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Chapter 1 

1. Introduction 

The following dissertation summarizes the results that have been achieved 

during my PhD studies in the Doctoral School of Physics in Debrecen 

University.  

In my work, I investigated the difficulty of the laminar flow mixing 

phenomena with fabricated microfluidic devices, functionalized them as 

passive micromixers. Our aim was to find structures, designs or any way to 

induce perturbation in the laminar flow, to make the mixing more efficient. 

This study includes the computer simulation, the design and manufacturing of 

different microfluidic devices with or without embedded microstructures. By 

coupling proton beam lithography (direct writing technique utilizing focused, 

few MeV proton beams, to create micro- and nanoscale structures) and 

conventional UV lithography fabrication techniques, Poly(dimethyl-siloxane) 

PDMS microstructures were incorporated into PDMS micro-devices, as a 

novel creation method. This allows microstructures and micro-devices to be 

created from the same material, which is not only beneficial but also necessary 

in some applications (e.g., cell separation, etc.). 

1.1. Objectives 

 

It is well known, that the mixing of two fluid flow at microscale, even if 

they are the same material (e.g., water and a diluted aqueous solution), is still 

a great challenge for researchers because of the behaviour of the laminar flow. 

Because of that, working with microfluidic devices, at certain applications, is 

still difficult, for example in chemical synthesis at microscale, analysis of 
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chemical content of biological or biochemical applications, which gives 

importance to this area of research.  

During my doctoral work, my first aim was to learn the steps of the 

fabrication of a microfluidic device. The first step is applying only UV 

lithography method, using UV light and the negative SU-8 photoresist. The 

second step is applying the microlithography using the PDMS negative resist, 

to learn the microfabrication method using the microprobe instruments. 

Finally, the microfluidic devices were finalized by combining the two 

methods, where the created microstructures by proton microlithography were 

integrated to the created macro parts by UV lithography.  

My goal was also, after a literature overviewing, to simulate microfluidic 

devices with different layouts, obstacles and designs to investigate the mixing 

properties of them using two different concentration liquids as inlets. After 

finding a good structure, layout or design candidates for mixing by simulations, 

I planned to fabricate them in real chips. 

My final goal was, to investigate the mixing performance of the 

functionalized microfluidic devices (i.e.: the chips containing the 

microstructures) to compare their mixing efficiency values, then draw the 

conclusions of the obtained results.  

For thesis structure, in the beginning brief summary was discussed for the 

literatures overviewing, introduction, advantages, principles and descriptions 

of microfluidics micromixer devices. Passive micromixers and their physical 

parameters were detailed in chapter 2. Then, the general theoretical 

background of proton microlithography and UV lithography techniques are 

illustrated through this chapter.  

The used methods and materials in our research work are showed in chapter 

3, in which the details of experimental facilities and procedures are described 

in two ways. Firstly, introduction and physics of the COMSOL simulation 
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using microfluidic module are introduced, then followed by computational 

fluid dynamics (CFD) simulations of different microstructures for mixing 

purposes. Secondly, the experimental steps for creating our microstructures are 

described in details.  

The fabrication stages of microfluidic chips were discussed through 

chapter 3, where the details of the fabrication of the microstructures were 

showed using the proton beam lithography and the UV-lithography techniques, 

then the system for mixing test of our fabricated micromixers chips was 

described to investigate the mixing performance of those chips.  

Chapter 4 discusses the obtained results of COMSOL simulations for 

different micromixers, and shows the calculated mixing efficiency values of 

the suggested microstructures. Then, the real different passive micromixers 

and their mixing performances and mixing efficiencies are reported.   

Conclusions and summary of the scientific results obtained in our research 

work are shown in chapter 5. 

 



Chapter 2 

2. Theoretical background 

2.1. Introduction to Microfluidics  

The first microfluidic devices proved that fluidic components could be 

downsized and integrated together, giving rise to the concept that a full “lab on 

a chip” could be fitted, much like a microelectronic circuit is an entire 

computer on a chip. Since then, there has been a lot of interest in realizing the 

full potential of this approach, which has resulted in the creation of a variety 

of microfluidic devices and fabrication methods. 

Poly(dimethyl-siloxane) (PDMS) and other elastomeric materials have already 

appeared as excellent competitors to the silicon and glass materials and 

actually used in MEMS (microelectromechanical systems) devices.1,2 By 

which, simplified device fabrication and the ability to accept densely integrated 

microvalves into designs.3,4 So the microfluidics devices have exploded into a 

ubiquitous technology with applications in a wide range of fields.  

As numerous researchers have pointed out, that scaling down fluidic 

processes to the microscale offers many significant advantages5,6,7,8,9,10,11,12,13, 

some stemming directly from the reduction in size and others a result of the 

ability to integrate at this scale.  

One of the characteristics of microscale and nanoscale devices is the high 

surface to volume ratio (SVR), which is the result of the downscaling14. 

Surface tension and viscosity, rather than gravity and inertia, become the main 

characteristics in the micro domain of microfluidic devices. Electrokinetic 

pumping, surface tension-driven flows, electromagnetic forces, and acoustic 

streaming are examples of mechanisms that have no affect macroscopic 
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assessments but are crucial at the microscale15,16.This property can result in 

different types of dominating forces. For example, large SVR typically make 

surface forces (such as surface tension) the dominant force, while significantly 

decrease the inertial and body force effects.  

Because of the high surface-to-volume ratio, a high rate of heat and mass 

transfer is possible in microfluidic devices. "Digital microfluidic technology" 

is an example of a microfluidic design that takes advantage of this property, in 

which droplets of water/oil are produced and carried in a controlled manner to 

fulfil specific purposes like storage, mixing, chemical reaction, or 

analysis17,18,19. The SVR have also positive effects, especially on increasing 

the reaction rate in case of in microfluidic devices used for chemical reactions.  

Since 1979, when the first micro-gas chromatograph was introduced20, 

microfluidic technology has improved steadily, allowing numerous operations 

to be performed on a single small chip, including mixing, reaction, separation, 

and analysis.  

The most important feature of the microfluidic devices to reduce the amount 

of reagent that is required for specific applications, increase reaction rates, and 

minimize sample handling, thereby reducing the risk of cross contamination. 

Commonly, microfluidic devices are used in drug synthesis, gene analysis, and 

cell analysis21,22,23. 

Micromixers are one form of microfluidic devices that are used to mix two 

or more fluids in micro scale, in order to handle small amounts of fluids for 

variety of applications. Micromixer technologies are described based on their 

applications. (1) chemical applications, such as synthesis, polymerization, and 

extraction; (2) biological applications, such as DNA analysis, biological 

screening enzyme tests, and protein folding; and (3) chemical or biochemical 

content detection/analysis using NMR, FT-IR, or Raman spectroscopies.24  
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Micro-mixing techniques, which were developed not only for laboratory 

study but also for industrial applications, are used in a number of chemical 

microfluidic systems.24,25 Micromixers are crucial parts of microreactors, and 

they are used to manipulate reagent or catalyst concentrations, as well as for 

chemical synthesis. Chemical reaction processes in a chemical application can 

be divided into three types: combined, serial, or multi-mode mixing, as 

illustrated in Figure 2:1. Micro-mixing’s advantage in these applications is that 

it takes less time to process than traditional methods, making production 

simpler.24 

 

Figure 2:1 Schematic illustration of micro-mixing in chemical applications; (A) 

simultaneous model, mixing and reaction take place in the mixer; (B) serial model, mixing 

and reaction take place sequentially in the mixer and reactor; (C) multi model, initial 

mixing and reaction begin to happen, followed by other mixing and reaction.24 

There are many applications of microfluidic devices in the branches of 

chemistry and biology, which lead to development in both research and 

industry fields. One of these applications, for a simple example, is a highly 
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selective acylation of ferrocene with various acid anhydrides performed in a 

microfluidic chip.25 Acylation is one of the most important synthetic methods 

in ferrocene chemistry. The used design for this application is a microfluidic 

chip built in soda-lime glass, with channels created using photolithography and 

wet etching. The microfluidic chip's inner geometry is 500 μm× 100 μm× 1000 

μm. In Figure 2:2, the chip's structure is shown. The final solution, containing 

ferrocene and the products were neutralized by saturated sodium bicarbonate 

solution and extracted with hexane. The conversion rate of acylated ferrocene 

were determined by High-Pressure Liquid Chromatography (HPLC). 

 

Figure 2:2 The microfluidic chip's schematic configuration for acylation of ferrocene. 25 

Microfluidic chip reactors require less space, energy, and reagents than 

traditional batch systems, and provide better yields and improved reaction 

selectivity in a shorter reaction time while producing less wastes due to their 

short diffusion distance, large specific surface area, and increased thermal 

transfer. The acetylation of ferrocene with acetic anhydride in the presence 

phosphoric acid was examined at different flow rates and temperatures. The 

reactions were carried out at 15 and 25°C, respectively. Two syringe pumps 

were used to introduce the acetic anhydride solution containing ferrocene 

(molarity = 0.15 M) and the acetic anhydride solution containing phosphoric 

acid (molarity = 1.5 M).  
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For the reactions at 15°C, the conversion rate of ferrocene increased 

from 78% to 98% with the increase of flow rate and reached a peak at 35 μl/min 

flow rate, and a decrease of conversions was found with increasing flow rate. 

For the reactions at 25°C, the conversions in all cases were excellent (96–

99%). The by-product diacetyl-ferrocene was not detected by HPLC in any 

case. Therefore, this microchip procedure gave excellent selectivity.25 In 

comparison, a typical batch system with vigorous stirring was used to acetylate 

ferrocene at 55–60 °C for 15 minutes, and the conversions were only 60–70%. 

Lower temperatures reduced the process, while higher temperatures resulted in 

the creation of the by-product diacetylferrocene.25 

The high heat exchange efficiency of microfluidic chips allows for rapid 

heating and cooling, allowing for precise temperature control. Improved 

mixing efficiency is responsible for the remarkable improvement in 

conversions at low flow rates. Because microfluidic chips have a high surface-

to-volume ratio, viscose force is more relevant than other parameters.25 

Extending this system with a micromixer element, close to the inlets, would 

probably further increase the efficiency of this reaction, even at lower 

temperature and higher flow rate. 

2.1.1. Reynolds Number and Diffusion. 

Fluid flow is commonly categorized into two kinds of flow: laminar and 

turbulent. Laminar flow is described by smooth and steady fluid motion, 

whereas turbulent flow is characterized by vortices and variations in flow.  

Physically, in terms of the relative value of the viscous and the inertial 

forces, the two flow types differ. The relative importance of these two types of 

forces for a given flow condition, or the degree to which the fluid is laminar or 

turbulent, is characterized by the Reynolds number (Re) as defined in equation 

1, 



Theoretical background    9 

 

𝑅𝑒 =
𝜌𝑢𝐷ℎ

𝜇
=

𝑢𝐷ℎ

𝜈
 (1) 

Where ρ, μ, u and ν are density, dynamic viscosity, the velocity and the 

kinematic viscosity of the fluid, respectively. And Dh is the hydraulic diameter 

of the channel, which is a characteristic number that depends on the cross-

sectional geometry of the channel as shown in Figure 2:3. 

 

Figure 2:3 Hydraulic diameter calculation of different channels structures. 

The low value of Re means that viscous effects of fluids are dominant 

comparing with inertial effects, and then, a fully laminar flow exists. In the 

laminar flow system, with time fluid, the velocity is invariant at every position 

within the fluid stream and streams flow parallel to each other while boundary 

conditions are constant. Thus, mixing can only be achieved by molecular 

diffusion due to convective mass transfer only in the direction of fluid flow.26  

On the other hand, the opposite happens at high value of Re, where the 

flow is governed by inertial forces and represented by a turbulent flow. The 

fluid exhibits motion in a chaotic flow that is random in space and time and is 

characterized by convective mass transport in all directions.27 
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There is a transitional Re range between the laminar and turbulent flow 

regimes. Many parameters, such as channel form, surface roughness, and 

aspect ratio, are a function of the exact values of this Re number set. For most 

cases, the transition Re is usually assumed to be in the range between 1.500 

and 2.500.28 In the case of microfluidic systems, the flow is known to be 

basically laminar, where Re is usually less than 100 and this characteristic has 

a direct consequence on mixing within microfluidic devices.  

Mixing is largely dominated by passive molecular diffusion and 

advection in an environment where there is limited laminar fluid flow. 

Diffusion is characterized as the process of spreading molecules by Brownian 

motion from a region of higher concentration to a region of lower 

concentration, resulting in gradual material mixing. Using Fick's equation (2), 

diffusion is described mathematically. 

 𝑗 = −𝐷
𝑑𝜑

𝑑𝑥
 (2) 

Where D is the diffusion coefficient, x is the position of the species, and dφ/dx 

is the concentration gradient of the species. D can be derived from the Einstein-

Stokes equation 3 for simple spherical particles. 

 𝐷 =
𝑘𝑇

6𝜋𝜇𝑅
 (3) 

Where k is Boltzmann’s constant, T is the absolute temperature, R is the radius 

of the particles (or molecules) and µ is the viscosity of the medium. The 

diffusion coefficient at room temperature for a small molecule in water has the 

typical value of 10-9m2/s.29 

Diffusion is a non-linear process, in which the time t taken for a species to 

spread the scales is proportional squarely with the distance x covered. A simple 

case of diffusion can be modelled by equation 4 in one dimension. 

 𝑥2 = 2𝐷𝑡 (4) 
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Where t is the average time of the particles to be diffused over the distance x 

with respect to the microfluidic channel, x is the stream width of the fluid to be 

mixed along the microfluidic channel.30 The diffusion distance can be 

extremely small on a microfluidic length scale31, especially if the fluid streams 

are hydrodynamically concentrated as shown in Figure 2:4. 

 

Figure 2:4 T-shaped micromixer with two input fluids, each containing one diffusing 

species. L and x represent the length and width of the mixing channel, respectively. 

At a fixed flow rate, x is the transverse distance over which a molecule, 

with a diffusion coefficient D, travels by passive diffusion as it flows a 

longitudinal distance of L.30 Since x varies with the square power, the time 

needed for complete mixing is reduced drastically by the decrease in distance 

(x). Diffusion is therefore the main way of moving particles and mixing fluids 

in microfluidic devices. 

2.1.2. Types of Micromixers and Mixing in Microfluidic Devices. 

Micromixers can generally be grouped into two different types: 

active32,33,34,35,36 and passive37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52. Active 
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micromixers require external turbulence effects during the mixing process, 

which caused/ evolved by electrokinetic, dielectrophoretic, 

electrohydrodynamic, temperature, pressure or other forces.  

In order to accelerate the mixing phase, active micromixers use both 

external energy input and fluid pumping energy to produce time-dependent 

disruptions that stir and disrupt the fluid53. Many types of external force 

employed by active micromixers can be further classified as pressure field-

driven54, acoustic (ultrasonic) driven55, temperature-induced56 or magneto-

hydrodynamic57. Generally, the advantage of active micromixers is obviously 

the higher mixing efficiency58. However, their disadvantages are the need to 

incorporate peripheral devices such as external power source and the 

complicated and costly manufacturing process. This may limit the use of such 

devices in practical applications. Moreover, biological fluids may be harmed 

by using ultrasonic waves or high temperature gradients in active mixing 

mechanisms. Therefore, when applying microfluidics to chemical and 

biological applications, active mixers are not a common option59. 

In order to restructure the flow in a way that decreases the diffusion length, 

passive mixing devices rely entirely on the use special channel designs. The 

first microfluidic device reported was passive mixer, which require less cost 

and more convenient manufacturing than active micromixers, and can be 

relatively easier integrated into devices. Fabrication of passive type 

micromixer is generally not difficult, they don’t require external force for its 

operation and hence very easy to implement. Hence, the structures of active 

micromixers are often complicated, on the other hand the passive-type mixers 

are mainly based on breakup, folding, fluid stretch, and molecular diffusion. 

Some features like simple fabrication, very easy to implement, absence of 

moving components and no requirement for an external energy source were 
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discussed in many essays37,38,39,40, which makes passive mixers more 

interesting than active mixers.  

The significant decrease of mixing time can usually be obtained if the 

liquid stream is divided into serial or parallel lamination60,61, mixing streams 

hydrodynamically focused62, gas (slug) or liquid (droplet) bubbles established 

into the flow63,64, or chaotic advection is reinforced by ribs and grooves created 

at the channel walls. 65,66  

As mentioned in the previous section, the Re is small in microfluidic 

systems, meaning that hydrodynamic instability does not develop, so the flows 

is not turbulent. Because of the micro-meter size dimension of the channels, 

the flow type in a micromixer is laminar, and mixing through such micromixers 

is achieved through molecular diffusion, which is normally slow, especially 

for macromolecules. As a result, in order to accomplish efficient mixing for 

micromixers based purely on diffusion, the molecule diffusion lengths 

(channel cross dimensions) must be greatly decreased.38  

The mixing efficiency in microscale devices can be determined using a 

number of different methods. They can be (a) direct methods of measurement, 

which are usually experimental, for example: flow visualization and mixing 

performance techniques such as titrimetric, radioactive tracer and different 

optical analytical techniques; or (b) indirect approaches from which the degree 

of mixing can be quantified including Poincare section analysis, residence time 

distribution and numerical particle tracking method67. 

The Mixing Efficiency (M) of the micromixers applied in our study is defined 

using equation 568, 

 𝑀 = ⌊1 − √(
𝑐𝑜𝑢𝑡−𝑐𝑜̅𝑢𝑡

𝑐𝑜̅𝑢𝑡
)

2
⌋ × 100 % (5) 

Where cout is one of the outlet concentrations and 𝑐̅out is the average 

concentration of the two outlet concentrations. 
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2.1.3. Passive Micromixers. 

Most passive micromixers have various micro-structures that achieve high 

mixing performance with low pressure and a short mixing length. Passive 

micromixers rely on the molecular diffusion and chaotic advection phenomena 

of mass transport. The best way to maximize the mixing efficiency of a 

micromixer is to decrease the diffusion path and to increase the surface contact 

area between the various fluids. By varying the design to allow the 

manipulation of the laminar flow within the channels, the enhancement of 

chaotic advection can be realized. A shorter diffusion path will increase the 

mixing efficiency.  

Different types of mixing mechanisms can be found in literature for different 

mixing modes of passive micromixers as shown in Figure 2:5. 

 

Figure 2:5 Schematic diagram of different types of passive micromixers. 

There are many studies about passive micromixers utilizing simple planar 

structures such as obstacles, unbalanced collisions, convergence–divergence, 

and spiral channel layouts, among others, and their results shows acceptable 

range for mixing efficiency (79-95%).  
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Table 1. Passive micromixers reported in recent years.68 

Dimension Structure Characteristic Re 

Mixing 

Length 

(µm) 

Mixing 

Efficiency 
Reference 

2D 

Unbalanced 

Collisions 

channel 

Unbalanced 

three-split 

recombine sub-

channels 

30–80 8275 90% 69 

Dislocation 

structure 
<80 8000 85% 70 

Embedded 

Barrier 

channel 

Triangle baffle 1 6400 85.5% 71 

Curved 

micromixers 

with cylindrical 

obstructions 

0.1–60 8280 88% 72 

Spiral 

Single 

logarithmic 

spiral 

67 12,000 86% 73 

Double 

logarithmic 

spirals 

50 5000 80% 74 

Convergent– 

Divergent 

channel 

Sigma channel 0.91 8000 79.1% 75 

Semi-elliptical 

walls 
35.5 - 80% 76 

Convergent–

divergent walls 
10–70 6720 90% 77 

Ellipse-like 

micro-pillars 
≤1 9000 80% 78 

Reversed flow 

in square wave 

channel 

≤0.1 or 

≥10 
3710 95% 79 

Reversed flow 

in zigzag 

channel 

≤0.5 or 

≥5 
- 93% 80 

3D Chamber 
Trapezoidal 

chambers 
0.5–60 3870 80% 81 
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Trapezoidal-

zigzag channels 

0.1–0.9 

or 

20–80 

3610 90% 82 

Unbalanced 

split and cross 

collision 

chambers 

0.5–

100 
5000 80% 83 

Circular mixing 

chambers 
0.1 6400 88% 84 

Split and 

recombine 

chambers 

1–100 - 90% 85 

3D Spiral 

Three 

dimensional 

spirals 

40 2340 90% 86 

Cross-linked 

dual helical 

0.003–

30 
320 99% 87 

Tapered 

structures 
50 10,500 90% 88 

Overbridge 

Overbridge-

shaped channel 

0.01–

50 
2000 90% 89 

Tesla structures 
0.1–

100 
10,700 94% 90 

X-shape 

structures 

combined with 

H-shape 

structures 

0.3–60 102,500 87.7% 91 

X-shape 

structures 

combined with 

O-shape 

structures 

0.3–60 102,500 72.9% 91 

Serpentine 

crossing 

channels 

0.2–10 7500 99% 92 
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Several experimental and theoretical investigations have been carried 

out for different passive micromixers, as following:  

a. flow lamination, which is used in basic T-mixer and Y-

mixer93,38,94,95, using different geometries: zig-zag, square-

wave, rhombic and similar96, in serial multi-stage and multi-

layer mixers97;  

b. chaotic mixing by eddy or swirl formation, stretching and 

folding 98,99,100,101,102,103,43;  

c. split-and-recombine concepts (SAR) 104,105,106,107,108, etc.  

Mixing performance enhancement in passive micromixers is achieved by 

optimizing the structural dimensions of the microchannel in such a way that 

the mixing performance is improved. There are various structural dimensions 

that can be used to improve the mixing efficiency.68  

The design of a Y-shaped micromixer, with rectangular and triangular barriers, 

was designed and introduced to mix fluids with small diffusion coefficient 

molecules, and the resulted mixing efficiency is 100 % at a flow rate 

corresponding to the Reynolds number (Re) of 25.109  

An experimental study was performed employing split and recombination 

micromixer, T-type and O-type mixers, with Reynolds number ranging from 

0.083 to 4.166 and the corresponding mixing efficiency can be reached to 90 

% in a short length.110  

A numerical evaluation of a passive micromixer with Reynolds numbers 

ranging from 0.1 to 60, using cylindrical restrictions within a curved 

microchannel, found that the mixing efficiency values were 72 % - 88 %.72 

The three-dimensional staggered herringbone micromixer shape optimized for 

mixing of two fluids, one of them with a solved molecule with low diffusion 

coefficient, and obtained an efficiency less than 90 %.111 T type three-

dimensional designs of twisted microchannels were constructed and 
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numerically simulated as a chaotic mixers.112 Numerical calculations and 

practical tasks on a planar serpentine micromixer have been evaluated using 

chaotic mixing, and yielded 90 % of mixing efficiency at Re of 2.113 

A passive micromixer with deformable baffles was examined numerically and 

the achieved mixing efficiency was 98 % at the Re from 0.01 to 300.114 

Micromixer was fabricated using PDMS as material by a lithography process, 

in which, the staggered herringbone chaotic layout was designed and 

experimented, and the mixing efficiency of 99.7 % at 20 μl/min and 99.2 % at 

100 μl/min was resulted.115  

Numerical simulation and experimental study of split and recombine 

micromixer have also been studied and 84 % of mixing efficiency was 

achieved.116 Numerical simulation and experimental study of tesla valve 

micromixer was investigated and mixing efficiency of 95.3 % was achieved at 

Re of 1.117 

A three-dimensional chessboard shape novel micromixer and developed a 

new bonding technique using PDMS to PDMS bonding was reported and 

achieved a 95 % of mixing efficiency at 12.7 µl/min.118 A micromixer device 

for lab on chip application was developed by UV cured adhesive bonding 

technique.119 SU-8 used to fabricate a micromixer device where a bonding 

process was developed using SU-8 coated over the substrate.120  

A three-dimensional spring like micromixer device was experimented and it 

was bonded to the substrate using a controllable furnace.121 The results of 

mixing efficiency using different passive mixing systems can be summarized 

in the following Table 2. 
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Table 2. Mixing efficiency (%) of different types passive micromixers 

Structure Compact shapes 
Flow rate 

(μl/min) 

Reynolds 

number (Re) 

Mixing 

Efficiency (%) 

Y-type 
rectangular and 

triangular barriers 
____ 25 100 

T-type and O-type ____ ____ 0.083 - 4.166 ≤ 90 

Curved 

microchannel 

cylindrical 

restrictions 
____ 0.1 - 60 72  - 88 

3D-staggered 

herringbone 
____ ____ ____ ≤ 90 

Planar serpentine ____ ____ 2 90 

Microchannel deformable baffles ____ 0.01 - 300 98 

Straight channels 
staggered 

herringbone 
20/100  ____ 99.7 / 99.2  

Split-recombine ____ ____ ____ 84 

Tesla valve ____ ____ 1 95.3 

3D-chessboard ____ 12.7 ____ 95 

2.1.3.1. Pressure drop 

In general, in the field of laminar flow the relationship is linear between the 

pressure drop and the Reynolds number (or the volume flow rate), as stated in 

the Hagen-Poiseuille equation. 

In fluid dynamics, the Hagen-Poiseuille law is universally applied to describe 

the pressure drop in a fluid flowing through a cylindrical pipe. The fluid is 

assumed to be viscous and incompressible, and the pipe has constant circular 

cross-section which diameter is substantially shorter than its length. The 

Hagen-Poiseuille equation is defined in standard fluid dynamics notation as 

follows in equation 6: 

 𝛥𝑃 =
8µ𝐿𝑄

𝜋𝑅4  (6) 
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Where ∆𝑃 is the pressure drop, 𝑅 is the radius, µ is the dynamic viscosity, π is 

the mathematical constant, 𝐿 is the passage length and 𝑄 is the volumetric flow 

rate. 

Pressure drop is also an important design parameter of the micromixer for 

power consumption. Good mixing efficiency and low pressure drop are two 

essential aspects of a mixer's design. Good mixing efficiency is particularly 

important for microfluidic devices applied for chemical reactions, where the 

reaction yields are strongly affected by the mixing efficiency. Low pressure 

drop is useful in industrial applications since it lowers energy consumption.  

2.2. Lithography 

Lithographic techniques are intensively applied in both industry and in 

research. Lithography allows the push of ever-decreasing dimensions of 

semiconductor devices and is thus the keystone of the nanotechnology 

revolution.  

They can be categorized into parallel and serial lithography. Parallel 

lithography uses suitable masks and projects an image of the mask onto the 

resist layer to form the desired patterns. Just like as in this work, in the 

formation of SU-8 patterns on glass sheet using mask by UV-lithography to be 

used for microfluidic caps which will be discussed in details in section 2.3.  

Serial lithography is a direct writing technique that exposes the resist point-by-

point using heavy particle electron beam and laser light.  

Lithography is a procedure that uses chemical modifications to 

precisely and repeatedly construct designed patterns in a specialized layer of 

material on a substrate. Usually, this pattern is then transferred to another 

usable layer via a conventional etching or removal procedure.122  

In the proton beam lithography (direct writing), the resist is exposed to the 

focused energetic protons as shown in Figure 2:6, by which the beam can be 
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scanned over the resist and the pattern is directly traced out by a focused beam 

(PBL on PDMS). 

 

Figure 2:6 Main manufacturing processes in resist-based lithography: Coating the resist 

material, exposing the resist with a charged particle beam, and eventually generating 

structures in negative and positive tone resists during the development process.123 

Resists are categorized into two types: positive tone resists undergo 

polymeric chain scission when exposed to radiation and become more soluble 

in the developer. Polymethyl methacrylate (PMMA) is an example of a high-

resolution positive tone resist because it is made up of long chain polymers that 

break down into smaller fragments when exposed and become more soluble.124  

On the other hand, the second resists type is the negative tone, which become 

less soluble after radiation exposure due to the cross-linking reactions, where 

smaller molecules combine into larger ones, leading to a decrease in 

solubility.125 Hydrogen silsesquioxane (HSQ), SU-8 and PDMS are good 

examples of high-resolution negative tone resists. 

2.2.1. Factors of lithography and development process  

Resist materials are suitable for a certain set of lithography procedures due 

to a number of chemical and mechanical features. The contrast of a resist refers 

to the rate of changes in material solubility upon exposure, i.e., polymer chain 

scission/cross-linking. High-contrast resists can be patterned with limited 
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parameters than low-contrast resists. Figure 2:7 shows the dose response curve 

of a hypothetical positive tone resist, where in a logarithmic scale, the residual 

thickness of resist after the development process, normalized to the original 

resist thickness, is plotted versus the exposure dosage.  

It can be seen that at low doses, the resulting resist thicknesses remain 

relatively unchanged. However, as the dose rises from below to over the 

threshold value, a nonlinear and abrupt transition occurs, causing a rapid 

change in the thickness of the resist layer. The slope of the linear section of the 

dose response curve determines the resist contrast (γ), and a steeper edge gives 

a greater, and hence a higher contrast value. Traditional resists, such as 

PMMA, have a contrast value of γ = 2, while modern chemically amplified 

resists have a contrast value of γ = 15.126  

 

Figure 2:7 The characteristic curve of a hypothetical positive tone resist, with the slope of 

the transition curve proportional to the resist contrast value. 122 

Sensitivity and throughput are also crucial aspects in lithography. The 

required exposure dose to induce specific chemical reactions in the resist for 
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pattern definition is known as sensitivity. The definition of the sensitivity 

depends on the resist type, where it is defined as the dose required to totally 

clear the resist material for positive-tone resist, and the dose required to 

produce 50% of the ultimate fully-exposed thickness for negative-tone resist. 

Type and energy of radiation, resist thickness and development processes, are 

known to have an impact on the sensitivity of a resist. 

Throughput is referred to the number of features patterned per second, and it 

shows the lithographic technique's speed. Because a high resist sensitivity 

requires less exposure time, faster beam lithography is possible, resulting in 

improved throughput and lithography efficiency. 

The development process is following to the exposure, either the 

(exposed) fragments from the positive tone resist or the (unexposed) non-

crosslinked molecules from the negative tone resist are removed with a 

developer. The pattern development, removing process, can be achieved by 

immersing the sample in the developer solution.  

Longer polymers are less mobile and more resistant to the developer, 

thus, they dissolve more slowly.127,128 The process can speed up by employing 

a developer with a higher concentration, but the resolution will suffer as a 

result. Beside the developer's strength, the temperature and duration of the 

development are additional aspects that can influence the development's 

outcome.  

Because exposure and development are strongly associated, 

underexposure may be the cause of underdevelopment in a pattern. A pattern 

that looks to be overdeveloped may also be overexposed.  

The mentioned parameters for lithography and development were the guide to 

our experiments for forming the appropriate patterns, which used in our 

designed micromixers, as it will discussed in details in sections 3.4.3 and 3.4.2.  
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2.3. SU-8 UV lithography 

Ever since its first introduction129, the negative-tone resist, the epoxy-based 

SU-8 has got a lot of interest from the micro-fabrication community. The 

important reasons for the popularity of it are the stable mechanical, thermal 

and chemical properties.130 It can be layered and patterned with high 

thicknesses, greater than 1 mm131, to create tall microstructures with high 

aspect ratios132 , which are obviously unprecedented features in traditional 

photoresists. Using these special characteristics, the cross-linked SU-8 has 

been used as a micro-mould for electroplating and final microstructures in a 

wide variety of applications including micro gears133, micro cantilever for 

scanning force microscopy134, microfluidic channel135, optical waveguide136, 

and neural probe137, to name a few.  

Several lithography techniques have been used to design various tall and 

high aspect ratio microstructures as well as deep sub-micron scale structures 

in SU-8, such as conventional ultraviolet (UV) lithography129, deep X-ray 

lithography138, electron-beam lithography139, and proton beam lithography.140 

Usually, photoresist is coated on a substrate (e.g., silicon or glass), and the 

top surface of the coated photoresist is irradiated normally, using energetic 

beam (e.g., UV, e-beam, and proton beam). This is a so-called front-side 

exposure method, regardless of the chosen types of photoresists and 

lithography techniques used. 141 

2.4. Direct-write techniques  

Direct-write methods have been regarded as potential alternatives to 

masked techniques142, and when they are used to write stamps or moulds and 

paired with nanoimprinting and pattern transfer, they have certain significant 

advantages.143,144  
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In Figure 2:8 comparison of different types of direct-write techniques e.g. 

Proton beam lithography (PBL), slow heavy ions (focused ion beam 

technology – FIB) and electrons (e-beam writing).  

 

Figure 2:8 Comparison of (a) p-beam, (b) FIB, and (c) e-beam writing techniques. The 

differences between the three approaches are depicted schematically in this diagram. 

SRIM and CASINO software packages were used to predict the p-beam and e-beam 

outputs, respectively.
145

 

One of the direct-write technologies is the PBL, where 1-2 µm size focused 

protons are scanned serially over a resist. Furthermore, this technique 

developed so much in the last decades, that nowadays even ~50 nm focused 

beam size can be reached, so even Nano structures can be realized.146 

2.4.1. Properties of MeV protons 

The advantages of interaction of protons with matter, is shown in Figure 2:8, 

and can be described as follows: 

a. Fabricating high aspect ratio three-dimensional structures where MeV 

protons travels in a straight line apart from a small amount of end-of-

range broadening comparing to focused electron beam which spreads 

rapidly as it enters the resist material.  
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b. In contrast to EUV or X-ray lithography, which exhibit an exponential 

drop in dose with depth, the proton penetration rate through material 

is generally constant along its range (apart from a ten-fold increase at 

the end of range).  

c. By varying the proton beam energy, the penetration depth can be 

varied, which allows formation of multilevel structures in one layer of 

resist. 

d. Lithography with protons also provides a virtual lack of high-energy 

secondary electrons, which could normally cause undesirable exposure 

to the resist material (proximity effects). In contrast, a little but 

noticeable fraction of secondary electrons are created in e-beam 

writing, with energies that potentially contribute to the micron-scale 

proximity effect. 

2.4.2. Proton beam interaction with resist material 

In a resist substance, the track of a MeV proton is determined by the 

interactions of protons with both the atomic electrons and nuclei in the 

material. For most of the proton path through the material, the probability of a 

proton interacting with an electron is several orders of magnitude higher than 

the probability of nuclear scattering. As the energy of the protons decrease, the 

nuclear collisions increase, especially at the end of range region.147  

Because of the large mass difference between the proton and the material's 

electrons (mp/me ≈ 1800), proton collisions with electrons do not cause any 

significant deviation in a proton's track from a straight-line path. Additionally, 

due to the momentum mismatch, each proton/electron collision has a slight 

energy transfer from the proton to electron, leading to many thousands of 

collisions before the protons stop. 145 
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Figure 2:9 types of irradiation effects on resist materials 

The primary mechanisms for producing structures in resist materials 

depends on the type of effect of irradiation on polymer shown in Figure 2:9 , 

in general, the effect in positive resists such as PMMA and CR-39 is the bond 

scission, while in negative resists such as SU-8 and PDMS is cross-linking.  

In positive resists the irradiated regions, caused by the radiation, can be 

removed by chemical development to produce structures, whereas in negative 

resists the development procedures remove the uncross-linked resist leaving 

the cross-linked structures behind (Figure 2:10).  

In proton beam lithography, the chemical change (scission or cross-linking) is 

caused by proton beam-induced ionizations, excitations and direct bond 

scission reactions. During these processes, free radicals form, which have high 

reaction rate with oxygen or other radicals initiating a complex reaction 

mechanism. In positive resist, such as in PMMA, the reactions quickly cause 

the leave of carbon dioxide and other small molecule fragments, making it 

positive resist. In case of PDMS, almost only the methyl side groups change 

and leaving the material, while vast amounts of crosslinks occur causing the 

quick solidifying in the material (leading to a glass state at high dose).148  

The proton dose required for exposure varies from 30-150 nC/mm2, 

depending on the resist material149, and is around 80-100 times less than that 

required by e-beam writing.150,151,152 
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Figure 2:10 types of resist polymer to radiation effect 

2.5. Chemical effects on PDMS due to proton exposure  

  Poly(dimethyl-siloxane) (PDMS) is a commonly applied polymer 

nowadays, serving as a base material for many applications. As shown in 

Figure 2:11, its chemical structure is based on a silicon main chain (–Si–O–

Si–) with methyl side groups (–CH3). In elastomeric form it has been widely 

used to fabricate Micro-Electro-Mechanical Systems (MEMS), microfluidic 

devices, micro-stamps by moulding techniques153,154,155,156,157,158,159, micro 

optical devices using developer-less PBW method160, or HAR wrinkles by pre-

stretch method.161 Moreover, many papers reporting about measuring of cell 

adhesion and traction forces by elastomeric PDMS micropillar arrays.162,163,164 

However, microstructures can be created in PDMS directly by PBW.165,166,167 

Irradiating this polymer with protons (typically 1–3 MeV) will initiate cross-

linking process without affecting the main Si–O–Si chain168, while the degree 

of cross-linking is related to the proton fluence. 169  
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Figure 2:11 Chemical structure of poly(dimethyl-siloxane) (PDMS).170 

Radiation of organic materials is accompanied by radiation-induced 

effects, i.e., those changing the chemical structure and physical properties. 

Polymers, as organic macromolecules, can be sensitive to ionizing radiations 

such as accelerated ions, gamma rays, X-rays, UV/UVO or laser radiation. The 

molecular chain or the bonds in the side groups can be easily cleaved by 

receiving a certain level of energy, causing main chain scissions, breakage of 

bonds, free radical formations and the release of gaseous degradation products, 

depending on the chemical groups attached to the main chain of the polymer.165  

Radiation-induced processes have many advantages compared to other 

conventional methods. During radiation processing of polymers, the reaction 

is initiated by the radicals induced by the radiation itself, so there is no need 

for further catalysts or additives. The free radical forms when the polymer 

absorbs the radiation energy and gets excited or ionized. In the chemically 

initiated process, free radicals are produced by the decomposition of an 

initiator to fragments which attack the base polymer leading to free radicals. 

In addition, the concentration and purity of the initiators are a limiting factor 

as well. In the case of radiation initiation, with the variation of the dose rate, 

an easier and better reaction control can be realized. Furthermore, the radiation 

processing is temperature independent, so there is no need for activation 

energy for process initiation.165 



Theoretical background    30 

 

Irradiation of polymers and elastomers with ionizing radiation (gamma 

rays, X-rays, UV, electron beams, ion beams) leads to the formation of reactive 

intermediates such as excited states, ions and free radicals. The excited-state 

molecules may return to the ground state through radiation less decay or form 

free radicals by homolytic dissociation reactions. Finally, the free radicals 

cause a number of chemical reactions in polymers such as recombination, new 

radical formation, gas yielding and many other reaction pathways. The final 

effects of these reactions are the formation of grafts, crosslinks and scissions 

of the main chains or side groups. In the case of silicones, we can divide the 

main irradiation-induced chemical effects the same way to the crosslinking and 

scission. Generally, the dominance of crosslinking or chain scission depends 

on the main chain and the side groups of the polymer and the irradiation 

condition (i.e., the radiation source, dose, temperature, etc.).165  

Furthermore, there can be significant differences in chemical 

mechanism occurred by usage of different radiation conditions, i.e., low or 

high LET radiation. Following, the radiation-induced chemical processes will 

be demonstrated on the most commonly used silicone polymer/elastomer, the 

poly(dimethyl-siloxane). 

Generally, organic materials are sensitive against high-energy ionizing 

radiations (e.g., accelerated ions, gamma ray, X-ray). The minimum energy 

required to cleave a covalent bond of a carbon chain is in the range of 

approximately 3−6 eV. This energy range is easily surpassed by ionizing 

radiations, representing high probability of degradation to organic materials. 

The linear energy transfer is defined as the average energy loss of the particle 

per unit path length (dE/dx). During ion-irradiation, the energy transfer to the 

surrounding medium increases along the ion track, according to the Bragg 

equation, and it has a local maximum value around the end of range region 

(Bragg peak). This increase in local energy transfer leads to higher 
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concentrations of reactive species, which can affect the radiation chemical 

yield.171,172 

However, the reaction mechanism and the forming products may vary 

along the ion track as well, which process can hardly be explained by the LET 

value. Instead, this is probably due to the changes in the way of the ion − 

molecule interactions, that is, ionization versus excitation of the molecules, 

which is probably more related to the actual energy of the irradiating ion then 

to the deposited energy density.  

Poly (dimethyl-siloxane) (PDMS) is a promising polymer, serving as a 

base material for many applications nowadays.173,174 Its chemical structure is 

based on a silicon main chain (−Si−O−Si−) with methyl side groups (−CH3). 

The siloxane bonds have some special features, which strongly influence the 

chemistry of the PDMS. The Si−O bond distance is shorter than the sum of the 

covalent radii, 1.64 Å, instead of 1.76 Å, which suggests a partial double bond 

character of the Si−O bond. Furthermore, the barrier of the rotation around the 

Si−O axis, as well as the linearization of the Si−O−Si angle, is very low.175 

Consequently, the chain is unusually flexible; the Si−O−Si angle is between 

140°−180°, which is significantly wider than the tetrahedral angle. In addition, 

there is a significant difference in the bond energies and electronic characters 

between the main chain and the side groups, making this polymer ideal to test 

the qualitative chemical changes in the function of the energy of the irradiating 

ion.168 

Silicones are synthetic polymers whose chemical structure is based on 

a siloxane main chain (-Si-O-Si-) with organic side groups (i.e., methyl, ethyl, 

phenyl, etc.). The most common member of the siloxane family is poly 

(dimethyl-siloxane) (PDMS), when both the attached side groups are methyl 

groups.  
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Silicone polymers are available in elastomeric form, which can be easily 

formed from linear silicones through a number of different crosslinking 

reactions. As most of the useful applications of the silicones are in their 

elastomeric form, it is important to understand the effect of ionizing radiations 

on the properties of these polymers/elastomers.165  

In the liquid-phase PDMS, the polymer chains are able to move, so the 

radicals formed during irradiation can interact with another chain or radicals 

so crosslinking process will dominate. However, in the case of the already 

crosslinked PDMS elastomer, the chains have significantly less freedom, so 

the formed excited states and radicals are more likely to release their excess 

energy by bond scissions reactions resulting the leaving of side groups and gas 

yielding. Though crosslinking of the neighbouring groups and chains still takes 

place, it plays a less important role.165 

Various very smooth, high aspect ratio 3D microstructures were designed and 

fabricated in liquid PDMS polymer by the irradiating proton microbeam.169  
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Figure 2:12 Scheme of the Proposed Mechanism for the Reactions Taking Place in the 

PDMS Polymer Induced by a 2.0 MeV He+ Ion Irradiation.176 

So the idea of our research point is to enhance the mixing efficiency of 

passive micromixers using different microstructures. In the beginning, 

Computational fluid dynamics (CFD) simulations were studied for the 

proposed microstructures, to investigate the mixing efficiency of all of our 

microstructures theoretically. Then, it was followed by the fabrication of the 

real microfluidic chips for mixing purposes. 

For this purpose, the performance characteristics of our proposed 

micromixers, especially the mixing efficiency, have been studied for different 

microfluidic devices: straight channel, empty circle and circle with 
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micropillars, which work as a passive micromixer. Also, an efficient 

microstructure, circle with different walls was proposed, which can be 

described as a circle with overlapped parallel walls. The fabricated walls aim 

to force the fluid to move in a narrow channel serpentine shape, which enhance 

the mixing efficiency comparing to the used simple channel or circle with and 

without micropillars.  

The mentioned different microstructures were fabricated using the 

previously discussed two techniques the proton beam lithography and the UV- 

lithography. Our microfluidic chips for passive micromixers were created by 

fabricating PDMS cap and PDMS microstructure, which bonded together by 

air plasma treatment using corona discharge. Then finally, the mixing 

efficiency for all the above micromixers have been simulated and discussed, 

beside the calculation of some characteristics of our fabricated micromixer, 

like Reynolds number and fluid velocity, have been reported at a range of the 

flow rate. 



Chapter 3 

3. Experimental procedures and CFD simulations 

In methodology, there are two methods for studying the mixing 

performance of different passive micromixers. One of the methods is the 

computational fluid dynamics (CFD) simulations of the various designs of 

micromixers using COMSOL software177 (COMSOL Multiphysics version 5.3) 

and the other one is the fabrication of the designed micromixers chips. For both 

methods, the mixing efficiency was investigated and discussed in details in 

chapter 4.  

My studies were done in two ways, different microstructure shapes and 

different walls microstructure, both of them were simulated by finite element 

method (FEM) and were fabricated by lithography techniques to be used as a 

passive micromixer. The first way of this study was carried out using different 

microstructures (see Figure 3:4, will be detailed in section 3.2.2) for passive 

mixing like straight channel, circle, circle-with-pillars and circle-with-walls. 

The results of different microstructure (the first way of studying) showed a 

good mixing of the micromixer circle-with wall structure, which was achieved 

theoretically and experimentally.  

This good mixing performance of circle-with-walls structure was the key 

to initiate the second way of study. The second way was performed using 

different walls microstructures (see Figure 3:5, will be detailed in 

section 3.2.3) like (e.g. simple circle [SC], circle with low number and same 

level walls [CLSW], circle with high number and same level walls [CHSW], 

circle with low number and tall (length) walls [CLTW] and circle with high 

number and tall (length) walls [CHTW]), all of the achieved results will be 

discussed in chapter 4. 
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3.1. Introduction of COMSOL simulation 

Engineers and scientists utilize the Microfluidic Module of the COMSOL 

Software package to construct, simulate, and analyse microfluidic systems. 

Simulation technologies are increasingly being used in the design cycle 

because they can improve understanding, minimize prototyping costs, and 

accelerate development.  

Using the Microfluidic Module of the COMSOL Software package, the 

users can model efficiently and precisely single-phase flows. In two-

dimensional and three-dimensional domains, the Microfluidic Module can 

solve stationary and time-dependent flows. Predefined physics interfaces, also 

known as Microfluidics physics interfaces, are used to create formulas suitable 

for various forms of flow. To define a fluid-flow problem, the Fluid Flow 

interfaces use physical values such as pressure and flow rate, as well as 

physical characteristics such as viscosity and density. 

For a variety of microfluidic flows, several physical interfaces are 

offered. Forms of flow are Laminar flow, creeping flow, two-phase flow 

(phase field, level set, and moving mesh), porous media flow (Darcy's Law178, 

the Brinkman equations179, or Free and Porous Media Flow — which combines 

the Brinkman equations with laminar flow), and slip flow. The Transport of 

Diluted Species interface can be used to handle the transportation of numerous 

species. These physics interfaces can be easily used with COMSOL's 

Electrostatics or Electric Currents interfaces to handle multimodal problems 

such as electrokinetic flows. 

The basic physical principles are given in the form of partial differential 

equations coupled with appropriate initial and boundary conditions for every 

one of the Microfluidic physics interfaces. COMSOL's function creates 

physics by giving users access to the underlying equation system as well as the 

equations solved by each component. Also, there is enormous flexibility to 
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include user-defined equations and idioms to the system. For example, to make 

the transport of a species model, which significantly affects the viscosity of the 

fluid, one can actually input in a concentration “dependent viscosity”, so there 

is no requirements of scripting or coding.  

The complex couplings formed by these user-defined equations are 

directly represented in the equation system when COMSOL builds the 

equations. Then the equations are solved using a variety of industrial-strength 

solvers and the finite element methodology. Once a solution is found, a wide 

selection of post-processing tools is available to examine the data, and pre-

defined plots are easily handled to demonstrate the device responses.  

COMSOL allows flexibilities to estimate a wide range of physical parameters 

including the predefined quantities like the pressure, velocity, shear rate, or the 

vorticity (available through easy-to-use menus), in addition to optional user-

defined variables.  

To simulate a microfluidic device, firstly the geometry must be established 

in the software. Then the proper materials are chosen, and a suitable 

microfluidics physics interface is applied. Within the physics interface, initial 

and boundary conditions are defined. Next, the mesh is defined, in many 

circumstances COMSOL’s default mesh is used, which is appropriate for some 

problem and can be produced from physics-dependent defaults. The default 

mesh is Normal, which is not good enough in our calculation, so the highest 

mesh size will be used. A solver is selected, the problem is solved after 

selecting a solver with defaults adapted for the relevant physics interface. 

Finally, the results are represented graphically. The COMSOL Desktop is used 

to perform all of these processes. 
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3.2. Computational fluid dynamics (CFD) simulations  

COMSOL Multiphysics' microfluidics module (software version 5.3a) was 

used to carry out the CFD estimations. By which, the simulations of our 

designs have been computed by successive three main steps: model building, 

solving, and then evaluating the results.  

In model building the geometry, equations and physics (parameters and 

boundaries) were specified, then creating mesh parameters for solving and 

finally the results were evaluated. All suggested designs were simulated in 

COMSOL to evaluate mixing performance in this study. To run the mixing 

simulations in two-dimensional designs, the “creeping flow” and “transport of 

diluted species” modules were used.  

The Navier-Stokes equation and the continuity equation, stated in 

equations 7 and 8, respectively, describe the flow of an incompressible 

Newtonian liquid in a micromixer. 

 𝛻[−𝑝𝐼 + 𝜇(𝛻𝑢 + (𝛻𝑢)𝑇)] + 𝐹 = 0 (7) 

 𝜌 𝛻(𝑢) = 0 (8) 

Where the used fluid characteristics in equations 7 and 8 are ρ, μ and p (the 

fluid density, the fluid dynamic viscosity, and the fluid pressure, respectively). 

And other important factors are described as following: u is the flow velocity, 

I is the identity matrix, T is viscous stress tensor and F is the body force.  

The convection – diffusion equation, as given in equation 9, can be 

used to characterize species transportation in systems.  

 𝛻(−𝐷𝛻𝑐) + 𝑢𝛻𝑐 = 𝑅 (9) 

Where the species parameters are c and D, the concentration and diffusion 

constant, respectively, and R is the source term.  
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3.2.1. Mesh size selection 

Finding the suitable mesh size of finite element method simulation is very 

important for more accurate and precise simulation to emulate the mixing 

efficiency of the real experiments of our designs. So different mesh sizes were 

simulated by simple Y channel as shown in Figure 3:1, in which there is an 

arbitrary fixed cut line at the end of the Y channel and its importance to 

compare the concentration variations (referred to the mixing efficiency) 

through the points of the drawn cut line for the different simulated mesh sizes. 

 

Figure 3:1 Y channel for mesh size testing and cut line at the end of the channel. 

Using the Y channel structure (length = 6 mm and width = 0.2 mm) and 

different mesh sizes, the COMSOL simulations were carried to investigate the 

mixing efficiency corresponding to the used mesh size. The elemental size of 

different default mash (Extremely coarse, Extra coarse, Coarser, Coarse, 

Normal, Fine, Finer, Extra fine, and Extremely fine) can be observed in 

different maps shown in Figure 3:2, and the different default values of 

customized settings or parameters (maximum element size (mm), minimum 

element size (mm), maximum element growth rate, curvature factor and 
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resolution of narrow regions) were described in Table 3 for different “mesh” 

sizes. . 

 

Figure 3:2 Different mesh sizes: 1. Extremely coarse, 2. Extra coarse, 3. Coarser, 4. 

Coarse, 5. Normal, 6. Fine, 7. Finer, 8. Extra fine, and 9. Extremely fine. 

Table 3. Mesh parameters for the finite element method study on Y channel. 

Mesh name 

Maximum 

element size 

(mm) 

Minimum 

element size 

(mm) 

Maximum 

element growth 

rate 

Curvature 

factor 

Resolution of 

narrow regions 

Extremely 

coarse 
0.489 1550×10-5 1.4 1 0.9 

Extra 

coarse 
0.289 1110×10-5 1.3 0.8 1 

Coarser 0.193 888×10-5 1.25 0.6 1 

Coarse 0.149 666×10-5 1.2 0.4 1 

Normal 0.0999 444×10-5 1.15 0.3 1 

Fine 0.0777 222×10-5 1.13 0.3 1 

Finer 0.0622 88.8×10-5 1.1 0.25 1 

Extra fine 0.0289 33.3×10-5 1.08 0.25 1 

Extremely 

fine 
0.0149 4.4×10-5 1.05 0.2 1 
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The modules (creeping flow and transport of diluted species) and the 

governing equations mentioned in the previous section were used to study the 

influence of the mesh size on the mixing behaviour of Y channel micromixer 

for all the different mesh size. In these modules, the used parameters are 

diffusion coefficient Dc = 1×10-10 [m2/s], input velocity U0 = 0.001 [m/s] and 

different parameters values of elemental size.  

The value of concentration refers to the mixing efficiency. So, using 

the cut line and the concentration profiles in Figure 3:3, it can be observed 

easily that the concentration value around 50 refers to a very good mixing 

while the far values from 50 means a weak mixing at any point of y coordinate 

(the cut line). 

The results show the dependence of concentration value on the used mesh size 

as shown in Figure 3:3, where the low mesh size (Extremely coarse, Extra 

coarse, Coarser and Coarse) gives an excellent mixing while the high mesh 

size (Normal, Fine, Finer, Extra fine, and Extremely fine) gives poor mixing. 

Values of the concentration are around 50 for the low mesh sizes (Extremely 

coarse, Extra coarse, Coarser and Coarse) at the end of Y channel as illustrated 

in Figure 3:3, which means an excellent mixing through the used channel. But 

on the other hand, experimentally this not happen, due to this, those low mesh 

size will not be useful for our simulation. 
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Figure 3:3 Concentration dependence with different mesh size at fixed cut line at the end 

of Y channel. 

By changing the mesh size to high values for Y channel, the 

concentration values went so far from 50, which means a very poor mixing as 

shown in Figure 3:3 for mesh sizes (Normal, Fine, Finer, Extra fine, and 

Extremely fine). This result agrees too much extent with the experimental 

result of poor mixing during the real test of Y channel micromixer. Which 

means the best mesh size for our simulation is the lowest value of concentration 

(Extremely fine).  

The reason of this, is that at low mesh size, the used elements by the 

finite element method have large size and too low number of (see maps 1, 2 

and 3 in Figure 3:2). So, the high level of averaging occurs or the numerical 

diffusion may induce significant error in the estimation of the resulting 

concentration field in the lowest resolution numerical solution180, which will 

cause incorrect calculations. On the other hand, the 9th map (see also 
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Figure 3:2) has small size and a lot of elements, which gives a good averaging 

and will result in an appropriate and reliable calculations. That is why selecting 

the suitable mesh size for accurate investigation is necessary at the very 

beginning of the simulations.  

The default mesh in a COMSOL simulations sizes is set up of for normal, 

which is not acceptable. In every calculation we used the maximum resolution, 

the extremely high mesh size. 

3.2.2. CFD of different structures 

The presented two-dimensional designs' geometries for different structures 

(channel, circle, pillars and walls) are shown in Figure 3:4. Two inlet channels, 

two outlet channels, and the mixing unit area are the important components of 

our micromixers. As shown in Figure 3:4, the design and number of inlets and 

outlets are similar in all our proposed micromixer systems, where the 

dimensions are length (L) = 2 mm and width (W) = 0.2 mm of both the inlets 

and outlets. But the mixing unit area varies like: 

a- straight channel, with length (L) = 6 mm and width (W) = 0.2 mm 

b- circle, with diameter = 2 mm (radius (R) = 1 mm) 

c- circle-with-pillars, pillar diameter = 0.005 mm (radius (R) = 0.0025 

mm) and interstitial distance between the pillars (D) = 0.045 mm 

d- circle-with-walls, wall thickness (T) = 0.03 mm and interstitial distance 

between the walls (D) = 0.17 mm. 
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Figure 3:4 Different mixing unit geometrical structures: a) straight channel, b) circle, c) 

circle-with-pillars, and d) circle-with-walls. 

3.2.3. CFD of different walls structures 

The good results of fluid mixing obtained using CFD for the array of walls, 

was the key to the current study. With which the CFD calculations of the 

designs of our passive micromixers, with different walls structures, showed an 

improvement of the mixing efficiency comparing to the presented ones in 

previous section. During the simulation, water and a diluted aqueous solution 

is injected to the mixer through two inlets. They flow through the chip, 

including the mixing unit area, where they start to mix. The level of the mixing 

depends on the mixer designs and parameters. 

The geometrics and dimensions of two-dimensional proposed designs of 

different walls structures for passive micromixers are shown in Figure 3:5. The 
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main parts of the proposed designs for the micromixers are 2 inlets, 2 outlets 

and mixing unit area. All structures have the same inlets and outlets (geometry 

and number) where both 2 inlets and 2 outlets are 2 circles of radius (R) = 1 

mm connected to 2 channels of length (L) = 2 mm and width (W) = 0.2 mm, 

but all structures have different mixing unit area as following: 

a. Simple circle [SC] of radius (R) = 1 mm, circle with low number and same 

level walls [CLSW] of wall thickness (T) = 0.03 mm and gap between 

walls (G) = 0.17 mm.  

b. Circle with high number and same level walls [CHSW] of wall thickness 

(T) = 0.03 mm and gap between walls (G) = 0.07 mm.  

c. Circle with low number and tall (length) walls [CLTW] of wall thickness 

(T) = 0.03 mm and gap between walls (G) = 0.17 mm.  

d. Circle with high number and tall (length) walls [CHTW] of wall thickness 

(T) = 0.03 mm and gap between walls (G) = 0.07 mm. 

 

Figure 3:5 Geometry of main parts of COMSOL simulation micromixers: a) inlets, outlets 

and mixing unit area, b) simple circle [SC], c) circle with low number and same level walls 

[CLSW], d) circle with high number and same level walls [CHSW], e) circle with low 

number and tall (length) walls [CLTW], and f) circle with high number and tall (length) 

walls [CHTW]. 
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3.3. High-aspect-ratio structures 

Proton beam lithography is a technique that make use of a focused beam 

of several (MeV) protons written directly into a resist to produce a 3D latent 

image in a resist material. The several MeV energy protons have high 

penetration depth into the resist (e.g. a 2 MeV proton will penetrate 84.2 µm 

into PDMS). Proton beam lithography is the only technique that offers the 

capability of direct-write, high aspect ratio microstructures.181 With this 

method, a complicated pattern of a maximum area of 2.5 × 2.5 mm2 can be 

exposed down to a depth of 150 µm in a few seconds.  

3.3.1. Three-dimensional micro lithography facility  

The proton beam lithography equipment works at the Institute for Nuclear 

Research at Debrecen (Atomki), using the 5 MV Van de Graaff accelerator.  

 

Figure 3:6 Schematic diagram of scanning proton microprobe facility in ATOMKI. 182 

  Figure 3:6 depicts the arrangement of the proton microprobe setup, 

which used in combination with the 5 MV single-ended vertical Van de Graaff 
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machine183. The accelerator can be used to generate ion beams of p (proton), d 

(deuterium) and 4He (helium) employing an RF ion source capable of 

producing a single charged particle.  

The vertical beam is switched to a horizontal plane of the accelerator using an 

analysing magnet, which is also useful for the stabilization of the beam energy. 

Initially, the accelerator was used to produce high current beams (10-20 µA) of 

light ions in multiple beam lines. Large collimators were thus utilized because 

of the less important impact played by beam emittance and brightness 

characteristics.  

In setting up the microprobe beam line, after the beam analysing and 

switching magnets, there are the beam analysing and transportation system that 

includes installed asymmetrically fed magnetic quadrupole doublet beam 

focusing and steering lenses184. The 0° beam line was selected for the 

microprobe installation to avoid using the switching magnet.  

Ion source's pre-focusing element can produce a beam spot (with a diameter of 

less than 4 cm) on a quartz-plate positioned in the plane of the object slits at 10 

m from the analysing magnet. Thereafter the asymmetrical quadrupole 

doublets of the transport channel and the microbeam facility itself have been 

adjusted to match the optical axis. 

The Grime and Watt available system185 was chosen because it has a 

strong reputation and is utilized in various laboratories. Oxford Microbeams 

Ltd provide microbeam facility as following: two sets of slit units for object 

and collimator slits, magnetic quadrupole doublet lenses, scanning coils (two 

pair of ferrite core coils, pre lens scanning with a maximum scanning area (2.5 

x 2.5 mm2), and power supply. The object is 6 meters away, and the 

demagnification ratios are around 5 in the horizontal and 50 in the vertical.  

The end stage has been fixed tightly on 1.4 tons total weight concrete 

cast blocks and 1 cm thick cork-boards between them and below them, to 
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decrease the mechanical vibration. The object slit unit is housed in a window 

in the 1.1m thick concrete wall that separates the main target hall from the 

microbeam system (Figure 3:6). 

The Oxford type octagonal target chamber is ideal for controlling target 

movement from the top with an XYZ sample holding stage, while a binocular 

optical viewing microscope and detectors are in the vertical plane.  

The vacuum system consist of turbo pumps and a sample chamber. The 

high pumping speed of the turbo pumps permits fast recovering of the vacuum 

in the small volume of the sample chamber after changing the sample. The 

beam current is collected and measured by an ultra- sensitive current digitizer 

also from Oxford182. 

3.4. Microfluidic Chip fabrication. 

The structures suggested by the simulations were fabricated in real 

microfluidic chip, using lithography techniques, for mixing purposes. The 

main processes in chip fabrication are as follows: 

1. Preparation the samples for proton beam irradiation  

2. Proton beam lithography (PBL) of PDMS microstructures. 

3. SU-8 photolithography of PDMS cap. 

4. Bonding the PDMS cap onto the PDMS microstructures by plasma 

treatment.  

After bonding and finalizing the chip fabrication, the mixing efficiency for 

the different fabricated micromixers were calculated using a system described 

in 4.5.2 section. 

3.4.1. Preparation the samples for proton beam irradiation 

Before scanning the desired patterns on samples using proton beam facility, 

the samples should be prepared through two sequential steps: PDMS elastomer 
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layer was created on the conductive glass substrate then liquid PDMS layer 

was coated above the elastomer layer, which will be discussed in details 

through the following subheadings. Finally, the prepared samples should be 

taken directly to the irradiation chamber for proton beam scanning.  

i. Creation of PDMS base polymer rubber layer 

The liquid PDMS was added to curing agent in Petri dish, then mixed well 

to form homogeneous mixture (Sylgard 184 kit, Dow-Corning, base polymer: 

curing agent volume ratio 10:1), bubbles were initiated during the mixing so it 

is recommended to wait 30-60 minutes until those bubbles disappear. The 

mixed composition (liquid PDMS and curing agent) was coated on the 

conductive glass substrate by a spin coater, then the samples were put on 

hotplate at temperature 85°C for 30 min. to form a cross-linked PDMS layer 

on the surface, forming a PDMS rubber layer of thick about 30 µm. 

ii. Coating liquid PDMS on rubber layer 

On the crosslinked rubber layer, a new liquid PDMS layer of thickness 25 

µm can be coated using spin coater which was adjusted to fixed parameters 

(speed = 2600 RPM, coating time = 60 s, see Figure 3:7).  

Finally, after coating, the sample was moved directly to the irradiation 

chamber where the proton beam was prepared and set up previously with 

special parameters will be discussed in the next section. 
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Figure 3:7 Variation of PDMS thickness (µm) with time (s) at different spin coater speed. 

3.4.2. PDMS microstructures using Proton beam lithography (PBL). 

Within the suggested micromixers that use microstructures for mixing (i.e., 

micro pillars or walls), a topmost layer of liquid PDMS was coated as a 

negative resist for proton beam irradiation. Where a fresh layer of around a 25 

µm base polymer was spin-coated on top of the cross-linked rubber layer, 

detailed procedure can be found in the work of Huszank et al.169 
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Figure 3:8 PBL procedure scheme diagram (side view). 2 mm × 2 mm portion of the resist 

was magnetically scanned by the proton beam. 

For the fabrication process of the microstructures (Figure 3:8), proton 

beam assisted lithography process was used, with the setup of the proton 

microprobe. Their radiation was performed by protons of energy 2.0 MeV with 

a beam current of typically 500 pA, focusing on approximately 2 µm × 2 µm.  

The focused proton beam was magnetically scanned over the resist 

material, according to the given scan pattern. Ionscan program or a bitmap 

manipulator graphical software can be used to build the patterns. Micro-pillar 

array and a circle with structured walls are two examples of these patterns (see 

Figure 3:9). The delivered fluence of electric charge to the PDMS samples 

ranged from 3000 to 10000 nC/mm2. After the direct irradiations, the scanned 
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structures were developed immediately using chemical compounds to remove 

the non-irradiated parts169, then finally the samples were rinsed with ethanol to 

remove the impurities and visualize the scanned patterns smoothly without 

distortions.  

 

Figure 3:9 Different patterns for PBL scanning 

The development should be done after the irradiation process directly. 

After this, the sample was rinsed in ethanol for some seconds to dry the 

samples. 

The structures can be checked by optical microscope and should be clear 

as shown in (Figure 4:1 - Figure 4:3), and the previous steps can be repeated if 

some parts of non-irradiated areas still exist and the structure is not clear. 

Finally, the formed patterns are ready to be embedded in a micromixer chip for 

mixing efficiency test. 

3.4.3. PDMS caps using SU-8 photolithography.  

Photolithography method was used to create the chip's cap. The used 

system of UV-irradiation, shown in Figure 3:10, can be described as follows: 

an UV lamp was in a vertical direction at a fixed distance from the mask 
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(contains the desired pattern). The coated SU-8 substrate (a cleaned glass 

substrate was coated by SU-8 photoresist) was put under the mask directly.  

 

Figure 3:10 The system of UV-irradiation for SU-8 photolithography. 

Some of parameters should be taken in account during creation the fine 

structure of the SU-8 master like: cleaning the glass substrate carefully, 

choosing the desired SU-8 layer thickness from the SU-8 calibration curve 

(Figure 3:11) and optimizing the irradiation time of UV and the development 

time of the structure.  

Many attempts were done by changing those parameters to optimize the best 

conditions to create the fine pattern of SU-8 master, and the results are shown 

in Figure 3:12. Where the bad patterns appeared at the first trials because the 

used parameters (irradiation distance, irradiation time and development time) 

are not efficient to fit the optimized conditions for the fine pattern, then at the 

end the fitting parameters were reached for the good pattern when the 

optimized conditions were used.  
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Figure 3:11 Variation of SU-8 thickness (µm) with spin coater speed at different times (0.5 

and 1 min). 

  

Figure 3:12 Trials for optimization the suitable parameters (UV irradiation time, 

irradiation distance and the development time) to obtain the good SU-8 pattern. 
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Using the previous optimized condition, the SU-8 sample was 

irradiated using UV through the cap mask, and the needed pattern can be 

stamped on the glass substrate by development process. The mixture of liquid 

PDMS and curing agent was poured onto the SU-8 pattern, then was allowed 

to crosslink freely.  

The moulding process of the PDMS can be described as following: 

firstly, an amount of liquid PDMS was prepared (according to the 1/10 ratio of 

the PDMS liquid and the curing agent), and then were poured on SU-8 master 

and let it to crosslink, forming the PDMS cap. The created PDMS cover was 

finally peeled off, as seen the formation scheme in Figure 3:13. 

 

Figure 3:13 PDMS cap formation scheme with SU-8 master and UV lithography. 

3.4.4.  Plasma treatment for bonding the PDMS cap and 

microstructures. 

A good mixing performance using low flow rates as well as less pressure 

drop without causing damage to the device bonding is critical for any 

micromixer. At just about the same point, micromixer channel sealing is an 
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essential part of the fabrication process. The bonding process can be 

accomplished using a variety of different approaches.186 

The complete form of the microfluidic chip can be achieved using plasma-

bonding equipment (corona plasma treater) shown in Figure 3:14, where the 

PDMS cap was bonded to the PDMS microstructure pattern. After chemically 

activating the PDMS surfaces using air plasma treatment, the two surfaces 

were aligned and squeezed. Following that, two inlet and two outlet holes were 

carved into the top. Finally, flexible pipes were attached to the inlets and 

outlets. 

 

Figure 3:14 Plasma treatment using corona plasma treater for PDMS bonding. 

3.5. Mixing test system and concentration measurements  

The system shown in Figure 3:15 was used for mixing test. A syringe pump 

was used with two syringes filled with a) water and b) aqueous solution of 

methylene blue. The two syringes were connected to the fabricated micromixer 



Experimental procedures and CFD simulations    57 

 

chips by two pipes through the two inlets of the micromixer. The flow rate was 

adjusted and controlled by syringe pump, where the flow rates ranged from 1 

to 6 µl/min.  

The two fluids were pumped in the inlets and pass through the designed 

micromixer, and the mixed fluid was collected at the outlets. Then the 

concentration of the collected samples was investigated by UV/Vis 

spectrophotometry. Due to the type of the micromixer, the concentrations of 

the two fluids will change, and consequently the mixing efficiency of the 

applied micromixer can be calculated.   

 

Figure 3:15 the system for mixing two fluids using the fabricated chip. 

UV/Vis spectrophotometry was used to study the absorbance spectrum 

of the collected samples for different types of micromixers. The linear 

relationship between the absorbance (A) and the concentration (c) of a solution 

was defined by Beer-Lambert law187,188 in equation 10: 

 𝐴 = 𝜀𝑐𝑙 (10) 
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Where (𝜀) is the molar absorption coefficient and (I) is the optical path length 

in cm. Also, the absorbance (A) can be defined via the incident intensity Io and 

transmitted intensity I as described by equation 11, 

 𝐴 = 𝑙𝑜𝑔10
𝐼0

𝐼
 (11) 

Due to the direct proportionality of light absorbance and the solution 

concentration, the absorbance spectrum of the mixed samples was measured 

then the concentrations were calculated. 



Chapter 4 

4. Experimental results and discussion 

Through chapter 4, the details of the results of COMSOL simulations of 

the different designed micromixers, and the results of successive experimental 

steps of the fabrication process of our microfluidic chip will be described. 

The mixing efficiency of the simulated and fabricated micromixers will be also 

discussed through this part, based on two different ideas of micromixers. 

4.1. Different PDMS microstructures created with PBL 

for passive micromixers  

PBL is the ideal method for writing fine 3D microstructures on PDMS. 

Using the detailed method of PBL, mentioned in section 3.4.2, different 

microstructures have been manufactured for various applications, such as 

passive micromixers (recent application). For mixing purposes, the fabricated 

microstructures are circle with micropillars and circle with different wall.  

Figure 4:1 shows the created PDMS circle with PDMS micropillars by 

PBL and its dimensions as following: (circle diameter 2 mm, micropillars 

diameter 0.005 mm, height 0.025 mm and distance 0.045 mm). Figure 4:2 

describes the PDMS circle with different PDMS walls and their 

characterization as following: a) low number and same level walls [CLSW] 

(wall thickness (T) = 0.03 mm and gap between walls (G) = 0.17 mm), b) high 

number and same level walls [CHSW] (wall thickness (T) = 0.03 mm and gap 

between walls (G) = 0.07 mm), c) low number and tall (length) walls [CLTW] 

(wall thickness (T) = 0.03 mm and gap between walls (G) = 0.17 mm), and d) 

high number and tall (length) walls [CHTW] (wall thickness (T) = 0.03 mm 

and gap between walls (G) = 0.07 mm).  
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Figure 4:1 Optical microscopic view of a pillar type micromixer. (Top view) 

 

Figure 4:2 SEM of the PDMS microstructure on glass substrate showing circle with 

different walls, a. low number and same level walls [CLSW], b. high number and same 

level walls [CHSW], c. low number and tall (length) walls [CLTW] and d. high number 

and tall (length) walls [CHTW]. (Top view) 
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4.2. Different PDMS micropillar created with PBL  

PBL was used to fabricate PDMS microstructures, forming PDMS 

micropillar array in a circle area. The mixing unit area (circle area of the 

created micropillar) has a diameter 2 mm, as shown in Figure 4:3. Creation of 

different sizes micropillars depends on dimensions of the drawn shapes in the 

scanning pattern file (drawn by Ionscan program, or a bitmap manipulator 

graphical software for scanning), which was used for proton beam scanning as 

mentioned in section 3.4.2. 

There are two different sizes of pillars, the thin pillars are characterized by 

pillar diameter about 0.005 mm (~5 µm) and spacing distance between the 

centres of two successive pillars about 0.045 mm (~45 µm), and the thick pillars 

is characterized by pillar diameter about 0.02 mm (~20 µm) and spacing 

distance between the centres of two successive pillars about 0.03 mm (~30 µm). 

 

Figure 4:3 SEM of the PDMS micropillars on glass substrate showing a. full array of thin 

micropillars, b. focused image of thin pillars, c. full array of thick micropillars and d. 

focused image of thick pillars (top view). 
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4.3. Different PDMS caps of microfluidic chips 

One important part of the chip is the cap, which forms the top part of the 

micromixer chip. And it can be formed using the SU-8 patterns which were 

created by UV lithography method (described in section 3.4.3). By which SU-

8 master of different patterns can be fabricated as shown in Figure 4:4 (Long 

channel, circle or elliptic with different inlets/outlets). 

Those SU-8 moulds were used to create the desired cap by pouring liquid 

PDMS on the designed SU-8 mould as illustrated in the method of PDMS caps 

using SU-8 photolithography.. 

 

Figure 4:4 SU-8 master of different structures (channel, elliptic and circle) on glass by UV 

lithography with different inlets and outlets (a. 1 inlet and 1 outlet, b. 2 inlets and 1 outlet, 

c. and d. 2 inlets and 2 outlets) 

Long channel SU-8 master shown in Figure 4:4, was used only to create 

the cap for channel micromixer. Other different caps can be created using 
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different SU-8 masters (shown in Figure 4:4), those caps have different number 

of inlets and outlets (1 inlet and 1 outlet, 1 inlet and 2 outlets or 2 inlets and 1 

outlet, and 2 inlets and 2 outlets). In the fabrication process of the real 

micromixers, the cap can be used as the cover of the microstructure beside it 

contains the inlets and outlets of the micromixer.  

Focusing on the 2 inlets and 2 outlets SU-8 master for channel and 

circle, PDMS caps were fabricated as shown in Figure 4:5 (long channel and 

circle) where the formed shape is carved on one side of the cap and the other 

side is flat. 

 Later the formed caps (from the direction of the carved shape) were bonded to 

the created microstructures by PBL to get fully chip for passive micromixers 

application. 

 

Figure 4:5 PDMS caps for micromixers with 2 inlets and 2 outlets of long channel (a. top 

view of upper level and b. top view of bottom level containing the sculpted long channel 

structure) and circle (c. top view of upper level and d. top view of bottom level containing 

the sculpted circle structure) 
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4.4. The creation of the microfluidic chip 

To finalize the whole shape of the microfluidic chip, the PDMS structures 

and the PDMS cap should be bonded together. For that, both parts should be 

treated by air plasma, described in the methodology section 3.4.4. After proper 

bonding flexible silicone pipes was connected to the inlets and outlets as 

illustrated in Figure 4:6. 

 

Figure 4:6 Final form of micromixers chips for mixing test, a. long channel micromixer 

and b. circle micromixer with different mixing unit areas (1. Simple circle [SC], 2. Pillars, 

3. Low number and same level walls [CLSW], 4. High number and same level walls 

[CHSW], 5. Low number and tall (length) walls [CLTW] and 6. High number and tall 

(length) walls [CHTW]). 

4.5. Mixing performance of passive micromixers 

4.5.1. COMSOL simulation and mixing efficiency of different 

micromixers structures. 

The mixing efficiencies of the different walls designs, which were 

illustrated in Figure 3:4, were simulated using the presented equations and 

physics (parameters and boundaries) previously in section 3.2. 
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The molecular diffusion coefficient in this model was set to 10-11 m2/s. 

The fluid concentrations entering the two inlets were set to 0 and 100 mol/m3, 

as indicated by the blue and red colours in (Figure 4:7 - Figure 4:10). At the 

two inlets, the model boundary conditions have a constant velocity of 0.01 m/s.  

Two cut lines at the inlets and outlets were arbitrarily established to identify 

absolute concentrations before and after the mixing unit area. The positions 

(inlet: distance = 0, outlet: distance = 5) of the two cut lines are indicated in 

(Figure 4:7 - Figure 4:10), and the mixing efficiencies are calculated using 

concentration across the y direction of these two cut lines.  

The graphs (Y-coordinate vs Concentration) represent the 

concentration through the used two cut lines. In which, the blue line represent 

the concentration of the two fluids through the inlet cut line (distance = 0, refers 

to the x coordinate value (-2.5 mm) according to the origin point, see 

Figure 3:4) and the green line for the outlet cut line (distance = 5, refers to the 

x coordinate value (+2.5 mm) according to the origin point, see Figure 3:5). 

And it is obvious that the concentrations of the two fluids at inlets are 

unchanged for all the different used micromixers, which means no mixing for 

all micromixers and in case of perfect mixing, the edges of the green lines in 

(Figure 4:7 - Figure 4:10) should tend toward 50 mol. m-3.  

The simulation results show that the mixing efficiency of the channel 

and the circle micromixers was very low, due to the little change of the 

concentration of the two fluids through the micromixers especially at the used 

two cut line.  
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Figure 4:7 Left: the mixing performance results using COMSOL simulation for channel 

structure micromixer. 2 cut lines are indicated at distances of 0 (near inlets) and 5 (near 

outlets). Right: Concentration profiles (concentration vs y- coordinate of the cut lines). 

 

Figure 4:8 Left: the mixing performance results using COMSOL simulation for circle 

structure micromixer. 2 cut lines are indicated at distances of 0 (near inlets) and 5 (near 

outlets). Right: Concentration profiles (concentration vs y- coordinate of the cut lines). 

However, Figure 4:9 shows improvement in the mixing efficiency 

using pillars rather than the channel or the circle micromixers for the same 

mixing conditions. As it is indicated by the green line in Y-coordinate vs 

Concentration graph of pillar micromixer, the concentration of the two fluids 

is changed a little bit due to the slightly increase in the mixing of the two fluids. 

The mixing was improved through the pillars as it works to spilt and recombine 

the fluids molecules, which increase the molecular diffusion.  
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The best mixing results were obtained using the circle-with-walls 

structure as shown in Figure 4:10, where the concentrations of the two fluids 

at outlets becomes nearly similar as indicated by the tendency of the green line 

(Y-coordinate vs Concentration graph) towards the mean concentration value 

(around 50 mol. m-3).  

 

Figure 4:9 Left: the mixing performance results using COMSOL simulation for circle-

with-pillars micromixer. 2 cut lines are indicated at distances of 0 (near inlets) and 5 (near 

outlets). Right: Concentration profiles (concentration vs y- coordinate of the cut lines). 

 

Figure 4:10 Left: the mixing performance results using COMSOL simulation for circle-

with-walls micromixer. 2 cut lines are indicated at distances of 0 (near inlets) and 5 (near 

outlets). Right: Concentration profiles (concentration vs y- coordinate of the cut lines). 

The mixing efficiency can be considerably enhanced by utilizing 

microstructures in microfluidic chips, notably in the case of micro-wall 



Experimental results and discussion    68 

 

structures, as shown by the concentration profiles. Where the walls behave as 

an obstacle to restructure the path of fluids flow in a narrow channel serpentine 

shape which enhance the mixing efficiency. 

These simulated designs were used to build and fabricate the real chips. As a 

baseline, the less efficient chips were manufactured.  

4.5.1.1. Pressure drop values in different micromixer 

Good mixing performance and low pressure drop are two important design 

factors of any mixer. Low pressure drop is very important for industrial 

production because it decreases energy requirements189.  

Another feature of the COMSOL simulation, beside the mixing efficiency 

investigations, is the pressure drop calculations for our simulated micromixers, 

where the simulations of different structures were done at flow velocity 0.01 

m/s. The pressure drop through the different micromixer structures can be 

shown in Figure 4:11, in which the pressure drop of the walls structure is higher 

than the other structures (channel, circle or pillars). The results showed that the 

pressure drop values ranges (0.139 - 1.74 kPa) for all the mentioned structures, 

and the variation of the pressure drop depends on the dimensions of the 

micromixer 
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Figure 4:11 Pressure contour and the bar of pressure change for different shape 

micromixers: a) Channel, b) Circle, c) Pillars and d) Walls. 

On the other hand, the pressure drop was calculated for the real 

fabricated micromixers using equation 6, which help to find the values of 

pressure drop at different flow rate using the exact dimensions of the 

micromixers. The calculated drop pressure with flow rate (1-6 µl/min) was 

listed in Table 4 for the different micromixers chips (channel, circle, pillars, 

and walls), the results show a high pressure drop of the walls micromixer which 

match to some extent with the simulated pressure drop results. It is obvious the 

dependency of the pressure drop on the flow rate.  
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Table 4 the calculated pressure drop at different flow rates for different shape 

micromixers. 

Micromixer 

type 

Flow rate 

(µl/min) 

Pressure drop 

ΔP (kPa) 

Micromixer 

type 

Flow rate 

(µl/min) 

Pressure drop 

ΔP (kPa) 

Channel 

1 0.05 

Circle 

1 0.01 

2 0.09 2 0.01 

3 0.14 3 0.02 

4 0.18 4 0.02 

5 0.23 5 0.03 

6 0.27 6 0.03 

Pillars 

1 0.03 

Walls 

1 1.19 

2 0.06 2 2.38 

3 0.1 3 3.56 

4 0.13 4 4.75 

5 0.16 5 5.94 

6 0.19 6 7.13 

4.5.2.  Mixing test of the fabricated chips of different structures 

micromixers   

To evaluate the mixing efficiency, all of the created microfluidic chips of 

channel, circle, circle-with-pillars, and circle-with-walls were tested using 

mixing test system (see section 3.5), and it is illustrated in (Figure 4:12-

Figure 4:15).  

For the mixing test, two fluids, a) water and b) aqueous solution of methylene 

blue, were used in the two inlets as shown in Figure 3:15, then the mixed 

samples are collected at outlets for flow range 1 - 6 µl/min for different 

micromixers. For a mixing efficiency of 100 %, at both outlets the 

concentration value is expected to be exactly half of the original's methylene 

blue concentration. The intensity change of an absorption peak (664 nm) was 
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determined using spectrophotometry to examine the concentrations of the 

methylene blue solutions.  

 

Figure 4:12 Testing the mixing level of a channel micromixer a) the inlets section, b) the 

mixing channel section, and c) the outlets section. 

 

Figure 4:13 Testing the mixing level of circle micromixer a) the inlets section, b) the 

mixing circle section and c) the outlets section. 
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Figure 4:12 and Figure 4:13 illustrate that the mixing of the two fluids 

was inefficient for the channel and circle micromixers, as shown throughout 

the micromixer parts inlets, mixing unit area and outlets. Conversely, as 

illustrated in Figure 4:14, the mixing was apparently enhanced by applying 

pillars to the mixing unit area. Finally, featuring walls within the mixing unit 

area shows a good mixing, as illustrated in Figure 4:15.  

 

Figure 4:14 Testing the mixing level of circle-with-pillars micromixer a) the inlets section, 

b) the mixing circle-with-pillars section and c) the outlets section. 
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Figure 4:15 Testing the mixing level of circle-with-walls micromixer a) the inlets section, 

b) the mixing circle-with-walls section and c) the outlets section. 

4.5.2.1. Concentration measurements by UV/Vis spectroscopy 

All the created micromixers were tested for mixing efficiency at different 

flow rates (1-6) µl/min, using the mentioned system in section 3.5. 

The concentrations of the collected samples for each flow rate were 

measured using the UV/Vis spectroscopy. The two outlets were named (a) and 

(b), and the samples were marked by the value of flow rate and outlet name for 

each flow rate (example: 1a and 1b refer to the collected sample of flow rate 1 

µl/min for (a) and (b) respectively, and so on….). 

For all experiments, the used fluid was aqueous solution of methylene blue, 

which was prepared by concentration c = 2×10-5 mol/dm3. Aqueous solution of 

methylene blue has absorbance spectra with a maximum absorbance intensity 

peak at wavelength 664 nm as shown in Figure 4:16. 
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Figure 4:16 Absorption spectra of Methylene Blue (original concentration) before mixing 

process. 

By using micromixers, the concentration of the input fluids will change 

due to the mixing, which depends on the structure of the used micromixer 

(channel, circle, pillars and walls). The heights of peaks at wavelength 664 nm 

for the absorbance spectrum show different absorbance value, which refer to 

change the concentrations of the collected samples.  

The absorbance peak height of the collected samples at outlets (a) and 

(b) represent the mixing efficiency value for the used flow rate and micromixer 

type. So in Figure 4:17- Figure 4:20, the mixing can be perfect g (100%) if 

there is identical overlapping between the two outlets (a and b) absorbance 

spectra (the heights of the two peaks (at 664 nm) are equal), and the mixing 

goes worse if there is a shift between the two absorbance spectra (difference 

between the peaks heights (at 664 nm) become larger). 
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Figure 4:17 The absorbance variation at wavelength 664 nm with different flow rate for 

channel micromixer. 

 

Figure 4:18 The absorbance variation at wavelength 664 nm with different flow rate for 

circle micromixer. 
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According to the type of micromixer, there are different efficiencies of 

mixing at different flow rates, which appear for low mixing efficiency of 

channel micromixer (Figure 4:17) and circle micromixer (Figure 4:18). The 

low mixing efficiency of those two micromixers can be understood from the 

high difference absorbance values (at 664 nm) at outlets (a) and (b), as shown 

in Figure 4:21. 

The mixing efficiency improved using pillars micromixer (Figure 4:19) and 

walls micromixer (Figure 4:20). Where the shift between the absorbance 

spectra of outlets (a) and (b) become smaller, and the peaks heights (at 664 nm) 

become comparable which leads to the low values of the difference between 

the outlets absorbance values, especially at the low flow rate as shown in 

Figure 4:21.   

 

Figure 4:19 The absorbance variation at wavelength 664 nm with different flow rate for 

pillars micromixer. 
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Figure 4:20 The absorbance variation at wavelength 664 nm with different flow rate for 

walls micromixer. 

 

Figure 4:21 the difference of the absorbance values (around the wavelength 664 nm) 

between the two outlets (a) and (b) for the different shape micromixers at different flow 

rates. 
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4.5.2.2. Mixing efficiency calculations. 

Firstly, UV/vis spectrophotometry was used to evaluate the methylene blue 

concentrations at the two chips' outputs. Then, based on the changes in 

concentrations at the two outlets, the mixing efficiencies were determined 

using equation 5 for all the fabricated micromixers.  

The mixing efficiency value M = 0 %, according to equation 5, refers to the 

totally unmixed condition of the species, and M = 100 % refers to the totally 

mixed condition. The accepted value for mixing efficiency in practical 

applications is between 80 –100 %.  

Because of the relatively low concentration of the methylene blue (2×10-5 

mol/dm3), the density (ρ) and dynamic viscosity (µ) of water and methylene 

blue solution were assumed to be equivalent for the mixing efficiency 

measurements.  

4.5.2.3. Mixing efficiency vs flow rate and velocity  

The efficiency of mixing for our created different micromixers (channel, 

circle, circle-with-pillars, and circle-with-walls) were determined 

experimentally using flow rate ranging from 1 to 6 µl/min.  

The mixing efficiency values of the channel micromixer were low for the 

mentioned flow rate range, due to low molecular diffusion between the used 

two fluids through the length of the channel. The mixing efficiency value goes 

worse using the circle micromixer due to the increasing dimensions of the 

mixing part. While the pillars enhance the mixing efficiency to higher value 

comparing to the channel and circle micromixer as shown in Figure 4:22, as 

the pillars increase the molecular diffusion through the splitting and 

recombination of the fluids.  
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The good result of mixing efficiency can be obtained using walls 

(Figure 4:22), as the walls work to force the flow in a very narrow micro 

channel, that reduces the cross-diffusion length and maximizes the contact area 

of the two fluids which helps to enhance the fluids mixing. 

As illustrated in Figure 4:22, the mixing efficiency drops with 

increasing the flow rate for all the mentioned micromixers. The mixing 

efficiency value at flow rate 1 µl/min was used for comparison of the different 

fabricated micromixers, and the mixing efficiency values were found 58 %, 29 

%, 72 % and 82 % for the micromixers channel, circle, circle-with-pillars and 

circle-with-walls, respectively.  

 

Figure 4:22 Mixing efficiency variation with flow rate for different shape micromixer 

So, the circle-with-walls micromixer design produces more suitable mixing 

efficiency, due to its geometry increases the contact area and reduces the 

diffusion length between the used different fluids. The experimental results 

follow the trend of the simulated results. 
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Figure 4:23 Mixing efficiency difference at various fluid velocity, according to the 

dimensions of the structure for the used micromixer. 

The geometrical structure of the designed micromixers affects the 

velocity of the fluids through the micromixer as shown in Figure 4:23, which 

shows the dependence of velocity on the dimensions of the used micromixers 

channel, circle, pillars and walls. Where the smallest dimension of walls 

characterized by the highest velocity while the largest dimension of the circle 

has the lowest velocity.  

Also, Figure 4:23 shows that the mixing efficiency for all micromixers 

decreases with increasing velocity of the fluids through the micromixer, and 

the mixing efficiency at a fixed speed depends on the structure type of the used 

micromixers. 
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4.5.3. COMSOL simulation and mixing efficiency of different walls 

structures micromixers. 

The 2-dimensional designs illustrated in section 3.2.3 are simulated to get 

the results of mixing efficiency with highest possible accuracy and reliability 

by using modules and equations 7-9 presented previously in chapter 2.  

For COMSOL simulation, the value of used parameters like fluid density and 

viscosity are 1000 kg/m3 and 10-3 
𝑘𝑔

𝑚∗𝑠
, respectively. Also, the value of 

molecular diffusion coefficient used in this model is 10-11 m2 /s.  

The molar concentration of the entering fluids to the two side inlets are set to 

0 and 1, where in all simulated figures the blue circle refer to 0 and dark red 

circle refer to 1 as shown in (Figure 4:24-Figure 4:28). For simplicity, we 

assume that the fluid flows are in steady state and there are no slips at 

micromixer’s walls. The model boundary conditions have a constant velocity 

of 0.01 m/s at the two inlets.   

The indicated two cut lines at positions distance = 0 and 5, illustrated 

in Figure 4:24 - Figure 4:28 , were very useful to find the mixing values around 

inlets and outlets respectively. The values of mixing efficiency were calculated 

by equation 5, where the normalized concentration and the inlet’s average 

concentration described in equation 5 are extracted from y- coordinate vs 

concentration diagrams (the right side of Figure 4:24-Figure 4:28) for each 

structure separately. 

The graph of y- coordinate vs concentration studies the change of the fluid’s 

concentration (refer to mixing value) through the used two cut lines, which 

contains two lines for investigation the mixing enhancement through the 

simulated structure, the blue line refers to the cut line close to inlets (distance 

= 0) and the green line refers to the cut line close to the outlets (distance = 5).  
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It is self-evident that there is low value of mixing efficiency at inlets for all 

simulated structures as shown by the blue line in Figure 4:24-Figure 4:28, 

while there is an improvement of the mixing efficiency at outlets as indicated 

by the green line. The improvements of the mixing efficiencies depend on the 

geometry of used structures, the good mixing could be observed by the 

tendency of the green line around the half value of concentration (50 mol/m3). 

Concentration profile through the cut line are shown in figures 

(Figure 4:24-Figure 4:28) for micromixers [SC], [CLSW], [CHSW], [CLTW] 

and [CHTW] respectively, by which the value of concentration at each point 

of the cut line of each micromixer separately was exported from the simulated 

data to Excel file, then the mixing efficiency for each point of the cut line was 

calculated individually by using equation 5. The average of the mixing 

efficiency values for all cut line points was calculated, to find the exact mixing 

efficiency for the used micromixer. 

For the mentioned structures, the mixing efficiency values were calculated, and 

the results showed that 38.17 % efficiency of mixing for simple circle [SC] and 

it illustrated by Figure 4:24, so SC structure has a poor mixing efficiency as 

the value of mixing efficiency (M) for accepted devices should be at the range 

[80-100] %.  
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Figure 4:24  Left: COMSOL simulation for mixing of two fluids for SC structure with 2 

cut lines at distance = 0 (near inlets) and distance = 5 (near outlets). Right: Concentration 

variation with y coordinate (Channel width) for distance = 0 (blue line) and distance = 5 

(green line). 

Using circle with walls improves the value of mixing efficiency for 

higher value 73.18 % for circle with low number and same level walls [CLSW] 

as shown by Figure 4:25, but still not in the accepted mixing efficiency range, 

this leads to increase the number of walls for the same structure and the new 

structure is circle with high number and same level walls [CHSW] as shown 

by Figure 4:26, which gives an excellent value of mixing efficiency 99.44 %. 

 

Figure 4:25 Left: COMSOL simulation for mixing of two fluids for CLSW structure with 2 

cut lines at distance = 0 (near inlets) and distance = 5 (near outlets). Right: Concentration 

variation with y coordinate (Channel width) for distance = 0 (blue line) and distance = 5 

(green line). 
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Figure 4:26 Left: COMSOL simulation for mixing of two fluids for CHSW structure with 

2 cut lines at distance = 0 (near inlets) and distance = 5 (near outlets). Right: 

Concentration variation with y coordinate (Channel width) for distance = 0 (blue line) and 

distance = 5 (green line). 

Another parameter was studied to improve the efficiency, using walls 

longer than the previous same level walls (but the same number) as described 

Figure 4:27 for circle with low number and tall (length) walls [CLTW], which 

helps to increase the mixing efficiency to accepted value 91.36 % comparing 

to 73.18 % of CLSW structure. And of course, increasing the number of tall 

(length) walls was the best value of mixing efficiency 99.99 % as found in 

Figure 4:28 for circle with high number and tall (length) walls [CHTW]. 

 

Figure 4:27 Left: COMSOL simulation for mixing of two fluids for CLTW structure with 

2 cut lines at distance = 0 (near inlets) and distance = 5 (near outlets). Right: 
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Concentration variation with y coordinate (Channel width) for distance = 0 (blue line) and 

distance = 5 (green line). 

 

Figure 4:28 Left: COMSOL simulation for mixing of two fluids for CHTW structure with 

2 cut lines at distance = 0 (near inlets) and distance = 5 (near outlets). Right: 

Concentration variation with y coordinate (Channel width) for distance = 0 (blue line) and 

distance = 5 (green line). 

For conclusion, using the fact of accepted mixing efficiency range [80-

100] %, the simulation results for the mentioned geometries, fixed velocity and 

fixed diffusion coefficient shows poor mixing efficiency of [SC] and [CLSW] 

micromixers, while it improves to accepted value for [CLTW] micromixer and 

to excellent mixing efficiency values for [CHSW] and [CHTW] micromixers.  

Due to the calculated results of mixing efficiency for different structures, there 

are two important factors, the number and the length of walls, which should be 

taken in account for the construction of the micromixers due to their 

importance to restructure the flow of the fluids in the way that increase the 

contact area between fluids and increase the molecular diffusion to enhance 

the mixing. 

4.5.3.1. Pressure drop values in different walls micromixer 

Using the dimensions of the real different walls micromixers (CLSW, 

CHSW, CLTW and CHTW), at different flow rate (1-6 µl/min) the pressure 
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drop using equation 6 was calculated for the different walls micromixers and 

the values are listed in Table 5. The results show the dependency of the 

pressure drop on the structure of the micromixer, so the structures of high 

number of walls have a higher pressure drop than the low number of walls, 

also the length of the walls have the same influence where the longer walls 

increase the pressure drop. It is obvious the dependency of the pressure drop 

on the flow rate. 

Figure 4:29 shows the simulated pressure values for the different walls 

micromixers (CLSW, CHSW, CLTW and CHTW), in which the pressure goes 

higher for the larger number and longer walls, so CLSW has the lowest 

pressure drop and CHTW has the highest pressure drop 

 

Figure 4:29 Pressure contour and the bar of pressure change for different wall 

micromixers: a) CLSW, b) CHSW, c) CLTW and d) CHTW. 
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Table 5 the calculated pressure drop at different flow rates for different walls micromixers. 

Micromixer 

type 

Flow rate 

(µl/min) 

Pressure drop 

ΔP (kPa) 

Micromixer 

type 

Flow rate 

(µl/min) 

Pressure drop 

ΔP (kPa) 

CLSW 

1 0.58 

CHSW 

1 1.26 

2 1.16 2 2.51 

3 1.74 3 3.77 

4 2.33 4 5.03 

5 2.91 5 6.29 

6 3.49 6 7.54 

CLTW 

1 1.19 

CHTW 

1 1.87 

2 2.38 2 3.74 

3 3.56 3 5.61 

4 4.75 4 7.48 

5 5.94 5 9.34 

6 7.13 6 11.21 

4.5.4. Mixing test of the fabricated chips of different walls structures 

micromixers   

For mixing efficiency investigation, a syringe pump shown in Figure 3:15 

is used to pump two fluids at the inlets of the fabricated micromixers with a 

flow rate ranges from 1 to 6 µl/min, the mixed samples are collected at outlets 

of micromixers, then the concentration of the two fluids before and after 

mixing were investigated by UV/vis spectroscopy, the mixing efficiency (M) 

were calculated by equation 5 using the previous measured concentrations.  
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Figure 4:30 Optical microscope image of whole chip micromixer (2 inlets + 2 outlets + 

mixing unit area) to Show the mixing level for different micromixers: a) simple circle 

[SC], b) circle with low number and same level walls [CLSW], c) circle with high number 

and same level walls [CHSW], d) circle with low number and e) tall (length) walls [CLTW] 

and circle with high number and tall (length) walls [CHTW]. 

 

Figure 4:31 Focused optical microscope image of different mixing unit areas to Show the 

mixing level for different micromixers: a) simple circle [SC], b) circle with low number 

and same level walls [CLSW], c) circle with high number and same level walls [CHSW], d) 

circle with low number and e) tall (length) walls [CLTW] and circle with high number and 

tall (length) walls [CHTW]. 
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All of the fabricated microfluidic chips of simple circle [SC], circle 

with low number and same level walls [CLSW], circle with high number and 

same level walls [CHSW], circle with low number and tall (length) walls 

[CLTW] and circle with high number and tall (length) walls [CHTW] 

micromixers are shown in Figure 4:30 and Figure 4:31.  

In SC micromixer, the mixing efficiency of two fluids (water and 

methylene blue) was poor, where the two fluids pass separately with low 

mixing initiated around the two fluids contact area due to low molecular 

diffusion, and this happens through the micromixer as indicated all over the 

micromixer portions inlets, mixing unit area and outlets.  

While the mixing efficiency improved a little bit through the fabricated 

microstructures walls as shown in CLSW and CLTW micromixers, in which 

the walls work to increase the molecular diffusion and consequently enhance 

the mixing efficiency. In fact, the walls restructure the flow path of the two 

fluids in a narrow channel (serpentine shape) which increase the fluids contacts 

area. And by increasing the number of used walls, the serpentine path become 

longer for the same area and consequently the mixing efficiency can be reached 

to excellent values through CHSW and CHTW micromixers with a fixed 

mixing area. 

4.5.4.1. Concentration measurements by UV/Vis spectroscopy 

Due to the good results of mixing efficiency which achieved by using the 

walls micromixer as reported in sections 4.5.2.1 and 4.5.2.2, the followed step 

was to focus the study in this structure and investigation the mixing 

performance of new structures using some parameters like the number of walls 

and changing the tall (length) of walls.   

For the done micromixers which has different walls structures, using the 

described system in section 3.5 and using the different micromixers which had 
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been shown in the previous section 4.5.4, the mixed samples were collected at 

outlets for different flow rate (1-6) µl/min. 

  

Figure 4:32 The absorbance variation at wavelength 664 nm with different flow rate for 

SC micromixer 

 

Figure 4:33 The absorbance variation at wavelength 664 nm with different flow rate for 

CLSW micromixer 
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Figure 4:34 The absorbance variation at wavelength 664 nm with different flow rate for 

CHSW micromixer 

 

Figure 4:35 The absorbance variation at wavelength 664 nm with different flow rate for 

CLTW micromixer 
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Figure 4:36 The absorbance variation at wavelength 664 nm with different flow rate for 

CHTW micromixer 

 

Figure 4:37 the difference of the absorbance values (around the wavelength 664 nm) 

between the two outlets (a) and (b) for the different walls micromixers at different flow 

rates. 
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4.5.4.2. Reynolds number and mixing efficiency calculations. 

Reynolds number (Re) was calculated for all the fabricated micromixers to 

investigate the type of flow (laminar or turbulent) through the designed 

micromixers, the calculations were done using equation 1, which depends on 

the type of used fluids and the dimension of used micromixer.  

The used fluids were water and diluted methylene blue, and the density (ρ) and 

dynamic viscosity (µ) for water and methylene blue assumed to be equally 

since the latter was diluted to low concentration, so the values of µ = 0.99987 

g/cm3 and ρ = 0.0089 dyn·s/cm2 can be used for calculation for both fluids.  

The dimensions of the different created micromixers are reported in 

Table 6, using the dimensions of each micromixer individually beside the 

values of fluids density and dynamic viscosity, (Re) described in equation 1 

can be calculated for the flow rates range of 1-6 µl/min.  

The velocity (V) of the fluids through the designed micromixer, described by 

the following relations (equation 12 and equation 13), depends on the flow rate 

(Q) and the hydraulic diameter of the used structure (Dh), which can be 

calculated by the height (a) and width (b) of the designed walls. The calculated 

results of velocity were listed in Table 6, 

 𝑉 =
4𝑄

𝜋𝐷ℎ
 (12) 

 

 𝐷ℎ =
2𝑎𝑏

𝑎+𝑏
 (13) 

 

The Reynolds number were calculated for all design and geometries as a 

function of the flow rates (1-6 µl/min). The calculations showed that Re ranges 

(0.19-1.15), (0.43-2.61), (0.49-2.960, (0.51-3.06) and (0.49-2.96) for SC, 

CLSW, CHSW, CLTW and CHTW, respectively. This low value of Re 

indicates that in our work the flow is laminar.  
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The characteristics of the designed micromixers and the results of the mixing 

efficiency for the designs are summarized in Table 6, 

Table 6. Results of the mixing efficiencies for different mixer walls designs. 

Structure 

Mixing unit 
area 

dimensions 

(Width 
/Height) 

(μm/ μm) 

Inlets and 
outlets 

dimensions 
(Width/Height) 

(μm/ μm) 

Flow 
Rate 

Range 
(μL/min) 

Velocity 
Range 

(m/s) 

Reynolds 
Number 
Range 

Mixing 
Efficiency (%) 

at flow 
rate=1μL/min 

SC 2000/65 200/65 1-6 

0.0017-
0.0106 

 

0.19-1.15 29.11 

CLSW 170/28 200/28 1-6 

0.0089-
0.0539 

 

0.43-2.61 

 

63.67 

 

CHSW 70/27 200/27 1-6 

0.0116- 

0.0700 

 

0.49-2.96 

 

95.86 

 

CLTW 170/25.5 200/25.5 1-6 

0.0123- 

0.0742 

 

0.51-3.06 

 

81.72 

 

CHTW 70/27 200/27 1-6 

0.0116- 

0.0700 

 

0.49-2.96 97.08 

 

At the end of the fabricated micromixers described in the previous 

section 4.5.4, there is two outlets, by which the mixed samples were collected. 

The mixing efficiency of collected mixed samples, at flow rates from 1-6 

µl/min for different micromixers structures, was calculated by equation 5. The 

concentrations of the collected samples for each flow rate can be investigated 

by UV/Vis Spectroscopy, then the mixing efficiency is calculated for each flow 
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rate individually. The results of mixing efficiency of mentioned flow rate range 

for each micromixer were figured out as shown in Figure 4:38. 

As illustrated in Figure 4:38, the graphs show that the mixing efficiency is 

decreasing when the flow rate increases for all micromixers.  

 

Figure 4:38 Mixing efficiency VS flow rate of different wall micromixers: a) simple circle 

[SC], b) circle with low number and same level walls [CLSW], c) circle with high number 

and same level walls [CHSW], d) circle with low number and e) tall (length) walls [CLTW] 

and circle with high number and tall (length) walls [CHTW]. 

From the mixing efficiency VS flow rate graph shown in Figure 4:38, 

the values of mixing efficiency at flow rate 1 µl/min were 29.11 %, 63.67 %, 

95.86 %, 81.72 % and 97.08 % for the micromixers SC, CLSW, CHSW, 

CLTW and CHTW respectively.  

The efficiency of mixing for micromixers SC and CLSW are poor and not good 

enough to be used for mixing purposes as the accepted value of efficiency 

should be at the range [80-100] %, while the efficiency value improved a little 

bit for CLTW micromixer to reach 81.72% which is accepted for mixing 

purposes. 
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The highest mixing efficiency can be achieved using CLTW and CHTW 

micromixers due to the fact of its geometry which increases the contact area 

between the different fluids and decreases the diffusion path.  

Figure 4:39, shows that there is a match to some extent of the simulated and 

experimental mixing efficiency values for the variety different micromixers at 

the same velocity (0.01 m/s). 

 

Figure 4:39 Comparison of simulated and experimental mixing efficiency for different 

microstructures micromixers.  



Chapter 5 

5. Summary 

In this PhD dissertation I presented my studies of proton beam lithography 

and UV lithography on materials. My goal was to study the irradiation effects 

of proton beam and ultraviolet radiations on polymer especially PDMS and 

SU-8 polymers. The results of those irradiation processes of polymers were 

useful for some applications like microfluidic chips fabrication, which were 

used for mixing purposes as passive micromixers.  

Due to the crosslinking of the used polymers, by the irradiation of proton beam 

or UV rays, any micro patterns can be fabricated in efficient way. Poly 

(dimethyl-siloxane) (PDMS) microstructures were inserted into PDMS 

microdevices using a novel microfluidic chips fabrication process that 

combined proton beam lithography and traditional UV lithography. This 

allows microstructures and microdevices to be manufactured from the same 

material, which is not only advantageous but also necessary in some 

applications.  

This research focuses on the design of passive mixing microfluidic devices 

with and without embedded microstructures. The study covers computer 

simulation and optimization, followed by microfluidic chips production using 

the mentioned lithography techniques. Finally, UV/vis spectroscopy was used 

to investigate the mixing efficiency of the micromixer devices at a range of 

fluid flow rates. Compared to the small size of the whole mixing chip, high 

mixing efficiency could be achieved. 

In thesis, there are two work directions which can be summarized as 

following: 
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a) Different microstructures 

For micro-mixing simulations study, using COMSOL software, different 

microfluidic devices with and without integrated microstructures (channel, 

circle, circle-with-pillars and circle-with-walls micromixers) were constructed, 

optimized, and compared.  

Real mixing tests were performed to compare the mixing functionality of the 

suggested microstructure designs. The mixing efficiencies were determined 

based on the results of these tests and to compare the performance of different 

microfluidic chips, at flow rate 1 µl/min, the calculated efficiency values are 

found to be 58 %, 29 %, 72 % and 82 % for channel, circle, circle-with-pillars 

and circle-with-walls, respectively. 

As a conclusion, we successfully integrated PDMS microstructures into PDMS 

microfluidic devices. With a proper design of the microstructures, the mixing 

efficiencies could be significantly improved, and reached as high as 82%, 

keeping the size of the chip in the order of a few millimetres. The presented 

method opens the opportunity to further improve mixing efficiencies and to 

further decrease chip dimensions, by the development of new designs and by 

fabricating smaller and finer structures by nano-lithography (nano sized proton 

beam lithography). 

b) Different walls microstructure  

Different passive micromixer devices were designed, simulated and fabricated. 

The mixing unit area was functionalized by different walls microstructures 

(simple circle [SC], circle with low number and same level walls [CLSW], 

circle with high number and same level walls [CHSW], circle with low number 

and tall (length) walls [CLTW], circle with high number and tall (length) walls 

[CHTW]), whose shapes and layouts were designed in the simulations to 

improve the mixing efficiency of the chips.  
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In this work part, the length and the areal density of the walls in the micro wall 

array were varied in order to find good mixing performance. The devices were 

then created with ion microlithography and UV lithography techniques. 

Mixing test were performed from which the mixing efficiencies were 

determined. It was found, that the mixing efficiency of the fabricated passive 

micromixers can be improved to an excellent value by more densely distributed 

and longer micro-walls.  

It was found that the so-called micro-wall-array is a promising candidate for 

passive mixing tasks, because it forces the fluid to flow along a very narrow 

serpentine shape. So, the length and the areal density of these walls were varied 

in order to find a better mixing performance.  

The results showed that, generally, the more densely distributed and the longer 

walls are more efficient and their combination (long walls, densely distributed) 

showed the highest performance.  

It was found, that the mixing efficiency of the fabricated passive micromixers, 

the densely distributed short walls and the densely distributed long walls, 

improves to an excellent value of 95.86 % and 97.08 %, 1 µl/min flow rate. 

From these results, we conclude that the distribution of the walls has the higher 

effect on the mixing. 

Finally, enhancements the mixing efficiency to an excellent value were 

reached with the simulated and fabricated designs, where the results show the 

dependence of the mixing efficiency on the geometry of the designed structure. 

And there is matching to a large extent for the mixing efficiency values, which 

investigated experimentally and simulation for the different walls 

micromixers. 
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