 

As a result of the laser-induced ablation of PDMS, the surface of PDMS becomes 

significantly rougher forming hierarchical micro and nanostructures. This combined with a low 

surface energy of PDMS, which is reinstated five hours after laser treatment will impart extreme 

water repellency to the surface. Therefore, no second chemical coating step is required and 

superhydrophobicty state can be achieved merely using the laser treatment. Superhydrophobic 

grid patterns with different pitch sizes of 0.5 mm, 1 mm, and 2mm were directly written on the 

surface of PDMS by synchronizing the laser system with an x-y motorized stage.  Droplet arrays 

formed on the laser-patterned PDMS when it was immersed in and withdrawn from water. As the 

laser-patterned PDMS with superhydrophobic grid is withdrawn from water the contact lines on 

laser-irradiated areas move faster than the ones on non-irradiated areas which eventually leads to 

pinching off water covering the non-irradiated areas resulting in instantaneous droplet formation 

on their surface. The effect of withdrawal speed, and pitch size of superherhydrophobic grids 

written on the surface of PDMS on the droplet size were investigated. Initial increase of 

withdrawal speed causes droplet size to increase but its further increase over certain values does 

not significantly change the droplet size. At lower withdrawal speeds the contact line on the 

laser-irradiated area has more time to sweep over the surface, therefore less water will remain on 



top of its surface after pinch-off. At a certain withdrawal speed, the droplet size increases as the 

pitch size of superhydrophobic grid increases. The increase in the pitch size of the 

superhydrophobic grid causes the Wenzel contact area between top of the laser-irradiated area 

and water during immersion increases. As a result, more water will remain on top of its surface 

after pinch-off occurs. 
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List of Figures 

 

Figure 1: (a) The experimental setup of the laser-patterning system (b) photo of a PDMS sample 

attached to the x-y state during writing TEXAS STATE pattern on it. (c) photo of a PDMS 

sample with superhydrophobic grid pattern with pitch size of 1mm  

 

Figure 2: SEM pictures, top view and tilted view of the laser-treated PDMS.  

 

Figure 3: Evolution of static contact angle of water droplet on the laser-treated PDMS at 

different time intervals after fabrication (experimental and theoretical). The insets show a photo 

of a water droplet on the laser-treated PDMS 5 hours after fabrication. 

 

Figure 4: SEM picture of (a) PDMS sample with superhydrophobic grid pattern when the grid 

pitch size is 500 μm. (b) LIG: laser-irradiated grid; (c) Surface height map and (d) 3D 

topography image of the surface. (e) SEM picture of NIC: non-irradiated cell. 

 

Figure 5: Schematic illustrating (a) Wenzel contact and Cassie-Baxter contact on laser-patterned 

PDMS sample immersed in water (b) contact line movement on LIG: laser-irradiated grid and 

NIC: non-irradiated cell areas. (c) droplet formation on laser-pattered PDMS with 

superhydrophobic grid.   

 

Figure 6: (a) Photo of water droplet arrays formed on the laser-patterned PDMS with 

superhydrophobic grid with pitch size of 1 mm and optical microscope pictures of the droplet 

arrays formed on the laser-patterned PDMS with superhydrophobic grids with different pitch 

sizes of (a) 2 mm (b) 1 mm (c) 0.5 mm when the laser-patterned PDMS sample was immersed in 

and withdrawn from water at speed of 55.7 cm/s.  

   

Figure 7: Droplet size versus withdrawal speed for the droplet arrays formed on laser-patterned 

PDMS with superhydrophobic grids with pitch sizes of 2 mm, 1 mm and 0.5 mm when PDMS 

sample was immersed in and withdrawn from water  
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