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 Abstract. This paper focuses on microfluidic devices, widely used in bioengineering. Their 

fabrication for research is almost entirely made of PDMS (a silicone), using photolithography 

and replica molding technologies, which involve many processing steps, sealed with a glass layer 

by plasma bonding. Our solution fabricates devices in just two steps, laser ablation of a glass 

layer, technology already extensively tested, and sealing with a commercial silicone layer by 

plasma bonding, drastically reducing skilled human operations and lead time. The paper 

describes the technologies with PDMS and with our solution, the design of a microfluidic test 

chip, the laser ablation and assessment by a confocal microscope of the microfluidic circuit in 

the glass layer of the chip, the plasma bonding of glass layers with PDMS and two other 

commercial silicones utilizing a grid of different plasma parameters, the qualitative assessment 

of the plasma bonding and choosing of a silicone as PDMS substitute, the extensive test on the 

bonding quality by two different pressure circuits on a batch of microfluidic chips realized with 

our proposed technology. 

1.  Introduction 

The term microfluidics refers to the science and technology that manipulates small amounts of fluid 

between 10-6 to 10-12 liters within structures or channels that have dimensions in the micrometer scale 

or smaller, usually between 1 μm and 1 mm. The main technological application is the creation of "Lab-

on-chips" (LOC), microfluidic-based systems that integrate multiple laboratory capabilities on a single 

chip only a few centimeters in size into which micrometer-sized channels are obtained or special 

scaffolds are used [1]. These devices are widely used in a variety of fields, from physics and biology to 

material one, but they have especially relevance in the biomedical field, for example, for ‘amplification’ 

of small DNA strands, dielectrophoresis, immunological testing, and others. The advantages of this 

technology over traditional testing are numerous. First, working with such small sample sizes allows the 

use of smaller amounts of chemicals and reagents and greater control over the motion of the fluids and 

their interaction. This translates into lower costs certainly but also improved safety, as it allows more 

containment and control of any toxic substances involved in the tests and more accurate results [2]. 

For decades, the technology to produce microfluidic circuits for biological research, and others, has 

been based on ‘replica molding’ where PDMS, a type of silicone, is cured on a mold which, through 

photolithography, reproduces in negative the circuit to be made. The circuit is sealed by ‘plasma 

bonding’ of a glass layer on the PDMS [3-5]. Figure 1 shows the main steps of this technology. 

Several attempts were made to replace this technology but were not very successful due to less 

practicality than ‘replica molding’ [6-8]. For example, the microfluidic circuit was engraved on glass by 

‘laser ablation’, a faster process than photolithography. The problem was that PDMS was always needed 

to seal the circuit, the curing of which takes a long time and many processing steps [9]. 

Particularly ultrashort pulsed lasers that remove material without significant heat transfer to 

surrounding areas [10] have been used to modify the glass surface to create microchannels with the 

desired geometry [11-14]. 
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Figure 1. PDMS replica molding, adapted from [2]. 

 

In [11,13] a picosecond pulsed laser system is the only tool needed to fabricate a glass microfluidic 

device. The approach of performing an in-bulk process on the glass has also been followed [12] but 

machining the surface and then closing the channel is simpler and improves the geometric accuracy [14]. 

PDMS, and similar special silicones compatible with biological applications, are now available on 

the market in sheets of different thickness. This study aimed to test these materials for their use in 

microfluidic circuits, in glass sealing by ‘plasma bonding’, eliminating the long process of PDMS 

curing. Figure 2 shows the only two steps proposed by this paper: rapid and precise laser ablation and 

sealing by plasma bonding. One challenge was to ensure ‘plasma bonding’ of these materials with the 

same performance as cured PDMS by finding the right protocol and process parameters. 

 

 

 

 

 

 

Figure 2. Glass laser ablation 

 

2. Concept of the test device 

Devices, characterized by a simple geometry reported in Figure 3, were made to test under pressure the 

bonding between glass layers and silicone layers. Three separated channels are engraved on the glass 

layer. The central one, the inlet channel, is sealed at one end and has a pocket at the other end. The two 

lateral channels are the drains, which are sealed at one end and open to the atmosphere at the other. The 

geometry dimensions are reported in Figure 4.  The area 0.8 mm wide and 33 mm long, between the 

central channel with pressurized liquid and the lateral channels open to the outside, is analyzed to 

validate the tightness of the plasma bonding. A leak in this area is detected by the liquid coming out 

from the lateral channels. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Concept of the microfluidic device 
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Figure 4. ISO technical drawing of the glass layer with dimensions in [mm] 

 

A 3mm silicone layer is plasma bonded on the glass layer. A micro tube is connected to the central 

channel through the silicone layer, pierced on the pocket by a puncher. The thickness of the silicone 

layer ensures a secure connection between the test device and the tube. 

The bonding tests were performed by filling the central channel with colored water under pressure 

through the tube. The pressure was increased step by step, to include the common field of application 

of microfluidic circuits. At each step the device was checked. If the bonding between the silicone layer 

and the glass layer was correct, the water remained sealed within the central channel. If the bonding was 

not correct, the water leaked from the lateral channels. This issue is discussed later in the paper.  

 

3. Laser Ablation 

The ultrashort laser systems opened new and unexpected possibilities in laser processing and micro-

manufacturing such as laser processing in cold-ablation regime, with reduced heat affected zones and 

the processing of transparent materials such as glasses, ceramics, diamonds, polymers, and 

semiconductors thanks to multiphoton absorption [9]. We decided to test this technology for the 

realization of the channels in our test device using the third harmonic beamline of an EKSPLA Atlantic 

5 picosecond laser. This source can produce pulses with a duration of about 10 ps with a repetition rate 

up to 1 MHz. In combination with a tight focus of about 10 µm it results in very high peak power, 

allowing sharp and fine engraving with limited glass heating and breaking.  

The laser parameter, based on previous data collection on different test devices, were: 

- 0,77 W measured power 

- 355 nm wavelength 

- 100 kHz repetition rate 

- 300mm/s scan speed  

- 20-50-75-100 number of passes 

- 3 μm fill spacing of the engraving lines 

The quality of the geometry obtained was analyzed measuring the dimensions of the channels and 

checking their shape by means of a confocal microscope Leica DMi 8. Scans were performed along the 

depth of the canal, with a step of 1μm for the 20 laser passes, to reconstruct its shape, Figure 5.  

The figure 6 shows the correlation found between the number of passes and the depth of the channel. 

The correlation is not linear beyond 50 passes, and the depth changes very little, probably for the same 

reasons that define the shape of the channel section. It should be noted that while the shape and depth 

of the channels are very important for the correct functioning of microfluidic circuits, they are much 

less so for the devices used to test under pressure the bonding between glass layers and silicone layers. 

Furthermore, the depth of the channels of normal microfluidic circuits is much less than 0.1mm and 

laser ablation is able to obtain channels with a very sharp section. All the samples used for pressure 

bonding tests were made with 20 laser passes, obtaining a channel depth of 0.1mm. 
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Figure 5. (a) Shape of a channel, (b) Dimensions of a channel. Laser passes 20. Channel depth 0.1mm. 

Factors such as depth / width ratio of the engraving, cone angle of the beam, and parallax errors 

inevitably lead to the U or V shape of the channel section [15]. 

 

 

Figure 6. Correlation between the depth of the channels and the number of laser passes 

 

4. Plasma Bonding  
 

4.1. Bonding 

Finding a bonding method that would not interfere with the normally biological fluids flowing within 

the microfluidic channels has been a major problem in microfluidic devices. The most popular and still 

most widely used method is 'plasma bonding'. This technology consists of activating surfaces through 

treatment inside a cold plasma machine, i.e., a type of plasma in which the electrons are not in 

thermodynamic equilibrium with the other gaseous species present, as they are characterized by a much 

higher temperature than the heavier species (ions and neutral species). The gasses normally used in 

microfluidic devices are air and oxygen at an absolute pressure of some tenths of mbar. Collisional 

processes involving 'hot' electrons and 'cold' gas molecules can give rise to dissociation reactions and 

the formation of radical species. Considering our case of bonding between silicone and glass through 

surface activation, the silicone end groups can be replaced by silane groups (SiOH) making the surface 

more hydrophilic and increasing its wettability. After plasma activation, the silicone is immediately 

brought into contact with the glass surface, which is itself plasma-treated and therefore also rich in 

surface Si-OH groups, to form through a condensation reaction a Si-O-Si bond at the interface between 

the two materials [16]. The covalent Si-O bond, being a very strong bond, thus ensures irreversible and 

effective bonding between the two materials. So, to make this process happen, it is easy to understand 

that specific materials are needed so that these steps described above can take place.  

0

50

100

150

200

250

300

350

0 50 100 150

D
ep

th
 o

f 
th

e 
ch

an
n

el
s 

[µ
m

] 

Number of laser passes



ATI Annual Congress (ATI 2022)
Journal of Physics: Conference Series 2385 (2022) 012029

IOP Publishing
doi:10.1088/1742-6596/2385/1/012029

5

 
 
 
 
 
 

In our work, they were used three different materials for glass bonding, two different types of PDMS 

and one FDA silicone. They are all part of the elastomeric silicone family, also known as silicone rubbers 

or silicones, i.e. synthetic polymers with repeating siloxane groups [Si(CH3)2O]n unit along the 

backbone. PDMS is the most widely used material in microfluidics, due to its durability, gas 

permeability, chemical inertness and transparency that allows excellent optical access useful for 

experiments. For the experimental tests, they were used two different types of PDMS, the SSP-M823 

from SSP Inc. commercially available in sheets of different thickness and the Dow Chemical's two-

component Sylgard 184 kit to be cured in laboratory. 

The last material is the L/SF silicone FDA from the SATI Group, produced with components that 

are included in the list of suitable products according to U.S. Food & Drug Administration, Code of 

Federal Regulations Title 21, Chapter 1, Subchapter B, Paragraph 177.2600. Like SSP-M823, the 

silicone FDA is commercially available in sheets of different thicknesses, and has technical and physical 

properties like PDMS, but not its transparency. Furthermore, it is not as expensive as PDMS. 

 

4.2. First qualitative test of the bonding 

Bonding was carried out using the Plasma Cleaner Smart Plasma 2 machine from Plasma Technology 

GmbH, Figure 7 with its data sheet reported in Table 1, which uses air as process gas.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Plasma Cleaner Smart Plasma 2 - Plasma Technology GmbH 

 

 

Table 1. Plasma Cleaner Smart Plasma 2 – DATA SHEET. 

 Description Data 

Inner dimension of the vacuum chamber 

Chamber volume 

W x H x D  110 x 110 x 200 mm 

11.5 liters 

Material used Vacuum chamber 

Electrode 

Stainless steel 

Aluminum 

Plasma generator  Frequency 

Power 

20 – 50 kHz 

Max. 80W 

Vacuum pump (recommended) 

Operating pressure on the system 

Pressure measurement 

Flow rate 

 

 

5 m³/h 

0.1 – 0.4 mbar 

Pirani sensor 

 Number of channels 1 (2 as option) 

Process gas 

 

 

Gas type 

Primary pressure 

Connections 

Air 

Max, 0,5 bar 

6 mm hose connection 

 

The tests were performed using laboratory glass slides and layers of the previously mentioned silicones. 

After foreplay tests, a precise procedure was established, which led to a correct bonding of the two 

interfaces. First, the samples were treated with an isopropanol solution and heated with hot air. 
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Subsequently, the two materials were placed in the plasma machine chamber, together but separated, 

and processed for the set time and power. At the end of the process, they were extracted, joined together 

using a couple of spring clamps and put back into the chamber for a second passage to stabilize the 

bonding. Based on the parameters found in the literature and after initial trials, it was decided to use the 

following combinations of time and power, at a chamber pressure set at 0.3 mbar. On a maximum power 

of 80W, 40%, 60%, and 100% were used for exposure times of 30, 60 or 120 seconds.  

A qualitative assessment was assigned with figures ranging from 0 to 5, where 0 indicates no bonding 

and 5 a correct bonding on the whole surface – bonding strength equal to or greater than the material 

strength. The middle values 1, 2, 3 and 4 are proportional to the bonding strength and bonding area. This 

assessment was helpful in finding the optimal initial parameters for this process. 

 

4.3. Parameters for optimal bonding 

The results obtained are shown in Figure 8, where in the three graphs, one for each type of silicone, the 

x-axis shows the exposure time, the y-axis the power, and the color map indicates the bonding 

assessment values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Bonding assessment graphs: (a) SSP-M823, (b) Sylgard 184, (c) L/SF silicone FDA. 

 

In all three graphs, the optimal parameters are positioned approximately on a diagonal. This suggests 

that the two parameters do not independently affect the bonding. However, to obtain the best bonding, 

to the growth of one must correspond the reduction of the other, and vice versa. PDMS SSP-M823 has 

a very narrow area of optimal parameters, PDMS Sylgard 184 has a large area, and L/SF silicone FDA 

has an intermediate area, which improves with high power levels. 
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A narrow area of optimal parameters results in large deviations in bonding for small changes in 

parameters, so we discarded the SSP-M823. For subsequent tests, we chose L/SF silicone FDA because 

it has a sufficient area of optimal parameters, albeit smaller than Sylgard 184, is less expensive, has 

fewer work steps and a shorter lead time. The optimal parameters for this material are as follows: 100% 

(80W) / 30s, 60% (48W) / 60s, and 40% (32W) / 90s. 

 

5. Bonding Tests on FDA silicone  

The test procedures used to validate the bonding are not standardized and there are not common 

procedures, as far as the authors know. We therefore decided, based on our experience, to create our 

own procedure that could simulate most of the needs of microfluidic circuits. 

 

5.1. Simplified Microchip 

Simplified microchips, Figure 4, were made with laser ablated glass and plasma bonded with 3mm FDA 

silicone layer. They were used three different plasma bonding power levels (40, 60, and 100%) and three 

different plasma times (40, 60, and 90s). Batches of three simplified microchips were bonded with each 

pair of power level and time, for a total of 27 samples. 

In the central channel of the simplified microchip, without outlets to the outside, it was introduced 

under pressure water colored with a dye (Ponceau S - Sigma Aldrich). The two lateral channels, which 

have an outlet to the outside, were used to detect any leaks of the central channel. 

 

5.2. First Stage Pressure Tests 

We created a hydraulic head pressure generator, Figure 9, with four different pressure levels, 200, 400, 

800, and 1600mm H2O (2.0·103, 3.9·103, 7.8·103, and 1.6·104 Pa). Liquid Flows Tygon Tubing 

Microfluidic Connection Kit (Darwin Microfluidics) was used for connections, 60mL BD Biocoat Luer-

Lock Disposable Syringe (Darwin Microfluidics) as water reservoir, and a graduated aluminum rod to 

support the reservoir. 

Each sample was tested at increasing pressure levels, with a 60s stand-by at each level. If a leak was 

detected during the 60s stand-by, the test was terminated, and the sample was assigned the lower 

pressure level as exceeded. 

 

 

Figure 9. Hydraulic head pressure generator, 200mm test: (1) Water 

reservoir; (2) Graduated aluminum rod; (3) Micro tube; (4) Test device. 
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5.3. Second Stage Pressure Tests 

We created an air pressure generator, Figure 10, with three different pressure levels, 3.0·104, 6.0·104, 

and 1.0·105 Pa. They were used a manual mechanical pump to generate a maximum pressure of 6 bar, a 

5m long ø12mm polyurethane air hose as a high-pressure air reservoir, an air restrictor with valve and 

0-1 bar pressure gauge to reduce the high pressure at the various output pressure levels, and a small 

reservoir as an air-water interface. 

Each sample that passed the first step was tested at the new pressure levels, with a 60s stand-by at 

each level. If a leak was detected during the 60s stand-by, the test was terminated, and the sample was 

assigned the lower pressure level as exceeded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Air pressure generator: (1) Air inlet from the manual pump; (2) Non return valve; (3) Manual 

valve; (4) Air hose as high-pressure air reservoir; (5) 0-6 bar manometer; (6) Vent; (7) Air restrictor; (8) 

0-1 bar manometer; (9) Air-water reservoir; (10) Water output to the test device. 

 

Figure 11 shows the pressure test values, calculated as the average of the results of the three samples of 

each batch. Each batch is associated with a different pair of power level and time. In Figure 12 the same 

values of the pressure tests are shown in graphic form through a color map. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 11. Numerical values of pressure tests Figure 12. Graphic values of pressure tests 
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The results of the pressure tests shown in Figure 12 agree with the results of the qualitative tests of the 

first bonding with FDA silicone, Figure 8.c. Again, the results suggest that the two parameters, power 

level and the exposure time, do not independently affect the bonding. However, to obtain the best 

bonding, to the growth of one must correspond the reduction of the other, and vice versa. The area of 

optimal parameters is large enough, allowing variations of the optimal parameters without 

compromising the quality of FDA silicone bonding.  

Furthermore, the pressure of 1.0·105 Pa (1 bar), withstood by the bonding of many samples in this 

area of optimal parameters, is very high and exceeds any need required by normal microfluidic circuits. 

It is conceivable that by restricting the area of optimal parameters, FDA silicone can withstand higher 

pressures in the case of special applications. 

6. Conclusions 

The work presented here was aimed to the realization of a microfluidic device consisting of a layer of 

glass sealed with a layer of silicone. The device channels were produced on the glass layer by laser 

ablation using an ultrashort laser source. A commercial silicone layer was joined to the glass layer using 

the plasma bonding process. Although these two technologies are not new in the scientific literature, 

their use for the production of the microfluidic devices has only been explored to some extent. It is very 

challenging to find clear indications for the laser ablation manufacturing of the channels on the glass 

layer, in particular regarding the setting of the laser parameters and number of passes with respect to the 

channel geometry, the surface finish and also the control of the shape of the channels section. At the 

moment, a qualitative analysis is being conducted and is described in the paper, gathering enough 

information to highlight the critical issues and to guide the next step work, which will focus on making 

a more complex geometry using different laser settings. The plasma bonding of the glass and silicone 

layer was thoroughly investigated, using several silicone layers, testing different plasma machines, 

polishing and pre-heating the surfaces and setting different parameters. These data are not readily 

available in literature and have been reported in this article to describe the work done, the criticality of 

the process and to guide other researchers who need to go through the same process and test other 

materials. Finally, two different tests were described for the validation of the bonding and the assessment 

of its quality, showing then the results obtained and the effectiveness of the process. 

The next activities of the research project will be: 

- design of a two-flow micromixer with herringbones, a standard microfluidic circuit, with the same 

technology shown in this work, 

- CFD analyses in order to improve the geometry to find the best mixing performance, 

- construction of test samples, according to the design and the indications of CFD analyses, 

- experimental tests to evaluate the mixing performance of the samples, comparing it with that of 

existing devices, and validate the device design and CFD analysis, 

- experimental tests to assess how the manufacturing quality of the channels affects the fluid dynamic 

conditions and the mixing. 
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