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Abstract: PDMS samples may be used in various microfluidic applications by hydrophilizing their 
surfaces. This study examines the effects of air plasma jet (APJ) and dielectric barrier discharge 
(DBD) plasma on the surface hydrophilicity of polydimethylsiloxane. In order to increase the 
hydrophilicity of PDMS sample surfaces, two plasma sources including APJ and DBD were 
compared. Both DBD and APJ setups were measured for voltage and current, and their respective 
power was calculated and compared based on their characteristics. It is important to note that the 
electrical specifications of APJ and DBD were identical, and the source power rates for APJ and DBD 
plasma were 306W and 300W respectively. UV-vis spectroscopy was used to characterize the 
plasma, and an electrical characterization of the plasma's power supply was carried out. The effects 
of parameters such as the distance from the nozzle tip, the duration of the process, and the source 
voltage on the hydrophilicity of the surfaces during the treatment by APJ were also examined, and 
samples were then examined for a period of time to determine whether surface hydrophilicity was 
preserved. On the PDMS surface, a contact angle of about 5.1° was observed using short-term 
plasma treatments of 10 seconds. In the same conditions, the effect of DBD treatment was superior 
to that of APJ treatment. 

Keywords: air plasma jet; PDMS plasma treatment; DBD plasma; plasma surface treatment 
 

1. Introduction 

In recent years, there has been a great deal of interest in microfluidics and lab-on-a-chip-based 
research as a result of the global focus on biological phenomena. One of the most comprehensive 
categories of these investigations involves microfluidic studies on PDMS as a silicon-based polymer 
[1,2]. PDMS has a number of special properties due to the fact that it is chemically neutral, 
biocompatible, transparent, and flexible. PDMS is an inexpensive polymer that can be molded using 
photolithography-based methods and micrometer resolution [3]. The above-mentioned properties 
and ease of access make this polymer widely used in biotechnology, microfluidic chips, and 
electronics [4,5]. The hydrophobicity of this polymer, however, limits its application in some 
applications, despite its advantages [6]. In treating PDMS using the method, the most significant 
problem is the rapid recovery of the polymer's hydrophobicity after treatment. 

Some applications require properties such as hydrophobicity and hydrophilicity. A PDMS chip's 
hydrophobic and hydrophilic properties affect surface adhesion, bioactive reactions, and fluid flow 
within the chip [7–9]. This polymer has therefore been modified using multi objective optimization 
methods [10–12] in order to increase its surface hydrophilicity. Plasma treatment can be an effective 
method of modifying the surface's hydrophilicity and hydrophobicity [13]. To increase the surface 
hydrophilicity, APJ and DBD plasmas have been used [14]. Plasma jets are easy to use due to the fact 
that they do not depend on the type, shape, or size of the treatment; this makes them more practical. 
Due to its greater applicability and relatively low cost, air as the process atmosphere has significant 
advantages over other options when it comes to plasma processing [15,16]. 
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Many studies have been conducted on the performance of the PDMS surface hydrophilizing 
process due to its importance [17–22].   

Nascimento et al. determined the water contact angle as a function of plasma process time for PDMS 
surfaces. A study by Nascimento et al. [23] used pulsed dielectric barrier discharge plasmas to treat 
polydimethylsiloxane (PDMS) surfaces and found that surface roughness was reduced more rapidly than the 
water contact angle was reduced. In the bonding process, the water contact angle did not change since PDMS 
is processed with almost no discharge. By statistical design of experiments, Jofre-Reche et al. [24] optimized 
operating conditions, and they found that an increase in oxygen content on the treated surface of PDMS 
increased its hydrophilicity. 

Li et al. [25] conducted an investigation to assess the biomedical effects of cold atmospheric 
plasma treatment on PDMS thickness. There is a thickness-dependent relationship between the 
permeability of CAPs with PDMS thickness less than 2.5 mm. In order to study the surface 
modification process of bound polydimethylsiloxane microchannels, Bashir et al. [26] used a 
dielectric barrier corona discharge at atmospheric pressure. In accordance with the results, the surface 
of the channel exposed to plasma became hydrophilic. The optimization of microwave plasma 
treatment conditions on PDMS was also investigated by Aymes-Chodur et al. [27]. Analytical 
methods were used to demonstrate that the radicals formed to serve as initiators for thiol grafting. 

As part of their investigation of the treatment of organic pollutants in water, Patinglag et al. [28] 
examined the potential of a microfluidic plasma reactor with a dielectric barrier discharge. Using 
methylene blue in solution, plasma-induced degradation of dissolved organic compounds has been 
studied in microfluidic devices. A flow rate of 35 liters per minute, a barrier thickness of 2 mm, and 
a channel depth of 50 m resulted in 97% degradation when air was used as the carrier gas. 

The surface modification of PDMS has been studied experimentally and numerically [29–32], 
but little is known about the optimal conditions for imparting hydrophilicity to the PDMS surface. 
Accordingly, the present study investigates how parameters such as plasma treatment duration, 
voltage variation (of the plasma source), sample distance from the nozzle tip, and hydrophilicity 
properties of PDMS samples are affected by cold atmospheric plasma treatment. It was our goal in 
this study to identify and determine the optimum conditions for making PDMS surfaces hydrophilic 
as well as the variation in the duration of hydrophobic recovery. Furthermore, APJ and DBD plasma 
were compared for their ability to increase the surface hydrophilicity of the samples, as well as their 
ability to preserve the hydrophilicity of the treated surfaces. 

2. Experimental Section 

2.1. Material and Methods 

Silgard 184 Polymer was provided by Sigma Corporation along with its curing agent. As part of 
the preparation of the samples, the polymer was mixed with a curing agent at a weight ratio of 10:1 
and then vacuum-dried to remove bubbles. To complete the preparation process, the oven was 
incubated at 90 °C for 45 minutes. Samples of PDMS were prepared with dimensions of 25×25mm. 
From the nozzle tips of APJ, samples were placed at intervals of 5 to 25 mm. DBD was used to treat 
samples by placing them between two electrodes with an air gap of 4 mm. Each plasma source was 
tested using uniform and close electrical power selection to compare its efficacy.  

A total of four groups of tests were conducted to investigate the influence of parameters such as 
treatment duration, sample distance from the plasma torch tip, source voltage, and aging duration 
on the surface hydrophilicity of the samples. In addition, DBD plasma was used to treat the samples, 
and the results were compared with other samples. 

2.2. Atmospheric Pressure Plasma Treatment 

As a source of low-temperature and non-equilibrium atmospheric pressure plasmas, 
atmospheric pressure plasma jets have been established. As a result of its remote operation (jet is not 
constrained by electrodes), this plasma tool has a scalable dimension that can be adjusted from 
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several centimeters down to sub-millimeters, allowing for local treatment of 3D surfaces, such as 
inner walls, trenches, or cavities. 

There are a number of advantages to using air plasma jets for the treatment of low-temperature 
and non-equilibrium atmospheric pressure plasmas [1]. It is the ability to process complex shapes 
and 3D surfaces that makes plasma jets so valuable [33]. Consequently, the plasma created by it is 
not confined to a limited area. A plasma jet device, manufactured by Megavolt Co., consisted of a jet 
nozzle with a zero-dielectric inner electrode and a ground-up setup which was equipped with an 8 
kHz high voltage power supply and a 0 to 22 kV sinusoidally pure voltage supply. Plasma jets were 
supplied by a compressor with a flow rate of approximately 10 liters per minute. The APJ systems 
are illustrated in Figure 1. 

 
(a) 

 

(b) 
Figure 1. (a) Torch of atmospheric air plasma jet and (b) setup of APJ treatment. 

2.3. DBD Plasma Treatment 

A Dielectric Barrier Discharge plasma (DBD) is a non-thermal plasma that establishes a uniform 
and stable plasma at atmospheric pressure, which can be generated in open air or in a closed chamber. 
There is an electrical discharge between two electrodes, one covered with a dielectric plate. There are 
various applications for DBD plasma, such as improving wettability and improving the adhesion of 
surfaces [34–36]. DBD plasma operates at atmospheric pressure and has a low temperature suitable 
for interacting with sensitive surfaces of materials. For the treatment, a DBD plasma generator with 
a dielectric layer of Pyrex was used. Figure 2 illustrates a plasma generator with an operating voltage 
of 20 kV, a current output of 15 mA, and an operating frequency of 8 kHz that produces uniform 
plasma. 
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Figure 2. DBD plasma generator. 

2.4. Plasma characterization  

Tektronix P6015A high voltage probe and CC-65 Hantek current clamp used to measure and 
display voltage and current of the high voltage power supply on the Tektronix 2024c oscilloscope. 
Figure 3 illustrates the layout schematic for the APJ and DBD characterizations. 

 
(a) 
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(b) 

Figure 3. schematic of APJ (a), and DBD (b) characterization. 

Based on equation (1), DBD's electrical power was approximately 300 watts at 8 kHz, 20 kV 
applied voltage, 15 mA current, and 20 kV applied voltage. Furthermore, the plasma jet was operated 
at an applied voltage of 18 kV and an output current of 17 mA. This resulted in an output power of 
306 watts. Due to the fact that the plasma jet relies on a direct electric discharge without a dielectric 
layer, the operating voltage of the DBD plasma is greater than that of the plasma jet. According to the 
equation (1), plasma jet power can be calculated as follows: 𝑃 ൌ 1𝑇න 𝑣ሺ𝑡ሻ ൈ 𝑖ሺ𝑡ሻ𝑑𝑡 ൌ 𝑓න 𝑣ሺ𝑡ሻ ൈ 𝑖ሺ𝑡ሻ𝑑𝑡்

଴
்
଴  (1) 

The temperature of the plasma torch of APJ was measured at intervals of 5, 10, 15, 20, and 25 
mm using a grounded metal shield thermocouple sensor on the DM6801A thermometer (Table 1). A 
thermocouple sensor with a 32°C temperature range was used to measure the plasma temperature 
for DBD between the two electrodes. 

Table 1. The temperature of the APJ plasma torch. 

Distance (mm) Tempurature (°C) 

5 39 

10 37 

15 32 

20 29 

25 28 

2.5. Plasma spectrum Characterization 

A dual spectroscopy device from Avantes-Avesepec was used to measure optical emission 
spectroscopy (OES). More light was obtained by using a collimator lens (COL-UV / VIS-25). 

2.5.1. Water Contact Angle Measurements 
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In order to measure the hydrophilicity of the treated surfaces, the water contact angle test was 
conducted. During the measurement, Dataphysics Company's OCA-20 water contact angle 
measurement setup was used. In less than 30 seconds following the treatment process, samples were 
evaluated based on the droplet contact angle. The test was conducted by dropping 5 microliters of 
distilled water at 25 degrees Celsius onto the sample and measuring the contact angle between the 
droplet and the surface. For this test, a distance of 5mm should be maintained between the sample 
and the nozzle tip. In both plasma sources, the electric power was identical with 20 kV and 15 mA in 
DBD and 18 kV and 17 mA in APJ. 

According to the surface contact angle measurement test, the surface wettability decreases with 
increasing distance from the nozzle tip in APJ. Generally, the best results were observed at a distance 
of 5 mm from the tip of the nozzle, which results in a lower contact angle. 

Increased voltage and higher bombardment rates increased plasma density and ionization. 
Comparison of APJ and DBD for a treatment time of 10 seconds and a distance of 5 mm from the 
nozzle tip in APJ. Electric power was the same in both plasma sources, at 20 kV and 15 mA in DBD 
and 18 kV and 17 mA in APJ. The surface hydrophilicity of the APJ surface increased with increasing 
voltage of the APJ power supply. The minimum surface contact angle for DBD was 4.1 degrees and 
for the plasma jet 4.9 degrees. This was when the voltage was increased to 22 kV. 

2.5.2. Hydrophobic Recovery 

After treatment with APJ and DBD plasma, the surface aging time is maintained for up to five 
hours. In order to determine the surface hydrophilicity of the surface, surface contact angle 
measurements were performed up to 24 hours after treatment. PDMS surface aging by DBD 
treatment is slower than aging by APJ treatment, as shown in Figure 4. 

  
(a) 

  
(b) 

Figure 4. (a) Contact angles in APJ before treatment 20s after treatment (b) Contact angles in DBD 
before treatment (a) and 5s after treatment. 

3. Results and Discussion 

On a variety of specimens, the drop angle test was conducted approximately 20 seconds after 
the treatment. The untreated sample was also used as a criterion for comparison. This sample had a 
contact angle of 97.4 degrees based on the results of the contact angle test (Figure 5). We examined 
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the effects of parameters such as treatment duration, voltage, and sample distance from the plasma 
torch on three sample groups. In the results, it is evident that the contact angle between the droplet 
and the surface decreases with an increase in plasma treatment duration, such that by 10 seconds of 
plasma jet treatment, the contact angle reaches 5.5 degrees and by DBD treatment it reaches 5.1 
degrees. As shown in Figure 5, DBD plasma has a greater effect on increasing hydrophilicity than 
plasma jet, reaching a contact angle of 7 degrees after 4 seconds of treatment as compared to 35 
degrees after treatment with plasma jet for an equal duration. 

 

Figure 5. Treatment time and contact angles for APJ and DBD. 

Five samples were subjected to APJ treatment at a frequency of 8 kHz and a voltage of 18 kV to 
investigate the effect of specimen distance from the plasma jet tip. In Figure 6, it can be seen that 
reducing the distance between the specimen and the tip of the nozzle resulted in an increase in 
hydrophilicity, resulting in an increase in contact angle of 22 degrees for the sample with the shortest 
distance from the tip of the nozzle. 

 

Figure 6. Distance from nozzle in APJ and contact angles 10 s and 18 kV and 8 kHz. 

Following that, the effect of voltage variations on the contact angle was investigated, and it can 
be seen in Figure 7 that the contact angle decreases with increasing voltage. DBD plasma performed 
better than plasma jet at increasing hydrophilicity, especially at lower voltages, based on the results 
of this study. 
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Figure 7. Apply voltage in APJ and DBD vs contact angles in 10 seconds treatment. 

A contact angle test was used to determine the rate of hydrophobic recovery by two groups of 
specimens treated with two different sources. Figure 8 illustrates the mean contact angle for three 
samples treated under identical conditions. Based on prior investigations, the cross-linked chains are 
displaced from bulk to the polymer surface over time to restore the hydrophobicity of the surface. 

According to the results, hydrophobic recovery has been significantly faster for treated samples 
using plasma jet than for treated samples using DBD, as the contact angle increased by over 50 
degrees after 5 hours of plasma jet treatment, whereas this change was approximately 20 degrees for 
treated surfaces using DBD. Moreover, after 25 hours of treatment, plasma jet-treated samples 
recovered their hydrophobicity to a great extent, whereas DBD-treated samples with contact angles 
of 45 degrees retained a considerable degree of hydrophilicity. 

 

Figure 8. Aging time and contact angles in APJ and DBD plasma. 

As the gas gets ionized, due to the voltage and current waveforms shown in Figure 9, the 
ionization current is added to the normal current and the current waveform becomes noisy. 
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Figure 9. Voltage and current characteristic APJ in 8 kHz frequency. 

A voltage drop occurs at the point where the voltage reaches a peak, as shown in Figure 10. 
Furthermore, the electrical current reaches its maximum only when the voltage peaks, when an 
electrical discharge occurs between the electrodes and the barrier between them, causing the plasma 
to operate in the bright discharge region. 

 

Figure 10. Voltage and current characteristic DBD in 8 kHz frequency. 

APJ spectrum generally consists of two types of transitions related to oxygen and nitrogen, with 
nitrogen being the dominant transition. Nitric oxide is a free radical formed by electrical discharges 
into the atmosphere that has a peak at 321.1 nm and 440.1 nm. As a result of the collision of high-
energy electrons with oxygen molecules during plasma generation, atomic oxygen species can be 
observed in the spectra of 400.80nm and 415.6nm. 

The PDMS polymer is treated with plasma to remove hydrocarbon groups and form silanol 
groups in their place. Due to the breaking of hydrocarbon bonds attached to the Si atoms by the 
excited oxygen and hydrogen atoms in the plasma's atmosphere, silanol groups are formed on the Si 
atoms in the PDMS polymer chains. As opposed to non-polar hydrocarbon groups, silanol groups 
are polar and interact with polar water molecules, resulting in a high degree of hydrophilicity on the 
surface of polymers containing silanol functional groups. As a result, the hydrophilic property of the 
PDMS surface is significantly enhanced during the plasma treatment process. After the treatment 
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process, the hydrophilicity of the surface decreases. Due to the displacement of oligomers from the 
bulk to the surface and the increase in hydrocarbon groups on the surface, this change has occurred. 
Over time, the hydrophobic properties of PDMS polymer can be recovered. 

4. Conclusion 

An investigation of the effects of multiple parameters on the surface hydrophilicity of PDMS 
after plasma treatment is presented in this paper. As part of the investigation, plasma treatment 
duration, voltage variation, sample distance from the nozzle tip, and hydrophilicity properties of the 
PDMS samples were examined. Additionally, the paper compares the ability of APJ and DBD plasma 
to increase the surface hydrophilicity of PDMS samples. The purpose of this paper is to provide a 
comprehensive understanding of the factors that affect the surface hydrophilicity of PDMS after 
plasma treatment. In order to impart hydrophilicity to PDMS surfaces, this information can be used 
for optimizing the plasma treatment process. To minimize the effects of hydrophobic recovery, it is 
also important to understand the mechanisms involved. Using this information, strategies can be 
developed to preserve the hydrophilicity of PDMS surfaces following plasma treatment. As a result 
of cold air atmospheric plasma, the time required to hydrophilize the PDMS surface is reduced. 
Therefore, plasma DBD produces a greater effect than APJ, resulting in a shorter development time 
for hydrophilicity on PDM surfaces, and a shorter scan time in DBD, which results in uniform 
treatment across all PDM surfaces. The distance between the plasma torch and the surface is also an 
important parameter in APJ. A lower level of surface hydrophilicity will result in a higher level of 
surface hydrophilicity. An increase in surface hydrophilicity was observed with an increase in 
voltage. A decrease in surface hydrophilicity was observed when the sample distance was increased 
from the plasma jet nozzle tip. As a result of increasing the voltage on DBD to 22 kV, the surface 
contact angle was reduced to 4.1 degrees. 
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