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Droplet-based microfluidics is a continuously growing field of research that is emerging as 

an interdisciplinary branch of science due to its wide range of applications. Microdroplets 

are of interest as commodities in themselves for various applications such as biological, 

chemical, biomedical and medical systems. However, the production of large quantities of 

monodisperse homogeneous droplets for such processes is an area that has been always 

very challenging. This study focuses on two method of high-throughput generation of 
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microdroplets. In the first method, the bulk generation of microdroplets of water into FC-

40 oil through a multi-layer microfluidic device is investigated. As a result, the best 

protocol for fabrication of a multi-layer PDMS device, followed by different proper 

designs for a multi-array microfluidic module, equipped with eight identical flow-focusing 

devices, are obtained. Moreover, the effective exploitation of a 3D printer in order to 

fabricate a multi-layer microfluidic device is represented. Whereas the second method 

takes advantage of Taylor-Couette flow pattern where a double-cylinder device, 

undergoing the aforementioned pattern, is optimized, designed and further constructed for 

the experimental investigations. The other accomplishment of this work lies in the 

exploitation of simulation to survey the droplet generation phenomenon. Consequently, the 

correct practical procedure for the simulation of a droplet generation system utilizing the 

software COMSOL Multiphysics
®

 is studied and determined. Subsequently, a particular 

flow-focusing microdroplet generator is effectively simulated utilizing the same software 

leading to the numerical investigation on the effect of the input velocities ratio on the 

microdroplets size within the desired microdroplet generator. 
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1 INTRODUCTION 

1.1 Microfluidics Science 

Fluids behavior in microscopic scale can largely differ from how fluids behave in 

conventional scale. Possessing over three decades of scientific background, microfluidics is 

a well-known science and engineering of systems that mainly investigates how these 

behaviors and properties are varied and how they could be manipulated for various 

applications under different circumstances.[1-4] Microfluidics field covers the tiny fluidic 

systems dealing with the small scales typically ranging from a few hundred nanometers to 

several micrometers.[5, 6] However, for a few particular highly specialized purposes, 

mainly involving nanotechnology science as well as biology and biomedical issues, a 

microfluidics system may deal with dramatically tiny scales down to even below 100 

nanometers.[7-10] Figure  1.1 schematically depicts the diversity of scales in microfluidics: 

 

Figure 1.1. Microfluidics scales diversity through different applications.[10, 11] 
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Also, Figure  1.2. represents a comparative length scales for several different structures 

particularly for biological ones as well as popular micro-fabrication structures typically 

used in microfluidic processes. 

 

Figure 1.2. Diversity of length scales for various structures in biological as well as 

micro-fabrication structures.[4] 

In other word, microfluidics refers to the branch of engineering for study, manipulation and 

exploitation of fluidic systems in terms of behavior, characteristics and properties on the 

nanoliter scale and below.[12, 13] At the small scales, some interesting and unintuitive 

phenomena are likely to happen what might not be occurred in the same scaled-up 

systems.[5, 14] In simple language, microfluidics is an emerging science of fluid flows in 

the microscopic scale with numerous established and relevant applications in various 

disciplines of science and technology[4, 15]; therefore, microfluidics has become an 

appropriate multidisciplinary platform leading to progress of several science, technology 

and engineering.[16] 

As the matter of fact, from an historical prospective, some experts believe that 

microfluidics may be traced back to microelectronics industry as the root of 

microfluidics[4, 16]; however, some demonstrations imply that the field of microfluidics 

has been essentially originated from four different fields i.e. molecular biology, molecular 

analysis, microelectronics and biodefence.[17] Initially, microfluidics extensively appeared 
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in various chromatography systems such as capillary electrophoresis (CE)[18, 19], gas 

chromatography (GC)[20, 21], high performance liquid chromatography (HPLC)[22-24] 

and thin-layer chromatography (TLC)[25]. [4, 17, 26] In these particular cases, the 

chromatography processes are actually scaled-down to the micro scale and the processes 

are carried out within the microchips. Presently, microfluidics has been spread through 

various fields aiming to miniaturization of the systems, reduce the consumption of 

chemical and reagents for tests and experiments, and provide major parallelization as well 

as several new phenomena what are not applicable in macro-scale lab works.[17] 

At the infancy, every new emerged science or technology come across many challenges to 

overcome and in microfluidics field, one of the major challenges has been the material 

selection.[5, 27] In fact, microfluidic devices are typically quite tiny and consequently 

relatively sensitive[28]; thus, selection of the right and appropriate material for the devices 

is as of high importance in microfluidics in order for systems to be properly functional 

toward the desired target.[29, 30] To this end, besides possessing the small scales and tiny 

features, microfluidic devices have to be sufficiently precise as well.[28, 31] 

1.2 Microfluidic Devices 

The very early microfluidic devices were predominantly based on glass and silicon 

substrate[29, 32] since the fabrication methods and procedure of microfluidic devices using 

these materials were broadly well-known and effectively enhanced.[32] Although these 

techniques were greatly known and developed, they were still much costly and time 

consuming; in addition, they require many specialized equipment and facilities to get the 

process accomplished.[32, 33] In order to overcome these drawbacks, exploration of an 

alternative for the material used for microfabrication might be drastically crucial. To this 

end, polydimethylsiloxane (hereinafter refers to as PDMS), an elastomeric polymer with 

wide range of applications, was extensively introduced as an appropriate alternative for 

fabrication of microfluidic devices.[4, 32, 34, 35] 

Since the introduction of this field, many investigations have indicated the fabrication of 

microfluidic devices using various polymers (such as PDMS, PMMA, and PC) [27, 36-40] 
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and also some other comparative investigations were carried out assessing the applicability 

of various polymers to be used for fabrication of microfluidic devices.[41-43] However, the 

first attempts reported on the use of PDMS for a microfluidic device fabrication return to 

the middle of last decade of the 20th century[44-46], since then PDMS has been becoming 

more popular in microfluidic devices to the extent that PDMS is currently ubiquitous in 

almost all of the microfluidics devices.[4, 34, 42] In general, manipulation of polymers is 

quite easy due to their physical and chemical properties[32]; and their use as material for 

microfluidic fabrication possess numerous advantages such as reducing the complexity, 

manufacturing costs and required time as well as capability of surface modification and 

providing relatively wide range of physical and chemical properties.[30, 34] Particularly, 

PDMS as a substance which is flexible, inexpensive, abundantly available and, more 

important, optically transparent down to 230 nanometers has been one of the most widely 

used polymers in microfluidics.[32, 34, 35] Figure  1.3 depicts the schematic structure of a 

polydimethylsiloxane (PDMS) molecule. 

 

Figure 1.3. Molecular structure of polydimethylsiloxane (PDMS).[47] 

1.2.1 Microfluidic device fabrication 

In the most common technique of fabrication, polymer (PDMS) is initially prepared and 

poured over a master mold structure i.e. typically a silicon wafer consisting the inverse 

photoresist structure of the desired channel geometry printed on its surface using SU-8 by a 

certain height.[48] Subsequently, the wafer covered by sufficient amount of uncured 

PDMS should be placed and left into oven typically overnight until the PDMS layer is 

completely cured and shaped up so that it would be ready for peeling off.[4, 49] Once 
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casting and curing are fully accomplished, the thin slab of cured PDMS is peeled off from 

the wafer as is illustrated in Figure  2.4 presented in the respective part under the title of 

“demolding and peel off the PDMS slab” under section  0. 

Figure  1.4 also schematically depicts the procedure of fabrication of a microchip using a 

silicon wafer, applying master fabrication and making the PDMS device. 

 

Figure 1.4. Scheme for procedure of microfluidic fabrication of a microchip.[48]  

Generally, fabrication of a microfluidic device is the consequence of a multistage process 

presented as a flowchart in Figure  1.5 starting from a raw idea to the final implementation. 

However, the described procedure through the following figure is just the most regular and 

conventional process among the lithography-based methods. Nevertheless, there are several 

other methods, mostly novel, for the fabrication of microfluidic devices that will be 

mentioned briefly. 
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Figure 1.5. A comprehensive procedure for fabrication of a microfluidic device using 

PDMS from A to Z.[34] 

Moreover, there have been several various investigations recently reporting the alternative 

methods for microfluidic device fabrication such as using wafer made of phosphor bronze 
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(PB) (instead of silicon wafer)[50, 51], fabrication by printing the master directly on a 

transparency using a novel photocopying machine[52], a wax printer[53] or even an office 

laser printer[54], and more interestingly fabrication of paper-based microfluidic 

devices[55, 56] as the novel methods. 

In this process, making a PDMS device begins from an idea stating the final purpose of the 

task. To that end, the idea must be interpreted graphically and be drawn utilizing a 

computer aided drawing tool e.g. AutoCAD
®
.[35] Then taking the advantage of 

photography process, the design is printed in inverse mode on a so-called photolithography 

mask[57] what is later used for the fabrication of the silicon wafer undergoing some 

photolithography process.[39, 58] Once the wafer is fabricated under certain 

circumstances, PDMS is poured over, casted and cured until become a relatively rigid and 

stable slab. Then, the further post-processing operation (cutting, spin coating, bonding, 

etc.) may be accomplished.[4, 49] 

The further detailed information in this regard will be provided through upcoming chapters 

and sub-chapters accordingly. 

1.2.2 Microfluidic device design 

As previously discussed, the first step to make a microfluidic device is to draw a suitable 

design complying with the desired target of the device, which is supposed to be fabricated. 

To that end, taking into account the physical and chemical properties of the systems and 

materials to be used, a design is typically created and fulfilled according to the demands of 

the microfluidic system and is further drawn utilizing various types of computer aided 

program e.g. AutoCAD
®

.[34, 35] The layout of mask could be technically modified and 

revised whenever later on as well; though, that will be subject to replication of all the 

fabrication stages (including mask preparation, master fabrication, PDMS casting, device 

making and post-processing operations) once again. Therefore, the more precise and proper 

the mask is designed, the less effort and iteration will be needed afterwards, and 

consequently, the less time and cost will be spent.[59] The layouts are normally drawn as 

the two-dimensional objects and accordingly, the photolithography masks are also printed 
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as the two-dimensional sheets. Then later, the two-dimensional designs are actually 

extruded to a certain thickness (i.e. the height of the microchannels) while fabricating the 

master (wafer) using the photolithography mask that leads to a three dimensional 

structure.[39, 48] 

 

Figure 1.6. Fabrication steps of a PDMS microfluidic device from initial layout to 

master fabrication and eventually making PDMS device.[60] 

1.2.3 Mask preparation 

The second step in fabrication of a microfluidic device is to prepare a photomask out of a 

layout drawn by AutoCAD
®
.[35, 61] A photomask is a high-resolution opaque plate or film 

that contains dark and unalterable solid-state holes and transparent features that further 

allow light to shine through during the fulfillment of photolithography process.[32, 62, 63] 

Furthermore, these photomasks are also useable for several other applications in many 

different industries.[64-67] 

There are three sorts of different base material what might be used to make photomasks i.e. 

soda lime glass[68], fused silica (Quartz)[69] and polyester film[70]. The first two are 

more widely used to make photomasks; whereas, soda lime is the most common substrate 
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due to its quality and economic superiority. The typical masks size may vary in the range 

of 15-45 square centimeters.[71] 

Mask preparation is typically fulfilled in specialized companies equipped with the required 

facilities by which the photomasks are made with the precision of down to 10 micrometers 

or even less. Figure  1.7 illustrates a typical photolithography mask coming out of the 

printing facility right after being made.[71] Mask preparation is a vital step in microfluidic 

fabrication process since even any very tiny mistake, whether originated from design or in 

publishing procedure, will later lead to a defective master and the entire microfabrication 

process is subject to be repeated all over again from the scratch![59] 

 

Figure 1.7. A commercial photomask printer while printing a photolithography 

mask.[71]  

Also, Figure  1.8 depicts a layout drawn by AutoCAD
®
 for several simple tiny microfluidic 

devices and the appropriate fabricated photomask according to the drawn layout. The plus-

like signs appeared on the layout, and consequently on the photomask as well, are called 

alignment marks.[61, 72] These alignment marks are drawn at the same positions of 

different layers of a multilayer microfluidics device, at where the different layers are 

supposed to be placed over each other. Subsequently, these marks along with the 



10 
 

microchannels appear on the surface of the further cured PDMS slab facilitating the 

alignment process particularly in the sensitive cases or when high precision alignment is 

needed.[73, 74] 

 

Figure 1.8. A drawn CAD layout for microfluidic devices and the photomask 

fabricated accordingly.[61] 

1.2.4 Master fabrication 

Once the photomask was prepared, the master should be fabricated according to that 

utilizing the specialized facilities through high precision processes up to the clean room 

standard. Master (wafer) is referred to a metallic micromold, which is fabricated based on a 

photolithography mask (photomask) and used to make polymeric devices.[42, 48] To that 

end, there are different possible methods of fabrication whether lithography-based 

techniques or non-lithography ones, which are mainly based on laser e.g. “laser 

micromachining, microwelding and molding (LCWM)”[75, 76] and “laser 

micromachining, hot embossing and molding (LHEM)”[77]. Moreover, there are a couple 

of various techniques known for lithography process such as photolithography[34, 35], 

extreme ultraviolet lithography[78], soft-lithography[39, 58], magnetolithography[79], and 

nanoimprint lithography[80, 81]. Also, in another alternative non-lithography method, 
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utilizing a 3-D printer and having the device designed in 3-D in AutoCAD
®

, the master will 

be printed and fabricated directly with no need for a photomask.[32, 82, 83] 

The most widely used technique in this regard is photolithography, also known as UV 

lithography or optical lithography.[58] As Figure  1.9 depicts in a very simple way, the 

photolithography is a process applied in microfluidic in order to transfer a geometric 

pattern from a photomask to a substrate coated with a light-sensitive material and remove 

some parts from a thin film.[4, 58, 84] However, there have been also several attempts on 

accomplishment of lithography without any photomask i.e. so-called maskless 

lithography[85] that are mainly based on use of multiple electron beams.[84, 86] 

 

Figure 1.9. A simple scheme for fabrication stages of a microfluidic master.[39] 
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In other words, photolithography process may be divided into four steps i.e. pre-exposure 

bake, exposure, post-exposure bake and development. In photolithography process, a 

silicon wafer (as the most commonly used platform) is used as the substrate.[58] Figure 

 1.10 schematically illustrates the consecutive stages for master fabrication.  

 

Figure 1.10. Master fabrication stages from scratch toward final step. 

In the pre-exposure stage, a photo-sensitive material so-called photoresist is poured over 

the wafer gently (to avoid bubble production) and is initially heated up to a certain 

temperature. This heating helps to remove any remaining solvent and also facilitates the 

spreading procedure of the photoresist material over the entire surface of silicon wafer due 

to the high viscosity of the photoresist.[87] SU-8 is a commonly used material as the 

photoresist which is divided into several different grades possessing slightly different 

properties.[34, 35, 88] In terms of material properties, SU-8 is a very viscous polymer and 

an epoxy-based negative photoresist, meaning that makes a negative mask of the original 

mask (refer to Figure  1.11).[58, 88] 

Then, the heated wafer containing photoresist material over its surface undergoes a high 

precision spin coating process to make sure SU-8 layer is fabricated evenly on the surface 

of silicon wafer and according to the desired height.[88, 89] The rotational speed and the 
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specifications of spin coater as well as the grade of SU-8 to be used vary from case to case 

according to the desired height for the target master.[89, 90] 

 

Figure 1.11. Remaining pattern after exposure and fuifillment of development of a 

positive and negative photoresist.[58] 

After spin coating and pre-exposure bake, the coated wafer must be slowly cooled to room 

temperature in order to be ready for exposure.[91] After that, the appropriate photomask is 

attached over a glass plate and placed into the exposure machine as well as the wafer with 

SU-8 coated surface, so that the photomask would be placed between the exposure source 

and the wafer.[4, 34, 91] Subsequently, the exposure is accomplished and the lights shine 

through the mask toward the wafer. The exposure time may also vary based on the desired 

thickness for the master.[92] Since SU-8 is a negative photoresist; the exposed areas will 

cross-link and permanently remain after the development stage.[4, 87, 93] 

After the exposure, the wafer must be heated up again over a hot plate for several minutes 

so that the patterns start to stand out and stabilize. During this process, the film may be 

bubbly; however, the bubbles are never placed on the structures and are between them and 

therefore, there is no need to be worried about the bubbles at this stage. This stage is called 

post-exposure bake.[34, 87] 
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At the final step i.e. development, the wafer is placed into the bath of a SU-8 developer for 

a few minutes. The most widely used SU-8 developer is propylene glycol methyl ether 

acetate (PGMEA).[91, 92] After a few minutes, the patters on the wafer appear and become 

visible gradually. Then the wafer is just rinsed in developer and dried by blowing air and 

eventually the appropriate master is fabricated.[87, 88, 92] 

Figure  1.12 shows a complete process flow for a basic photolithography technique for a 

process in which the photoresist is a permanent part of the final desired device. 

 

Figure 1.12. Detailed process flow of a complete photolithography for the case at 

which photoresist is a permanent element of the final device. (A and B) pouring 

photoresist material (SU-8) over wafer, (C) exposure, (D, E, and F) development. [58] 
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1.3 Purpose of the work, methods and limitations 

In this work it has been endeavored to generate microdroplets at high-throughput rates 

through study and implementation of two different methods of generation. To that end, two 

different methods of droplet formation were taken into account that in first method the 

droplet generation takes place through a well-known and advanced designed microfluidic 

device undergoing flow-focusing technique.[94] 

To accomplish this method, a multi-layer PDMS module is required to be designed and 

fabricated. In terms of fabrication procedure, the imprinted photomask is used to make a 

silicon master utilizing a microfabrication process. Then, the PDMS devices are casted 

against the fabricated masters and finally the multi-layer module is fabricated as a result of 

accurate bonding of the fabricated PDMS devices. Due to the massive size of the PDMS 

chips (devices), it is not possible to perform the bonding process by oxygen plasma 

bonding, and instead, the corona discharge device is utilized. All the necessary techniques 

regarding the fabrication of a PDMS microfluidic device will be extensively described 

through chapter 2. Also, the massive size of the design resulted in another limitation factor 

that was complexity and difficulty of microfabrication of the silicon master out of the 

desired photomask since its features and microchannels were much likely to be removed 

during the fabrication process or post exposure development process. Due to the safety 

issue, the light intensity of the high-speed camera is always retained at the lowest available 

rate (i.e. 30% intensity). 

The second method concerns the formation of microdroplets utilizing a concentric double-

cylinder undergoing Taylor-Couette flow pattern, where the inner cylinder is rotatable and 

driven by a motor while the outer one is fixed and transparent. The droplets are formed 

using rotational force within the gap area between two cylinders.[95] This topic will be 

also explained broadly in section 5. For that method, two pumps and a motor have been 

ordered and purchased according to the need and the double-cylinder device was modelled 

and optimized. Subsequently, based on the obtained optimized dimensions, the whole 

assembly was designed and further constructed for the experimental investigations. 
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Noteworthy that unless otherwise mentioned or cited, all the pictured from laboratory 

equipment and the experiments used in this thesis have been taken at the laboratory of Prof. 

deMello group at ETH Zurich. 
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2 PDMS DEVICE FABRICATION AND DROPLET FORMATION 

2.1 PDMS Device Fabrication 

When the master is fabricated, a polymeric device should be made by casting out of the 

fabricated master. As previously discussed, the most popular polymer for fabrication of 

microfluidic devices is PDMS.[4, 34, 42] Several different stages are involved in 

preparation of a microfluidic device i.e. enlisted as below in the chronological order of 

fulfillment in the experiment: 

 Gas phase silanization of surfaces 

 PDMS preparation and dispense 

 PDMS degassing 

 PDMS curing 

 Demolding and peel off the PDMS slab 

 Hole punching 

 Plasma bonding 

 Spin coating 

 Post-bonding treatment 

Majority of the above mentioned stages are essential and have to be carried out; however, a 

few of them i.e. “spin coating” and “post-bonding treatment” are optional and are 

accomplished just in the cases that are needed. Moreover, PDMS degassing may also be 

done either before dispensing over the wafer [41, 74], or after doing so [96], or even at both 

turns to make sure there is no bubble left [92] depending on the individual preference. The 

stages and techniques are further explained in details. 
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2.1.1 Gas phase silanization of surfaces 

To begin the fabrication of PDMS device, the first task to do is the surface silanization of 

master. Silanizing the master is crucial since a silicon surface typically shows high 

adherence to polymers, particularly PDMS, that result demolding and peeling off the cured 

PDMS would be more difficult afterwards.[93, 96] The process of silanization helps to 

prevent PDMS sticking to the master and is normally carried out at room temperature and 

either under vacuum or at atmospheric pressure. There are a couple of different silane 

chemicals suitable for this purpose (i.e. surface silanization) which allow passivation of the 

surfaces such as dichloromethylsilane [97, 98], chlorotrimethylsilane [93, 99], 

hexamethyldisilazane [100], and dimethyloctadecylchlorosilane[34, 101].[58] However, 

the most common one among them is “Trimethylsilyl Chloride” also known as 

“Chlorotrimethylsilane” with the molecular formula of (CH3)3SiCl (usually abbreviated as 

Me3SiCl)[102] i.e. a highly corrosive and toxic liquid substance which causes skin burns 

and is respiratory irritant![103] Thus, its handling must be done with extreme caution under 

the fume hood. 

Silanization process starts by placing the master into a desiccator located inside a fume 

hood. The complete protocol for silanization is as follow: 

1. Place the master(s) into the desiccator located inside the fume hood; 

2. Pour a few drops of chlorotrimethylsilane (~50µl per master) in the specific vessel 

and place it in the desiccator; 

3. Close the lid of desiccator and turn on the vacuum; 

4. Leave the system to be under vacuum for about one hour; 

5. After one hour, equilibrate the pressure in desiccator slowly; 

6. Open the desiccator and take out the master(s). 
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Prior to place the masters in the desiccator, they might be air blown or even, for more 

precision, cleaned by isopropanol and air dried. During the silanization process, 

chlorotrimethylsilane covers and coated all the exposed surfaces within the designated area 

that concerns the entire interior volume of desiccator. This surface coating makes the 

surface of master hydrophobic and reduces the adhesion of PDMS to the silicon surface as 

well as the SU-8 patterns fabricated on the master.[41, 96] Bear in mind that 

chlorotrimethylsilane has relatively low vapor pressure at ambient temperature and 

therefore vaporize at room temperature under slight negative pressure easily and as 

mentioned earlier, must be used only under the fume hood. Figure  2.1 also depicts the 

different stages of gas phase silanization process as is accomplished empirically in the 

laboratory. 

 

Figure 2.1. Different steps of gas phase silanization of surfaces. (a) Cleaning the 

master by blowing air, (b) placing the cleaned masters in the desiccator, (c) pouring 

desired amount of chlorotrimethylsilane into the assigned beaker, (d) placing the 

beaker inside and closing the lid of desiccator, and (e) turning on the vacuum and 

leaving the desiccator inside a fume hood. 
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2.1.2 PDMS preparation and dispense 

Taking into account that PDMS cures even at ambient temperature; though slowly, PDMS 

is typically available as a two-component kit containing two substances including a 

prepolymer (base) and a cross-linker component (curing agent) which must be mixed 

together to produce PDMS. [58, 104] The most commercially available two-component kit 

is Sylgard-184
®
 consisting of a package of silicon elastomer (prepolymer) and a bottle of 

silicon elastomer curing agent (cross-linker) manufactured by Dow Corning Corporation
©

. 

The kit normally contains one kilogram of prepolymer and 0.1 kilogram of curing agent. In 

order to prepare the PDMD polymer, prepolymer and curing agent might be mixed through 

different ratios; however, this preparation process normally undergoes the ratio of 10:1 by 

weight (ratio of prepolymer to curing agent) according to the supplier procedure[105]; 

though, other ratios such as 3:1[106], 5:1[70] and 8:1[91] have been also reported for some 

other specific conditions. Here below is the procedure of PDMS preparation using a two-

component kit of Sylgard-184
®
: 

1. Prepare an empty plastic cup and weigh it using a balance, 

2. Pour a certain amount of prepolymer (Sylgard-184) substance into the cup rather off 

the balance, 

3. Replace the cup containing the prepolymer on balance and take a note of total 

weight of cup containing prepolymer, 

4. Remove cup from the balance and add required amount of curing agent (calculated 

according to the desired ratio such as 10:1 and 5:1), 

5. Take a note of the final weight of cup plus substances, 

6. Mix the two compounds with a spatula vigorously for a few minutes until the 

polymer become ready (that will be recognizable by appearance as well), 

7. PDMS is now ready to use! 

Noteworthy that, all the above mentioned steps have to be fulfilled under the laminar flow 

cabinet (ventilated fume hood) in order to avoid entering the particles into the mixture. 

Although the tasks of adding materials (whether prepolymer or curing agent) could be done 

either off the balance or on that, the first method (off the balance) is always recommended. 
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Also, in terms of quantity and as a rule of tongue, about 40 grams of Sylgard-184 is 

sufficient for one master (what will lead to a PDMS slab of 4-5 mm thick)[58]; however, 

any other amounts within a reasonable range could be also used in cases a certain amount 

of polymer is required for a specific application. Stirring the mixture for around one minute 

or two is usually enough for preparation of polymer provided that the mixing is 

accomplished with a reasonably high speed. 

When the polymer becomes ready, the next step is to dispense it over the desired master. 

To this end, a previously silanized master is placed and strictly fixed into a Teflon ring 

(made of PTFE). The master and its ring are placed horizontally on the table and PDMS is 

poured over the surface of master. Dispending the polymer at the center of the master from 

a low altitude as well as proceeding the process slowly will lead to minimization of the 

possibility of bubble formation in the polymer; though it could be degassed afterwards.[58, 

87]  

 

Figure 2.2. Steps for PDMS preparation. (a) Prepare the required substances and 

facilities, (b) pour prepolymer (Sylgard-184) into the plastic cup, (c) take the required 

amount of curing agent and add to prepolymer, and (d) stir the mixtue. 
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When the PDMS is thoroughly poured over the master, the entire molding assembly (ring, 

master and poured PDMS) might be tilted at a low angle slowly facilitating the spreading 

of PDMS to make sure PDMS is dispensed evenly throughout the master.[87] Once the 

polymer covered throughout the master evenly, the entire system might be placed into a 

desiccator for degassing. 

Figure  2.2 and Figure  2.3 depict the different steps of PDMS preparation process and 

dispensing process followed by a degassing, respectively. 

 

Figure 2.3. Procedure of dispensing PDMS followed by degassing. (a) Prepare the 

required items, (b) place and fix the master into the ring and turn it around, (c) 

dispense PDMS over the master, (d) place inside a desiccator, and (e) close the lid and 

put the desiccator under vacuum. 

2.1.3 PDMS degassing 

After the mixing, the polymer will be full of air bubbles with different sizes; therefore, 

needs to be degassed. As previously mentioned, PDMS degassing can be done either before 
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dispensing over the master [41, 74], or after doing so [96], or even at both turns. This is 

done by simply placing the entire molding system inside a desiccator under vacuum (to 

speed the degassing process[96]) and room temperature (Figure  2.3 parts “d” and “e” 

illustrate the process simply through two pictures). During this degassing process, the 

bubbles from all over the polymer mixture initially come up to the top surface of mixture 

and subsequently vanish. The sufficient amount of time should be passed to make sure 

there is no bubble left on the surface of dispensed PDMS. When the polymer is clear and 

transparent, the degassing is completely done. Degassing process normally takes around 

one hour depending on the amount of polymers used for molding and also the pressure of 

desiccator.[87] 

2.1.4 PDMS curing 

Sylgard-184 is a heat curing material and cures at even room temperature (~ 25 ºC) up to 

until around 150 ºC.[87, 105] Once the polymer was completely degassed and is clear and 

transparent, the mold containing master and PDMS should be placed inside an oven for at 

least a few hours at around 70 ºC; however, the easiest and most convenient method is to 

let the PDMS cure inside an oven or at the room temperature for a certain time or even 

overnight.[51, 74, 77] The required time for curing PDMS may vary according to the slab 

thickness.[93] 

Furthermore, different conventional methods of curing have been reported, which vary 

according to the desired application. As such, curing at 70 ºC for 48 hours[91] or putting in 

the first oven at 60 ºC  and subsequently in the second one at 95 ºC each for 30 minutes[96] 

or a combined method i.e. curing in an oven at 95 ºC for 30 minutes followed by curing at 

room temperature for 24 hours[104]. Also, another research has extensively investigated on 

the rate of curing and as a result has introduced a novel heated micro-indentation setup for 

rapid curing of PDMS for microfluidic devices to reduce the required time.[107] 

Although the polymerization process begins as soon as both components (prepolymer and 

curing agent) get in contact together for mixing; heating up the mixture speed up the 

polymerization process. After the curing, the cured PDMS is recommended to be cooled 
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off initially prior to peel off.[16, 93] This could be done by just simply leaving the master 

and PDMS at room temperature for a few hours to cool down gradually that will cause a 

reduction in the possibility of damage while peeling off. Furthermore, cooling the PDMS 

will prevent buckling what might be as of important in cases that the microfluidic device 

possesses an unusual and specific geometry.[81] 

2.1.5 Demolding and peel off the PDMS slab 

When the cured PDMS cooled down sufficiently, the PDMS slab should be peeled off 

gently. At that point, having the adequate tools the PDMS slap is easily peeled off and cut. 

The required tools for this purpose are at least a tweezers, a sharp blade (or a scalpel), and 

possibly a plastic spatula. There are numerous various types of protocols applied for 

peeling off the PDMS slab from the master what might be used as long as they take 

essential considerations into account. 

As an example, the entire borders of PDMS slab all around the setup might be detached (or 

even totally released) from the mold ring slowly within the common area only between 

PDMS and mold ring using a tweezers (with extreme care not to enter and the area in 

contact with master and scratch the surface). And holding the detached edge of PDMS slab 

from any point (by fingers or using a plastic spatula) and applying a slight upward force, 

the PDMS slab is peeled off gently and gradually starting from a corner and proceeding 

toward the counterpoint on the opposite side of the slab.[49, 87] Figure 2.4 illustrates a 

cured PDMS slab while is getting peeled off. 

Regarding the direction for peeling the slab away, it is extremely recommended to do so in 

the direction of channels of microfluidic devices available in the PDMS slab as much as 

possible, and thereby the tiny features of microfluidic devices are more likely to be 

removed properly and without damage. Noteworthy, the entire manipulation regarding this 

step has to be accomplished under the laminar flow cabinet. 
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Figure 2.4. Peeling off the cured PDMS slab including the microchannels.[49] 

The surface of PDMS slab which consists of the microchannels and features must never be 

touched. Moreover, throughout the surface of the peeled PDMS slab or at least the area 

consisting of microchannels and features must be immediately covered by tape after 

peeling off in order to avoid being touched as well as deposition of any particles on the 

casted features.[93]  

Finally, the PDMS slap might be cut into the smaller desired features (according to the 

designated area to each section) with extreme care. These smaller target features, cut from 

the cured PDMS slab, are often called as microfluidic devices of microfluidic chips. In fact, 

each master (and consequently each PDMS slab) typically includes different numbers of 

microfluidic devices ranging from one (for a relatively big device) to some (for more tiny 

devices). 

2.1.6 Hole punching 

In order to have access to the microchannels, features and patterns of microfluidic device 

from outside of the PDMS device afterwards, some access ports are needed to be 

improvised into the PDMS device. Thus, inlets and outlets positions are normally marked, 

along with the other features, from the early stage of fabrication i.e. drawing the layout of 

the device. Consequently, they will further appear in the master and also further in the 
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PDMS slab casted out of the same master. These inlets and outlets are manually punched 

after demolding using a proper device perpendicular to the surface of PDMS slab and also 

to the directions of microchannels.[41, 84] 

These holes will play the role of access ports (or access holes) and any connection tools 

(tubing, pin, and etc.) can be inserted into them to connect any external system (located 

outside of the PDMS device) to the microchannels and features of PDMS device. These 

access ports are normally placed at the terminals of microchannels. These holes are used to 

handle the fluids from pumps or manually into the microchannels and from there toward 

out.[12, 27] The holes might be punched using either hole-punching machine or manual 

puncher. As an alternative for punching method, the holes may be also made through 

drilling using a micro-drill machine. 

 

Figure 2.5. Hole punching in PDMS microfluidic devices. (a) A hole-punching 

maching equipped with a light source, (b) required accessories for hole-punching 

machine i.e. gauge or ejector (left) and punching pins (right), (c) manual puncher with 

accessories, (d) a microfluidic device getting hole-punched[108], (e) samples of 

punched microfluidic chips[109], and (f) a microfluidic device under operation with 

tubing inserted into the punched holes[110]. 
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The procedure of punching is as easy as making a simple hole in the PDMS slab using any 

tool provided that the proper ejector and punching pin, in terms of both type and size, is 

selected. The size of ejector and punching pin is typically selected according to the 

specifications of the tubing which is supposed to be inserted through the intended 

hole.[111] The volume which is removed from the PDMS slab by punching is a cylinder-

like PDMS piece with the diameter and height equal to outer diameter of used punching pin 

and thickness of slab, respectively. The evacuated volume will be a vertical channel which 

is the desired access port (inlet or outlet). 

Due to the softness and flexibility of the PDMS slab even after curing, using a slight 

downward force, the punching tool easily penetrates through that and makes the hole by 

removing the designated volume. Bear in mind that in order to increase the quality of 

punching, the microfluidic device must be placed under the punching tool with the 

microfluidic on top and also covered by tape. This consideration helps the holes to have 

sharper and smoother edges in the end. 

Alignment of the chip under the puncher to locate the exact position, at where the holes are 

supposed to be punched, as well as punching the hole vertically straight all the way through 

is as of high importance in this procedure since punching any off or tilted hole is likely to 

cause the entire microfluidic device be totally useless! In that case, the microfluidic device 

will be subject to be fabricated all over again and all the steps from PDMS preparation to 

PDMS casting has to be replicated again. To this end, an investigation has introduced a 

new method facilitating the exploration of exact location for intended hole by putting a ring 

of light source underneath of the PDMS device. In this method, due to the fact that the 

microchannels scatter the light, the positions of inlets and outlets will be clearly 

observable.[112] 

2.1.7 Plasma bonding 

The PDMS devices what are casted using a master normally have their features and 

microchannels semi-open from one side at which they were in contact with the master. 

Thus, in order to get them applicable for flowing fluids into them, they should be sealed 
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against a flat surface making the hollow microchannels and features as schematically 

shown in Figure 2.6. To this end, the PDMS device may be bonded to another PDMS 

slab[113], or a glass[70], or a thermoplastic polymer such as PMMA[43, 114], or 

silicon[87], or also other materials[115]. The most popular types of bonding are PDMS-

glass and PDMS-PDMS bonding. However, nowadays the polymers are becoming 

important substrates for the bonding thanks to their less cost and disposability property, as 

well as their wide applicability for rapid prototyping method and mass production 

technologies.[116] 

 

Figure 2.6. Schematic of casting PDMS device and bonding the device against a flat 

surface forming the microchannels.[32] 

In fact, PDMS loose its adhesion property after casting; consequently, does not stick to any 

other surfaces and also the surface of PDMS is strongly hydrophobic.[34] In order to 

accomplish the bonding, the PDMS surface must transform to a hydrophilic surface. There 

have been several investigations on different physical methods and techniques enhanced 
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for this purpose; however, the technique of “oxygen plasma surface treatment” is the most 

frequently used one.[113, 117] 

In this technique, the lab air is used to activate the surfaces of PDMS devices i.e. mainly 

made of PDMS or glass. The plasma preparation also incorporates the oxygen atoms 

available in the surface of PDMS device and as a result, the hydrophobic property of the 

surface will change leading to transform the surface to hydrophilic and also become very 

reactive.[87, 114] As the matter of fact, using this method (oxygen plasma surface 

treatment) the bond consistency is increased by oxidation of the surface. Noteworthy that, 

due to its nature of this technique and also talking into account the reported experiences, 

this technique provides the opportunity to bond the PDMS to other surfaces as well, 

provided that those surfaces are also plasma treated.[82, 113] 

The bonding is accomplished by simply placing the pre-cleaned specimens into the plasma-

chamber of the oxygen plasma instrument which is located under a laminar flow cabinet as 

shown in Figure 2.7. Prior to start the process, all the related settings of the instrument 

(coating time, pressure, plasma current, and etc.) must be checked to be properly regulated. 

Then, closing and fixing the lid of the chamber, the process is initiated which typically 

takes a few minutes. During the process, the surface to be bonded is exposed to oxygen 

plasma and transform to hydrophilic. The researches have demonstrated that a longer 

oxygen plasma time will result to a smoother surface.[117] 

 

Figure 2.7. A typical oxygen plasma device located into a laminar flow cabinet. 
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Once the process is finished, the specimen must be taken out from the chamber and bonded 

against the intended surface as soon as possible within a minute. The faster the bonding 

process would be taken place, the better quality will have. At this stage, although the 

bonding is thoroughly fulfilled, the bonded device is recommended not to be used for the 

experiments right away after bonding. For strengthening the bonding, the bonded device is 

advised to be heated (either by placing inside an oven or putting over a hot plate) for at 

least an hour.[113] Heating might be accomplished by placing either into an oven or on a 

hot plate. It should be always taken into account that an oven heats up the device evenly 

from all sides; however, a hot plate transfers the heat to a PDMS device only from a single 

side (bottom) and in some cases the unidirectional heating might result in damage or 

deforming the PDMS device.  Heating the bonded device will also make the device become 

hydrophobic again. Moreover, another method to obtain the better result while bonding, is 

to drip a drop of water between the two surfaces which are about to be bonded. This will 

evaporate prior to finishing the bonding and allows longer time for adjustment and also 

provides the more consistent bond in the end.[93] When the bonded device was heated 

(cured) for a sufficient time, the device is ready to use after a short cooling operation to 

reach room temperature. At that point, the bonding is quite stable and strong and the device 

could be actually used. 

This technique has some disadvantages. As such, the applicability of the oxygen plasma 

instrument is limited to the size of its chamber; therefore, the relatively bigger devises 

cannot fit into the chamber. An alternative technique to overcome this drawback is so-

called “corona discharge treatment” which is a hand-held equipment with the same concept 

as of oxygen plasma surface treatment (for surface activation), that may be implemented to 

bond even several layers together.[113, 118] The equipment is designed so that the high 

voltage is applied to its sharp electrode tips and plasma is formed at the end of the tips. 

This plasma is used for bonding process the same way as utilizing oxygen plasma method. 

Usually the treatment time of around 10-15 seconds is sufficient, depending on the size of 

the devise.[115] 
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Noteworthy that, due to many advantages over the conventional oxygen plasma treatment 

such as portability, minimizing the chance of contamination and also possibility to cover 

the larger devices (with surface up to more than 7 cm), corona discharge seems much more 

useful and applicable.[118, 119] Though, the investigations have demonstrated that the 

substitution of the corona discharge with a uniform oxygen plasma surface treatment 

instrument will result in the improvement of reproducibility of the system.[114] 

 

Figure 2.8. Steps of plasma bonding utilizing corona discharge treatment. (a) Prepare 

the required items, (b) keep the wire electrode at 2-5 mm from the top of the surfaces 

to be bonded and move it repetitively for 10-15 seconds, (c) place the two surfaces in 

contact and gently press one against another, (d) the device is bonded. 

Due to the generation of high voltage, corona discharge should not be operated close to 

electronics or, in general, electric devices. Moreover, corona discharge produces Ozone 

(O3) which is an absolutely toxic gas; therefore, all the safety consideration should be taken 

into account and the corona treatment process must be always performed under the fume 

hood. Also, the bonding performed by corona discharge are reversible in the first few 
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minutes meaning that it is possible to separate the bonded surfaces and bond again in case 

the bonding was not initially performed properly or from the correct location. This feature 

might be as of high importance and very helpful for alignment of multi-layer microfluidic 

devices.  

Also, in order to bond a very precise and sensitive multi-layer device, it is always tricky 

and risky to get them aligned exactly from the place they were expected to by naked eye. 

To that end, a stereoscope is typically utilized assisting the alignment process for bonding. 

In addition, to fulfill the alignment of multi-layer devices, which must be super accurate, 

some alignment assisting protocol could be taken into account. As such, the alignment 

marks may be also drawn in the photolithography mask that will consequently further 

appear on the PDMS devices as well[61], or a sort of transitional spacers might be used for 

bonding[94] or even a kind of accurate alignment assisting device may be utilized. This 

alignment device can potentially be incorporated into a stereoscope as well for more 

careful and accurate bonding. 

 

Figure 2.9. (a) An alignment assisting device, (b) an alignment assisting device 

incorporated into a stereoscope. 
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2.1.8 Spin coating 

As it was also explained earlier, the bonding of PDMS-PDMS is more consistent as well as 

more hydrophobic than PDMS-glass bonding. Therefore, instead of bonding the PDMS 

chips right against a glass slide, it is recommended to initially bond the PDMS chip against 

a thin blank slab of PDMS and then bond the two-layer PDMS device against the glass 

slide (from the surface of blank PDMS slab)[120]. Another alternative to this approach is 

to spin coat a very thin layer of PDMS over the surface of the glass slide first, and then the 

PDMS chip is bonded over the spin coated surface of the glass slide. 

To this end, a little amount of PDMS is prepared through the same protocol as PDMS 

preparation for device fabrication. Then, the settings of spin coater machine are regulated 

according to the desired thickness and purpose of the intended coated layer and the glass 

slide is placed into the machine with the surface to be coated on top. Subsequently, the 

prepared amount of PDMS is gently poured over the glass slide trying to pour it in the 

center as much as possible. Finally, the spin coating process is operated by turning on the 

machine which takes only a few minutes. At the end, the coated layer of PDMS is required 

to be cured; thus, the coated glass is placed over a hot plate or inside an oven for a couple 

of hours to be cured completely. Once the coated layer of PDMS is fully baked, the coated 

glass is then ready to be used as the substrate for the bonding of a PDMS chip. Noteworthy 

that, the spin coater machine is located inside a laminar flow cabinet; thus, the entire 

process is also operated inside the cabinet.[104] 

2.1.9 Post-bonding treatment 

Once the PDMS chip is fabricated and further bonded, the PDMS device is ready to be 

applied for the experiments. However, in order to achieve even better and more proper 

results in the experiments, the PDMS device may undergo some sorts of treatment leading 

to better quality of experiments afterwards. As such, the approach of surface treatment of 

PDMS microchannels by Aquapel™ may be noted as one of the most widely used 

technique for the chemical surface treatment of the PDMS channels after activation by 

oxygen plasma surface treatment and bonding. 
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Aquapel™ is a commercial glass treatment substance i.e. a hazardous and toxic chemical 

what may cause several different health injuries to the person dealing with that; therefore, 

its handling should be done carefully and thoroughly under the fume hood.[121] Treating 

the microfluidic device with Aquapel™, the surfaces in contact with Aquapel™ get 

fluorinated and thus the device and, in particular, its microchannels become more 

hydrophobic. To fulfill that, a drop of Aquapel™ is dripped over one of the inlet of the 

PDMS device where enters the device by capillary force, and is also pulled through the 

device, whether manually or using a pump, making sure all the channels are filled with 

Aquapel™. Then, the channels are let to stay filled for one or two minutes and finally, the 

device and channels are flushed with air.[122, 123] 

After flushing, the device is recommended to be filled with oil to be used and store in oven 

at around 70 ºC for at least half an hour. Although it must be thoroughly endeavored to 

evacuate the entire amount of Aquapel™ from the device and its microchannels, remaining 

a trace amount of it inside the microchannels is negligible. 

2.2 Microdroplets Generation 

Microfluidics is a wide branch of science consisting of several subcategories and one of its 

most important and applicable subcategory is “droplet-based microfluidics” also known as 

“digital microfluidics”.[124, 125] Droplet-based microfluidics is a continuously growing 

field of research that is becoming an interdisciplinary branch of science due to its wide 

range of applications.[126] The droplets manipulated in microfluidics science are normally 

sub-nanoliter droplets usually referred to as microdroplets, which offer a wide range of 

opportunities thanks to their wide potential applications.[127, 128] These microdroplets are 

technically the relatively unstable and deformable droplets of a liquid which are suspended 

in a flow of a carrier immiscible liquid.[129] 

In other words, the manipulation of droplets in microfluidic channels is an immensely 

useful emerging technological platform for various applications in many different scientific 

fields. As such, different applications have been reported in whether biological fields such 

as biology science[130], biomedical studies[131], single cell analysis[132], and drug 
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discovery[133], or chemistry-related fields like chemical synthesis[127] and biochemical 

screening[134], or even more interestingly chemical reactions[14, 135] and synthesizing 

functional micro- and nanoparticles[136, 137] at where the droplets are mainly the carrier 

media serving the systems in different manners. 

The microdroplets are generated through a two- or even multi-phase systems dealing with 

the immiscible phases. This is typically fulfilled by combining two or more flow streams of 

immiscible fluids (normally a sort of oil and water) at a joint area and producing a shear 

force on the dispersed phase which causes it to break up into certain discrete volumes 

generating the droplets.[126] In fact, in contrast to continuous phase microfluidics, droplet-

based microfluidics mostly concentrate on creating the discrete volumes.[125] Also, in 

comparison with continuous phase microfluidics, droplet-based microfluidics provides a 

broad range of advantages including possibility of compartmentalization[138] and 

encapsulations[126], improvement of mixing[139], accomplishment of highly parallelized 

experiments[140], fulfillment of monodisperse particle generation[141] and resulting in 

higher sensitivity in digital analyses[142]. 

There are different chemical and physical parameters involved in characterization of a 

microdroplet generation system. As such, the surface tension, as a key mechanical property 

of fluids, is a crucial factor in determination of microdroplet behavior regarding the 

relatively large surface-to-volume ratio of microdroplets.[143] Also, unlike the normal 

applications of continuous flow microfluidics, another key factor to achieve the stable 

microdroplet generation in droplet-based microfluidics is the wettability of the channels 

walls which has a direct influence on forming oil-in-water (O/W) or water-in-oil (W/O) 

droplets.[13, 126] In addition to “Reynolds number”, another dimensionless number so-

called “capillary number (NCa)” is defined in order to predict the droplet formation and its 

behavior which is calculated as 



 U
N c

Ca


  (1)  
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where µc (Pa.s) and U (m/s) are the viscosity and the velocity of the continuous phase, 

respectively and γ (N/m) is the interfacial surface tension between the two immiscible 

phases.[16] Capillary number can be used for control the generation, break-up and 

coalescence of droplets.[124] In practice, the droplet break off; and consequently, the 

droplet formation takes place above a certain capillary number called “critical capillary 

number”. This dimensionless number is system dependent and highly depends on the 

geometry of the channels; therefore, different values and ranges for that have been reported 

in the literatures such as 0.001 < Ca < 0.15 [144], Ca ≈ 0.01 [145], and even larger values 

up to 1.2 ≤ Ca ≤ 1.7 [146].[31, 125] 

The formation of microdroplets within the microfluidic channels is a spontaneous 

phenomenon that is normally a consequence of shear force as well as interfacial surface 

tension and is required to be initiated. That might be accomplished using either micro-

injectors[147], or the needles[148], or even the electric fields[149] as well as applying 

pressure as the driving force aiming to generate uniform microdroplets[143].[127, 150] 

2.2.1 Methods of microdroplet generation 

Initially, the generation of microdroplets through spontaneous process was reported as a 

generation process in the capillary format[151]  through the technique so-called “co-

flowing streams”; though, it was implemented later in many other microfluidic devices 

including “geometry-dominated devices”[152], “flow-focusing devices”[135] and “T-

junctions”[139]. Among those various methods, flow-focusing devices and T-junctions are 

two well-established and most frequently used techniques for generation of monodisperse 

microdroplets in microfluidics, while co-flowing streams and other methods are rarely 

used.[128, 143, 150] 

Figure 2.10 schematically illustrates three techniques for formation of microdroplets. In co-

flowing flow, the capillary having the disperse liquid is located inside and concentrically of 

a wider capillary having the continuous liquid flowing in. Once the disperse liquid leaves 

the capillary get in contact with continuous liquid and due to the pressure and shear force 

forms discrete  plugs or droplets.[129, 150] 
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Figure 2.10. Different techniques for formation of microdroplets of aqueous phase 

into continuous oil phase. (a) Co-flowing streams, (b) T-junction, and (c) flow-

focusing device.[150] 

As it was previously noted, T-junctions and flow-focusing devices are the most widely 

used techniques for generation of microdroplets through channels; therefore, we describe 

these two methods only with emphasizing on flow-focusing devices as the selected method 

for this work as well. In fact, in a T-junction device, the aqueous phase is injected into the 

continuous phase perpendicularly and as a result, microdroplets are formed in consequence 

of the shear force between the two phases.[127, 153] 

However, the flow-focusing devices undergo a different pattern in which a liquid (i.e. 

liquid A) flows in a middle channel and an immiscible liquid (i.e. liquid B) flows in two 

other channels located both sides of the middle channel. The both channels of liquid B 

reach the middle channel, having liquid A, perpendicularly at where both liquids from all 
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three channels are induced to enter a narrow orifice as the entrance of another channel 

located at their downstream. Then, liquid B applies pressure and viscous stress to liquid A 

and as the result, liquid A is driven to a narrow strand and subsequently is broken down 

through the orifice forming the droplets.[127, 154] 

Through a certain device the capillary number is only a function of the velocity of 

continuous flow since the viscosity and interfacial surface tension are the constant for a 

certain device undergoing the same condition. Therefore, manipulating the velocity of 

velocity of the continuous phase (and consequently the capillary number), when the 

velocity of disperse phase remains the same, the system might undergo various flow 

regimes. Figure 2.11 illustrates the various flow regimes for different droplet generation 

techniques. 

 

Figure 2.11. Schematic illustration of three different flow regimes in three main 

techniquies for droplet generation. (a) Co-flowing streams, (b) flow-focusing device, 

and (c) T-junction. The velocity of contnuous phase, and consequently the capillary 

number, increases from left to right. (lower velocity for dripping, higher for jetting 

and even higher for stable co-flow)[155] 
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On the above critical capillary number, the droplet formation starts. On the moderate 

velocity of continuous flow, the droplet breakup and formation takes place normally and 

the droplets are pinched off close to the orifice or capillary tip. This regime is so-called 

“dripping regime”. Increasing the velocity of continuous phase up to a certain extent, the 

droplet formation still occurs; however, the droplets are pinched off from an extended 

thread downstream of the orifice or capillary tip. This regime is known as “jetting regime” 

and increasing the velocity of continuous phase even more, the system reaches the 

condition at where no more droplet formation occurs and instead a film of each phase flows 

through the post-orifice or downstream channel.[129, 155]  

As it might be seen at the previous figure, the phenomenon of droplet formation takes place 

only through the first two regimes that are dripping and jetting regime. Figure 2.12 also 

depicts the images of droplet formation in the real experiments through either of these two 

regimes (dripping and jetting). 

 

Figure 2.12. Droplet formation in a co-flowing stream device (through (a) dripping 

and (b) jetting regime)[156], a T-junction (through (c) dripping[157] and (d) 

jetting[155] regime), and a flow-focusing device (through (e) dripping and (f) jetting 

regime)[146].[129] 
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As it might be simply understood, the droplet break-up and consequently the droplet 

formation phenomenon only occurs within a certain range of viscosity of continuous flow 

that has to do with the ratio of the input velocities of two phases as well as the physical and 

chemical properties of the liquids like surface tension and obviously the technique of 

droplet generation and the geometry of the device. This will be further investigated in the 

coming chapters. 

2.2.2 Bulk synthesis 

As it was described before, microdroplets are of interest as commodities in themselves for 

various applications such as biological, chemical, biomedical and medical systems; 

however, the production of large quantities of monodisperse homogeneous droplets for 

such processes is an area that has been always very challenging. On the other hand, the 

bulk emulsification process, in particular, shear induced emulsification, has been broadly 

investigated through many researches in which the large quantities of emulsions are 

produced for different purposes like cosmetic, food industries and drug delivery [126, 158, 

159] and also in some researches the control over their size range has been reported to be 

improved [160-162]. That approach is a suitable method for production of large quantities 

of emulsions as long as the monodispersity of the emulsions is not critical and important. 

Also, a general bottleneck of all high-throughput systems is compartmentalization.[126, 

127]  

However, the main bottleneck of this type of processes is the monodispersity and to 

overcome both drawbacks of monodispersity and compartmentalization, the droplet-based 

microfluidics is an appropriate technique.[143, 154] Although the microfluidic devices 

have shown utility to generate the droplets in different sizes and also can be controlled to 

optimize the monodispersity, low production rate of these systems confines the 

applicability of these devices for clinical and biomedical applications.[94] In fact, the 

droplet-based microfluidics which has provided a wide range of applications, particularly 

biomedical applications, ranging from typical point-of-care diagnostics[163] to enhanced 

molecular screening [164] and genetic testing [165] is an emerging and promising platform 



41 
 

to overcome the aforementioned drawback as well as for high-throughput systems.[166, 

167] 

To that end, many different techniques and methods have been developed for high-

throughput generation of microfluidic devices for example utilization of multiple modular 

microfluidic (M
3
)[168], adoption of continuous flow microfluidic formats [169, 170], 

implementation of a multi-array microfluidic module[94, 166], and even high-throughput 

generation of microdroplets through the highly advanced designed microfluidic 

devices[164, 171-173]. Basically, the generation of microdroplets through a microfluidic 

device consisting of microchannels can be easily obtained at rate of up to couple of kHz 

even with control over microdroplet size and monodispersity.[150, 174] Moreover, 

undergoing the same concept along with improvement of the design and scaling-up the 

assay is so likely and unsurprisingly to result in fabrication of a microfluidic device capable 

of formation of microdroplets at high rates even up to more than million hertz 

(microdroplet generated per second).[150, 175]  

In this work it has been endeavored to generate microdroplets at high-throughput rates 

through study and implementation of two different methods of generation. To that end, two 

different methods of droplet formation were taken into account that in first method the 

droplet generation takes place through a well and advanced designed microfluidic device 

undergoing flow-focusing technique.[94] The second method concerns the formation of 

microdroplets utilizing a concentric double-cylinder in which the inner cylinder is rotating 

and the droplets are formed using rotational force within the gap area between two 

cylinders.[95] 

2.2.3 First method: Multi-Array Microfluidic Module utilizing Flow-Focusing 

In the first method, a microfluidic device consisting of eight symmetric modules is used. 

Each module is equipped with a flow-focusing device playing the role of a separate 

microdroplet generation device; however, all the eight modules are connected to each other 

from upstream of the connecting channels for oil and aqueous phase. The device is actually 

a multilayer device aligned and bonded over each other. The method and appropriate 
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attempts, results and achievements will be described further in the coming chapter. A 

published investigation[94] was used as the benchmark of this method; however, the 

investigations were thoroughly accomplished separately and independently from layout 

design, to mask preparation, to implementation and carrying out the experiments. Figure 

2.13 illustrates the multi-array microfluidic module consisting of eight symmetric 

microfluidic flow-focusing devices used as the benchmark for this method for further 

investigations.[94, 166] This method will be extensively discussed in chapter 3. 

 

Figure 2.13. The multiarray microfluidic module used as the benchmark. (a) the 

entire module and (b) one of the eight flow-focusing device.[94] 

2.2.4 Second method: Taylor-Couette Flow pattern using Rotational Force 

In the second approach, the droplet generation is investigated through a concentric double-

cylinder undergoing Taylor-Couette flow pattern. As the matter of fact, the main aspect of 

this device is based on the rotation. Regarding its principle, the device contains two 

concentric cylinders located one into another that depending on their orientation, they are 

categorized as horizontal and vertical devices.[176] The outer cylinder, which is typically 

made of a transparent substance, is fixed and the inner one is rotatable. The gap area 

between two cylinders is initially filled with the fluid (continuous phase) and the inner 

cylinder starts rotating to reach the desired rotational speed. Then, at that point, the second 
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fluid (disperse phase) is injected to the gap and the droplets are formed along the cylinders 

axis heading to the outlets.[95] Figure 2.14 illustrates the schematic of a Taylor-Couette 

cylindrical device. Chapter 5 will broadly cover this method. 

 

Figure 2.14. Schematic of a double cylinder undergoing Taylor-Couette flow 

pattern.[177] 
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3 EXPERIMENTAL INVESTIGATIONS 

3.1 Multi-Array Microfluidic Module utilizing Flow Focusing Technique 

As it was explained before, a multi-array microfluidic module that might be a multi-layer 

device is a potentially appropriate method for enhance and improvement the production of 

microdroplets aiming to reach the higher production rates. There are various investigations 

accomplished on this area fulfilling this purpose. Take for instance; a published research 

has indicated the usage of a 128-channel array investigating the increased production of 

liquid-in-liquid droplets in a multichannel microfluidic device up to 1.4 × 10
3
 droplets per 

second which is not very significant.[178] Also a similar work have reported the usage of a 

three-layer radial module consisting of 64 parallel channels generating the droplets with 33 

gradient concentrations at the production rate of around 10
3
 droplets per second.[179] 

Although these are not very high-throughput modules, another investigations have 

demonstrated the high-throughput generation of microdroplets within an extensive 

production rates ranging from lower rates such as ~2.8 × 10
3
[164], ~12 × 10

3
 [180], ~14 × 

10
3
 [181] and ~30 × 10

3
 [182], up to higher rates like ~3.7 × 10

5
 [166], ~1.3 × 10

6
 [171], 

and  ~3.4 × 10
6
 [183] droplets per second. 

Another investigation in this field [94], which was taken as the benchmark for this section 

of the present work, have developed two four- and eight-channel microfluidic modules 

presenting a system capable of production of microdroplets at high generation rate for drug 

delivery using flow focusing method. Through that investigation, the production rate of 

1.34 × 10
5
 droplets per second was obtained in an eight-channel module that is about 50-

100 times greater in comparison with the generation rates demonstrated in the previous 

similar attempt using a single-channel module.[94] Therefore, the mentioned published 

investigation was selected as the benchmark. Figure 2.13 shows the design of the desired 

eight-channel microfluidic module. In this approach, the key targets are the throughput 

(production rate) and the monodispersity of the droplets, while the actual size of the 

droplets is of less importance and is enough to be within a reasonable range. Therefore, the 
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design mainly aims to increase the throughput and improve the monodispersity of 

generated droplets.  

This module is a multi-layer microfluidic device made of PDMS consisting of two main 

PDMS layers with different applications. For each layer a separate layout design is required 

what further is used for photomask preparation as the platform for subsequent stages of 

master and finally PDMS fabrication. The upper PDMS device of the multi-layer stands for 

the main chip when the droplets are supposed to form and the inner(s) are the distributing 

channels from the main inlets into several symmetric channels. 

3.2 Mask Design by AutoCAD
®

 

Given the layout design of the benchmark investigation (presented in Figure 2.13) the 

appropriate chip was designed aiming to include eight symmetric flow-focusing droplet 

generator devices. The PDMS chip is supposed to undergo the two-phase processes where 

water and FC-40 oil are used as dispersed and continuous phases, respectively. This main 

chip will be placed and bonded over another PDMS chip (hereinafter referred to as “bottom 

layer”) playing the role of distribution channels for continuous phase (oil) from main inlet 

into eight evenly distributed microfluidic channels. 

Utilizing AutoCAD®, the layout of the main chip might be designed carefully. The 

procedure of design is accomplished through a four-stage procedure illustrated in Appendix 

I. The module has the radial design with the inner diameter of 33 mm. The aqueous phase 

(water) passes through the 35 μm wide serpentines and channels, while the channels for oil 

phase (FC-40) have the width of 50 μm. Oil is fed to the bottom PDMS layer (that will be 

explained later) where the a single main flow of oil is distributed evenly into eight identical 

and equal flows which further pass through the eight vertical channels connecting the 

bottom layer to main chip (upper layer) at the positions of oil inlets. Both phases reach the 

flow-focusing area and enter a 25 μm wide orifice and pass through an expansion area in 

order to form the droplets by shear force along the expansion. Following the droplet 

generation at orifice, microdroplets flow through a wider post-orifice channel which is 60 

μm wide and about 16 mm long connecting post-orifice expansion area to the outlet of the 
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device. Figure 3.1 indicates the initial drawn layout including whole design (on the left) as 

well as the flow-focusing droplet generation section (on the right). The details of the drawn 

design including the width of each channel have been represented in Appendix II. 

 

Figure 3.1. The initial layout for the main chip (upper layer) of the mult-array module 

drawn by AutoCAD
®
. 

3.3 Photomask, Master and Chip Fabrication 

Based on the above mentioned drawn layout, an appropriate photolithography mask 

(photomask) might be printed by Micro Lithography Services Limited
©

 which will be 

further used to fabricate the master accordingly through the photolithography process. For 

the first try, the height of the master was decided to be 25 μm so that subsequently the 

PDSM device (which will be casted and made out of the due master) will include the 

microchannels of 25 μm high. Both printed photomask and fabricated master are illustrated 

in Figure 3.2. 

All the masters used for the fabrication of PDMS devices during this project work were 

fabricated at the newly established clean room unit at research group of Prof. deMello in 

ETH Zurich. Though, due to the various typical unpredictable errors (that normally appear 

at any newly established clean room unit), there were some fabrication issues with a few of 

first fabricated mastersin the aforementioned clean room. Therefore, a few of the first tries 

for master fabrication for the main chip led to production of partly damaged and useless 

masters. Appendix III represents the closed-up images of two of those masters indicating 
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the fractions and other failures on the masters. Although there were still a few fractions 

observed over the final proper fabricated master, it was heated up on a hot plat at 150 ºC 

for a just about five minutes. This was accomplished twice and after that, the fractions 

seemed to vanish to some extends. 

 

Figure 3.2. (a) The photomask printed according to the initial drawing, and (b) 

fabricated silicon master according to the printed photomask. 

Moreover, another drawing is needed for the bottom layer which is actually a normal 

PDMS chip to split the main flow of oil into eight equal flows. The positions of the eight 

oil inlets in the main chip should be the same as those on the bottom layer since both 

PDMS layer are supposed to be bonded together and so the eight vertical channels of the 

bottom layer must be placed exactly underneath of the eight oil inlets of main chip. Thus, 

the design of bottom layer is not sophisticated; however, it should be perfectly symmetric 

ensuring that all the eight flow-focusing are operating under the same and identical flow 

rates. The height of the microchannels for the bottom layer is also the same as that of main 

chip which is 25 μm for the initial try. The drawn layout for bottom layer has been 

illustrated in Figure 3.3 (a). The same way as for main chip, the desired photomask and 

master may be fabricated for the bottom layer as well. (Figure 3.3, (b) and (c)) 
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Figure 3.3. Bottom layer of the mult-array module. (a) Layout drawn by AutoCAD
®
, 

(b) photomask printed based on the layout, and (c) fabrictaed master according to the 

photomask. 

Once both of the masters are fabricated and ready to use, the PDMS device may be casted. 

To that end, as it was extensively explained in the section 2.1, the PDMS devices are casted 

against both masters previously silanized using 200 µl of chlorotrimethylsilane. For 

making PDMS, the ratio of 10:1 for prepolymer to curing agent is used. Around 40 g of 

PDMS is initially consumed for each master meaning that each PDMS device is fabricated 

using about 40 g of PDMS. When the casting and curing is over, the PDMS devices are cut 

into the desired pieces for bonding. 

Prior to bonding, all inlets and outlets (water inlet and main outlet in main chip and main 

oil inlet in bottom layer) are punched using the 0.89 mm diameter pin. While, the eight oil 

supply inlets in the bottom layer are punched using 1.40 mm diameter pin. The bonding is 

accomplished as Figure 3.4 shows i.e. main chip is bonded against the bottom layer 

(obviously to the opposite surface of which contains microchannels) and subsequently two 

bonded PDMS slabs are bonded against a substrate from the side of the bottom layer which 

contains the microchannels and patterns. In terms of substrate, the first alternative is to 

bond over a blank PDMS slab which has been casted against a blank master (wafer). Due 

to the high accuracy required to get all of the eight oil inlets precisely aligned over the 

corresponding eight oil channels of bottom layer for bonding, the alignment assistance 
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device is incorporated into a stereoscope (both presented in Figure 2.9) and the bonding 

process is accomplished utilizing in order to obtain more accurate results in bonding. 

 

Figure 3.4. Fabrication of a multi-layer PDMS device consisting of main chip, bottom 

layer and a substrate. 

Once the three-layer PDMS device is fully bonded, the whole three-layer PDMS device 

might be also bonded against a glass slide giving the device more possibility and stability 

to be safely placed underneath of the microscope and cameras for capturing the droplet 

generation process. In fact, in this case a PDMS slab is used as the substrate for bonding 

the bottom layer against it, and the glass slide then has no special functionality in terms of a 

substrate or a layer of the multi-layer design and is only used to give more stability to the 

device. Thus, the glass slide is not obligated to be physically bonded and is enough even 

just to place it underneath of the three-layer PDMS device and will stick to the bottom of 

the substrate (PDMS slab) due to a slight natural adhesion property of PDMS. 
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3.4 Droplet Generation 

3.4.1 Solutions preparation 

The continuous and dispersed phases for all the experiments are FC-40 oil and water, 

respectively. Prior to inject any fluids into the PDMS device, whether FC-40 oil, or water, 

or any other sort of liquids (like Aquapel™), the liquid is filtered through a sufficiently fine 

filter avoiding the entrance of any particle or contaminant which might further cause a 

blockage or failure in operation of the device. In practice, the liquids are filtered through a 

0.2 µm CHROMAFIL
®

 Xtra PET-20/25 or CHROMAFIL
®

 Xtra RC-20/25 that are 

disposable syringe filters made of polyester and regenerated cellulose  respectively having 

the pores which are 0.20 µm in diameter.[184, 185] 

In order to produce more stable microdroplets, a surfactant may be added to the continuous 

phase (FC-40 oil). In fact, the surfactant is an agent which lowers the interfacial surface 

tension between the continuous and dispersed phase leading to facilitation of surface 

deformation what will result in formation of more stable microdroplets and avoiding the 

merging between the generated microdroplets.[186, 187] Therefore, a locally synthesized 

surfactant is added to the continuous phase for all the experiments with the concentration of 

%2 by weight and firmly mixed. The mixture of FC-40 and the surfactant might be filtered 

also prior to injection into the device. 

3.4.2 High-speed camera 

Due to the high-throughput of the microfluidic device in terms of numbers of generated 

microdroplets, a normal camera or microscope would not be rapid enough to capture all the 

generated microdroplets. Therefore, a high-speed camera is required to fulfill this need. In 

this work, a high-speed camera is used which is capable of capturing extremely large 

number of frames up to 9000 frames per second, with the minimum exposure time of 1 µs 

and adjustable exposure time ranging from 1 µs up to a couple of thousands microseconds. 

This high-speed camera is equipped with different objectives of 10X, 20X and 40X; 
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though, due to the massive size of the appropriate PDMS device in this work the objective 

of 10X is normally used and the objective of 20X is also used merely for the very sensitive 

and tiny features of the device. The camera stage is precisely controlled for the best 

position of the device by a joystick which is also programmable. The desired rate at which 

the images are expected to be capture in the system can be varied through the LabVIEW 

program installed on the connected computer what allows the user to have control over 

almost every key variable and parameter of the experiment such as numbers of required 

frames to be captured, rate of capturing, and image contrast. A detailed picture of the high-

speed camera as well as its related belonging and sections has been presented in Appendix 

VI. 

To this end, the sample (multi-layer PDMS device) is placed over the sample stage of the 

apparatus and fixed with the proper holder. Also, in order to feed the fluids (oil and water) 

into the PDMS device, two pumps are required. In this work, two similar syringe pumps 

from Harvard Apparatus so-called “Pump 11, Pico Plus Elite”[188] are used. Two 5 ml 

plastic syringes are filled with either of the fluids. Each of them is placed and carefully 

fixed on the syringe pumps. The connection tubing connects each syringe to the desired 

inlet of the PDMS device. In order to connect the tubing to the PDMS device, a metal pin is 

used which has the outer diameter as large as the inner diameter of the punched inlets holes 

in the PDMS device. When all the tubing are properly installed, the pumps are initiated to 

run by pressing the power option ensuring that all microchannels are thoroughly filled with 

the fluids and also the droplet generation phenomenon is effectively taking place within the 

microfluidic device. 

Once the pumps and fluidic system of the module are properly installed and in use, the 

desired objective is mounted underneath of the device and then the focus and light intensity 

of the camera as well as the position of the device are regulated to reach the appropriate 

statue giving the best resolution according to the need. Utilizing the connected computer as 

well as the LabVIEW program, the number of required frames, the capturing rate and other 

key parameters are also properly manipulated. When all the parameters of operation are 

fully regulated and all the accessories are installed (as illustrated in Figure 3.5), the pumps 
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are let running and so the droplet generation starts to take place which is continuously 

observable on the screen. The capturing might be initiated at any time by either simply 

pressing the “record” button on the LabVIEW program or even pressing the external 

trigger. Once pressed, the high-speed camera immediately records the defined number of 

frames with the determined rate and subsequently, the video file might be saved in the 

directory. Due to the high resolution and high frequency of the camera, the generated video 

files are usually quite massive. The captured videos can be used further for analysis and 

result exploration. 

 

Figure 3.5. A device properly ready for capturing by high-speen camera with pumps, 

syringes of fluidc, and connection tubing effectively installed. 
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3.4.3 Data analysis by ImageJ
®
 

The captured videos by high-speed camera are the raw videos and need to be analyzed. To 

that end, the videos are further imported to a freely available analyzer software so-called 

“ImageJ
®
” (Image Processing and Analysis in Java)[189] and get manipulated. In fact, a 

video is imported to ImageJ
®
 and may be opened whether through a range of specific 

frames of the video or the entire frames (whole video). In order to facilitate the image 

processing as well as increase the accuracy, the threshold is applied to the image(s) to be 

analyzed sharpening the borders and edges to be more detectable and consequently, gives 

more reliable and accurate results. Figure 3.6 depicts two different types of threshold on an 

image which is getting processed by ImageJ
®

 as well as the original image before 

threshold. 

 

Figure 3.6. An image to process by ImageJ
®
. (a) The original image before threshold, 

(b) after applying black/white threshold, and (c) after applying red threshold. 

Utilizing ImageJ
®
, it is possible to take any number of the frames ranging from a single to 

all the captured frames as the input for analysis. Also, ImageJ
®
 is capable of providing 

various analysis results such as counting the number of the generated microdroplets, 

calculating the standard deviation as well as the area of each microdroplet, and also 
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drawing the desired population charts based on the area of microdroplets. For instance, a 

simple ordinary flow-focusing device is taken for droplet generation experiment with water 

and oil as the dispersed and continuous phase, respectively. The experiment is 

accomplished successfully and in total 100 frames is captured with the rate of 500 frames 

per second (fps) utilizing the high-speed camera. Analyzing the recorded 100 frames long 

video by ImageJ
®
 (as the drawn charts are presented in Figure 3.7), the total number of 

generated microdroplets is calculated to be 1378. 

 

Figure 3.7. A sample of analysis results provided by ImageJ
®
 which is (a) based on the 

surface area of the microdroplets and (b) based on the diameter of the microdroplets. 

Moreover, the area of each generated microdroplet is also calculated by ImageJ
®
 and given 

in a table. Based on the area, the diameter of each droplet is then easily calculated and the 

standard deviation might be calculated as 
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where S (m), N, and dp (m) are standard deviation, number of generated droplets and mean 

droplets diameter, respectively and Di (m) stands for the diameter of each generated 

droplet. Thus, having the total number and the diameter of the generated microdroplets, the 
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standard deviation for the generated microdroplets is easily found out. Subsequently, 

monodispersity index might be calculated as 

100
pd

S
  (3)  

where σ is monodispersity index. In the aforementioned example, the mean microdroplets 

diameter was calculated to be 131.88 μm and given the number of generated microdroplets 

which is 1378, the standard deviation and as a result, the monodispersity index are simply 

calculated using just mentioned equations and found out to be 1.63 μm and 1.2%, 

respectively. 

In addition, having the number of the generated microdroplets, as well as the specifications 

of the captured video (number of total frames captured and rate of capturing), the 

throughput (or production rate) of the module would be easily calculated which shows the 

number of microdroplets generated within the device in every second. The throughput 

might be calculated as 

R

CapturedFramesTotal
NThroughput   (4)  

where R (fps) is the capturing rate of the high-speed camera. As previously mentioned, in 

total 100 frames are captured in this case while the camera undergoes the rate of 500 fps. 

Therefore, having the number of generated microdroplets, the throughput is simply 

calculated which is 6890 droplets per second that is not considered as a high-throughput 

process. 

Having the required solutions prepared, the protocol for microfluidic device fabrication 

clear and the high-speed camera ready to use, different devices might be fabricated through 

the best protocol which gradually undergoes the required revisions and amendments 

accordingly.  
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3.5 Attempts and Troubleshooting 

3.5.1 Collapsing problem and solutions 

Based on what was described in the section 3.3, the multi-layer device could be fabricated. 

Accordingly, the first three layer PDMS device is fabricated with a PDMS slab as the 

substrate (shown in Appendix I) and is further experimentally tested aiming the droplet 

generation using water and FC-40 oil as dispersed and continuous phase. However, during 

the experiment, it is turned out that there is one main drawback observed with this 

fabrication protocol. In fact, the main channel of the bottom layer is collapsed through the 

length leading to partially or completely blockage of the channel and consequently non-

applicability of the entire PDMS device.  

To overcome this drawback (i.e. collapsing issue), the initial guess for the reason of the 

problem would be the extra pressing force while bonding; therefore, the simplest solution 

to that is to accomplish the bonding other way around meaning that start from bonding the 

bottom layer to the substrate followed by bonding the bonded two layer device to the main 

chip. Also, another technical solution is to make some amendments to the designed layout 

for bottom layer in terms of adding some regular supporting pillars in the middle of the 

channels toward the length as illustrated in Figure 3.8. 

 

Figure 3.8. The layout of bottok layer enhanced with supporting pillars. 
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3.5.2 Thickness drawback and appropriate solutions 

Once the problem with collapsing is solved, the next drawback just appears that is the large 

thickness of the multi-layer device! The large thickness of the three-layer device exceeds 

the maximum applicable thickness for functionality of the high-speed camera in which it 

can regulate the focus to capture the image or video and is around 8 mm. Therefore, the 

features and microchannels on the top layer (main chip) were not possible to be captured 

due to the position of the objective that is underneath of the device. 

To overcome this drawback, there are two alternative methods that both concern the 

substrate. First protocol is to remove the PDMS slab (which was the substrate) and instead, 

bond the two-layer PDMS device (consisting of main chip and bottom layer) directly 

against a previously spin coated glass slide as shown in Figure 3.9 (a). And the second is to 

bond a very thin layer of PDMS over the glass slide and bond the main two-layer PDMS 

device (consisting of main chip and bottom layer) against the very thin layer of PDMS 

which has been bonded against the glass slide as illustrated in Figure 3.9 (b). Undergoing 

these protocols, prevent the problem of thickness and all the features and microchannels 

will be observable by high-speed camera provided that the thickness of the two PDMS 

layer of main chip and bottom layer is within a reasonable range. 

 

Figure 3.9. Two protocols to overcome the problem of limited applicable thickness. (a) 

Using a spin-coated glass slide as the substrate, and (b) using a glass slide with a thin 

layer of PDMS bonded its against as the substrate. 
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3.5.3 Instability of the inlets and proposed Solutions 

Noteworthy that, due to more simplicity the devices are fabricated through the first 

mentioned protocol in previous section, meaning that a spin coated glass slide is used as the 

substrate for all the next attempts for fabrication of multi-layer microfluidic device. In fact, 

solving the problem with thickness facilitates carrying out the experiments with the 

fabricated devices. However, another problem happens during carrying out the experiments 

which cause the inlet pins and connection tubing to be thrown out of the inlet holes! 

The first hypothesis is the human error during the fabrication process; however, fabricating 

two new devices through the same protocols with extreme care rejects this hypothesis when 

they both undergo the previous problem. As an alternative, making the inlet holes using 

microdrill machine instead of hole-puncher is also tested what provides the same result. 

Therefore, the final definitive solution is to fix the pins into the holes. To that end, two 

alternatives might be applied as represented in Figure 3.10 i.e. either apply a trace amount 

of uncured PDMS around the pins and inlets, or use a strong glue to fix the pins and 

subsequently use the uncured PDMS over the dried glue. The glue which is used in this 

work is so-called “Araldite
®
 Rapid”[190] which is a strong two-component epoxy that 

completely dries in just less than five minutes. 

 

Figure 3.10. Solutions for fixing the pins and tubing into the inlets holes. 
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Following the mentioned protocols for stabilizing the inlets pins into the holes, the new 

microfluidic multi-layer devices are fabricated without any of the previous problems 

(neither collapsing, nor thickness issue, nor removing the inlets pins and tubing). 

Therefore, the experiments are carried out all over again using the new devices and the 

experiments are tested as previously explained i.e. trying to generate the microdroplets in a 

multi-layer microfluidic device having water and FC-40 oil as the dispersed and continuous 

phase. The tip is that initially the whole volume of the microchannels of the device is filled 

with oil phase for the better result and then the water is started to be injected using a 

syringe pump. The flow rate of two pumps is manipulated separately in order to achieve the 

situation in which the droplet generation happens. The essential point is that the flow rate 

of continuous phase is always higher than that of dispersed phase; otherwise there will be 

impossible for the droplets to form. 

3.5.4 Back Pressure and Alternative Methods 

The two pumps and desired syringes are checked prior to connection to the device ensuring 

there is no problem before the fluid enters the device. The microchannels are thoroughly 

filled with oil while the pump for water is fully regulated and temporarily paused. Once the 

system is stable, the pump for water is initiated and water enters the desired microchannels 

and passes through until reaches the flow-focusing area and enters the orifice. At there, due 

to the shear forces between two phases the droplets form. Therefore, the ratio of the flow 

rates is a critical parameter in this regard. 

Given all the mentioned criteria and instructions for the experiments and despite of 

fabrication of the multi-layer device according to the latest defined protocol (with 

stabilized pins and tubing), a new problem arises in the experiment when all the channels 

are filled with oil and the pump for water is initiated! Unlike what is expected, there is no 

water flowing into the inlet and microchannel! The first scenario is this regard is the 

blockage within the inlet; however, it is soon rejected by replicating the experiment 

iteration with the same specifications. The next and the most probable hypothesis is the 

back pressure issue which avoids water to flow in. The problem may happen due to the 
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significantly long length of the microchannels relative to theirs small height. Therefore 

applying some remarkable modifications to the designed layout of main chip seems 

necessary. 

To this end, as the first step two new masters are fabricated out of the same photomasks 

(for both main chip and bottom layer) with the microchannels height of 50 μm that is two 

times larger than the previous ones. The microfluidic device fabricated out of these new 

masters with larger height also shows not very significant and promising improvement in 

terms of flowing water into the device. Further, as the second alternative, the same layout is 

actually used for the main chip; however, with the channels enlarged in width for 1.6 times. 

This method requires photomask preparation and master fabrication as well and provides a 

lower ratio of length to width of the microchannels; however, the problem with water 

flowing is not resolved in the microfluidic device fabricated as the result of these new 

layouts as well. 

And as the third option, the serpentines in the path of water microchannels is considered as 

an unnecessary element taking into account the current circumstances of the experiments. 

Therefore, they might be reduced or even totally eliminated so that the distance which 

water flow should travel from inlet to the flow-focusing section significantly decreases. 

Applying this modification leads to two new designs with short- and no-serpentine as is 

illustrated in Figure 3.11 (a) and (b). This is supposed to facilitate the situation with back 

pressure. Moreover, in order to split down the back pressure, a new set of layout is drawn 

in which the main water channel splits into four channels either fully symmetric, or semi-

symmetric right after the main water inlet as shown in Figure 3.11 (c) and (d). 

These all new layouts are subject to photomask imprint and consequently master 

fabrication prior to be able to caste PDMS device against them. These masters might be 

also fabricated for the height of either 25 μm or 50 μm; however, in order to be on the safe 

side, the height of 50 μm is selected for the masters. Nevertheless, the PDMS devices 

fabricated out of the main chip with no serpentine as well as min chip with symmetric 

splitter are experimentally tested where not that much improved manner is observed in 

terms of water flow! Though, increasing the flow rates, a weak droplet generation 
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phenomenon happens within the microfluidic device, but it is not the symmetric and 

expected desired high-throughput process. 

 

Figure 3.11. New drawn layouts aiming to solve the problem with back pressure. 

Main chip with (a) short serpentine and (b) no serpentine, and using (c) fully 

symmetric and (d) semi-symmetric splitter at main water channel of main chip. 

3.6 Exploitation of a 3D Printer 

Considering the difficulties and drawbacks with handling of the PDMS devices as well as 

long time required for some fundamental and basic microfabrication processes, 

incorporation of the utilization of a 3D printer into the microfluidic fabrication and 

microfluidic device preparation is a highly promising platform. The 3D printer has been 
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extensively used in different industries mostly to manufacture the design prototypes; 

however, the exploitation of a 3D printer in for microfluidic applications is a relatively 

emerging issue providing large numbers of opportunity within microfluidic 

technology.[191-194] 

As the matter of fact, incorporation of a 3D printer into the fabrication process might lead 

to the better and perhaps easier methods. Therefore, two different tries with the objective of 

utilizing 3D printer might be carried out that is either three-dimensional printing of a 3D 

designed holding frame for the previously fabricated PDMS device or more interestingly 

three-dimensional printing of a whole microfluidic device designed in 3D including all the 

microchannels and tiny features. 

3.6.1 3D Holding Frame 

In order to solve the problem with instability of the inlets pins as well as the drawback with 

back pressure, a sort of holding frame might be used to fix the inlets stronger. To this end, 

exploitation of a 3D printer may bring a useful alternative. Thus, a high-definition 3D 

printer so-called “ProJet™ HD 3000” is utilized.[195] Noteworthy the aforementioned 3D 

printer is capable of proper printing of the straight features and straight microchannels with 

the precision of down to about 100-150 µm. Also, the twisty and curved microchannels 

with the precision of down to around 200 µm are likely to be printed out properly and 

completely. 

As the first try, a holding frame is designed in three-dimensional domain in order to further 

contain the previously fabricated multi-layer PDMS device. To that end, the CAD drawing 

files for main chip (which is the upper chip) is considered and the positions of the inputs 

are precisely taken into account for the accurate design of the holding frame. Then, two 

slightly different designs for the holding frames are drawn in which one of them has fixed 

bars and another moveable bars (as shown in Figure 3.12). Moreover, in order to ensure the 

positions of inlets of the PDMS device are punched properly and are exactly at the 

corresponding positions of the predicted places at the bars of the holding frames, some 
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assisting sheets are also designed and fabricated by 3D printer what could be used for 

cutting the PDMS slab after curing and prior to bonding (as illustrated in Figure 3.13 (b)). 

 

Figure 3.12. Designs for a holding frame to be printed out by a 3D printer. 

In addition, a special type of fitting is designed to enhance the stability of the inlets in 

which three holes are located next each other including the main inlet hole in the middle 

and two smaller holes in the sides. The two smaller holes are internally connected and have 

surrounded the main hole to which the tubing is inserted. Another class of PDMS that 

Sylgard-184
®
 is applied for this purpose which has more hardness after curing and is black 

in color. This PDMS is also available as a two-component kit so-called Sylgard-170
®
[196] 

which is used to fill the two sided holes completely. This PDMS is prepared by mixing the 

two components with the same quantity for prepolymer and curing agent and before usage; 

it should be degassed like Sylgard-184
®
. The two sided holes are connected and have 

surrounded the main inlet hole in which the tubing is previously placed. Then, they are 

filled with prepared Sylgard-170
®
 thoroughly and subsequently the PDMS should be cured 

in the oven; however, it needs shorter time for curing in comparison with Sylgard-184
®
. 

Figure 3.13 (a) depicts a simple fitting block and an enhanced fitting module to be placed 

over the bars of the holding frame. 
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Figure 3.13. Designs for (a) fitting to be installed on the bars of the holding frame, and 

(b) measuring sheets to cut the PDMS slabs according to the hoding frame structure. 

A few different types of holding frames are designed and tested until finally the best design 

which has the moveable bars is taken for the experiment investigations. A small problem 

observed with the tiny tail of the fitting (as shown in Figure 3.13 (a)) so that due to the 

small diameter, they are very likely to break off while installing on the PDMS device 

(illustrated in Appendix VIII (c)). To that end, their outer diameter might be designed to be 

larger and obviously the diameter of the punched holes in the PDMS device should be 

wider accordingly. Figure 3.14 shows a 3D printed holding frame in which the multi-layer 

PDMS device has been installed for the experiments. 

 

Figure 3.14. A 3D printed holding frame alone as well as with PDMS device installed. 
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The primary results out of this method demonstrate a promising future for application of 

these kinds of holding frames; however, due to the lack of time they could not be 

investigated and experimentally tested extensively. 

3.6.2 3D Microfluidic Device 

Another application of a 3D printer is to go even beyond this and design a whole 

microfluidic device in three-dimensional domain and print the whole device in 3D. To that 

end, both designs of the main chip and the bottom layer are applied to generate a new 

three-dimensional design of the entire microfluidic device. The 3D design is drawn in 

AutoCAD
®
 and converted to the appropriate format which is readable by the 3D printer 

(that is a “.stl” file). 

Noteworthy that due to the resolution of the 3D printer, the small features of the design 

such as the microchannels that are 50, 80 and 100 µm as well as the orifice geometry with 

the entrance width of 40 µm are likely to be printed uncompleted or even damaged and 

corrupted; therefore, all the tiny geometric sizes like the mentioned ones are resized and 

scaled-up for three times. Thus, the corresponding microchannels will have the width as 

large as 150, 240, and 300 µm respectively and the orifice entrance will be 120 µm wide. 

Once the three-dimensional design is fully drawn and saved according to the desired 

format, it could be sent further to be printed by 3D printer.  

Required time for the printing of a 3D printed device varies according to the size, 

complexity and the tiny features of the design. In this case, printing every one of the 3D 

microfluidic device takes around 8-10 hours. Adding the required time for post-processing 

such as cleaning, polishing up and more importantly, removing the wax from the engraved 

features of the printed device, will lead to the time of about one day per every printing, 

which still far less than corresponding time required for the fabrication of a microfluidic 

device through photolithography mask preparation, master fabrication, and PDMS device 

fabrication with bonding, post treatment and other related tasks. Therefore, this method 

could be potentially a suitable alternative for fabrication of the microfluidic device; though 

it is subject to limitation of material, size and also cost. Figure 3.15 represents the complete 
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3D design for the desired microfluidic device drawn utilizing AutoCAD
®
 to be sent 

forward to a 3D printer. 

 

Figure 3.15. A 3D design of a multi-layer microfluidic device drawn by AutoCAD
®
 to 

be printed by a 3D printer. 

Unsurprisingly, the first few tries out of the 3D printer are semi-damaged with missing or 

improperly printed microchannels. Manipulating the geometries of the microchannels and 

design as explained before, the proper dimensions and geometry is figured out. Moreover, 

for more stability of the inlets and also to prevent the licking at the inlets, the same fitting 

design as shown in Figure 3.13 (a) is integrated into the 3D design on the upper part of the 

inlets so that the tubing might be further inserted and fixed by applying Sylgard-170
®

 into 

the sided holes. 

However, another key issue in this regard is removing the wax from the printed design. 

Since in this case, there are many long and relatively narrow microchannels particularly in 

the upper section of the design (corresponding to the main chip of the microfluidic device), 
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the process of removing wax becomes very vital; otherwise, remaining a little amount of 

wax inside the device might cause the printed device would be inapplicable. This process is 

normally accomplished by sonication. Thus, the printed device is placed into a sonicator 

bath for a few hours until the wax would be completely removed from the microchannels. 

It could be checked by a stereoscope time by time. Once the process of removing wax is 

completely fulfilled, the tubing may be installed into the inlets holes and fixed by applying 

Sylgard-170
®
 around that and obviously curing afterwards. After that, the 3D printed 

device might be used for the experiments as Figure 3.16 represents a sample of 3D printed 

device before and during the experiments. 

 

Figure 3.16. A 3D printed microfluidic device alone, with installed tubing and during 

experiment with colorful fluids. 
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The only small drawback in this regard is capturing inside the printed module since due to 

the used material for printing, the surface as well as whole device is not transparent. 

Although, applying the polishing process on the surface the transparency will be enhanced, 

it is not completely sufficient for imaging. To this end, the solution is to apply a strong 

polishing process on the surface or alternatively, image the microdroplets off chip so that 

the microdroplets are generated inside the 3D printed microfluidic device and then leave 

the device from the outlet and pas through a transparent capillary where they could be 

captured. Also, adding dye in the fluids (particularly in the continuous phase) will lead to 

be easier distinguishable as well as generating more elegant images. Due to the lack of 

time, this method is also left for future researchers to be further and more extensively 

investigated. 
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4 SIMULATION 

The manipulation of droplets in microfluidic channels is an immensely useful technological 

platform for applications in many scientific fields such as biology, biomedical studies, 

chemical synthesis and drug discovery. There have been many investigations 

experimentally researching the process of droplet generation in a microfluidic device in 

terms of the role of geometries [197], the effect of viscosities [198] and the influence of 

flow-rates [199] on droplet formation. However, the experimental and empirical researches 

are usually subject to spend much amount of time, efforts and facilities as well as they 

typically undergo a high chance of failure particularly at the initial stages. Therefore a 

numerical study of microdroplet generation can play a crucial role in providing a model for 

predicting the effect of different parameters on a droplet generation module. There are 

many different numerical studies carried out dealing with the field of droplet 

formation.[200-204] These models may be able to forecast the performance of a module 

precisely in terms of droplet size and frequency, as well as the functionality of the entire 

system. Moreover, this will lead to a better understanding of the phenomenon of droplet 

generation.[201, 205, 206]  

Thus, a reliable simulation may be a suitable method in order to reduce the required time 

for achievement of the optimized characteristics of the systems also to forecast the 

consequence of modifications in the process. In this work, the effect of flow rates of both 

phases and their ratio on the size of generated droplets is investigated. The simulations are 

carried out utilizing a well-known specialized software for various engineering fields 

including computational fluid dynamics (CFD) so-called COMSOL Multiphysics
®

 

(hereinafter referred to as only COMSOL
®

). This software takes advantage of an enhanced 

library specifically and solely to model and simulate the droplet formation systems. 

4.1 Geometry and Initial Data Description 

Generally, the simulation of droplet breakup in COMSOL
®
 is a complicated and to some 

extents, difficult process. Thus, the aim of this section is firstly to obtain the right 
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procedure for simulation of droplet generation by COMSOL. And secondly, to completely 

simulate a specific flow-focusing droplet generator as well as investigate the effect of input 

velocities ratio on droplet size in a microfluidic device. To this end, a typical flow-focusing 

device which is shown in Figure 4.1 illustrating the geometry dimensions and 

computational mesh is taken as the case. As it might be observed on the figure as well, the 

diameter of the input channels for both phases (continuous and dispersed) is the same and 

equal to 50 µm. Both phases enter a 30 µm wide orifice and pass through an expanding 

area where the droplets are formed due to the shear force which is 200 µm long. Finally, 

the fluids move along a post-orifice channel which is 70 µm in width and 340 µm in length. 

Although in the real device, the length of channels are significantly longer, in the 

simulation they are cut into the shortest possible length to reduce the required time for the 

software to solve the simulations. 

 

Figure 4.1. The geometry dimensions and computational mesh of the used flow-

focusing device for the simulations. 

The same as the experimental parts, FC-40 and water are used in the simulation as the 

continuous and dispersed phase, respectively. Water is already defined among the available 

materials of COMSOL
®
; however, FC-40 is not available in the material library of 

COMSOL
®
; thus, is required to be defined manually. Definition of a new material in 

COMSOL
®
 can be accomplished through manually defining the density and dynamic 

viscosity of due material. 
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4.2 Carry Out the Simulations 

In this work, the process of droplet generation using water as the dispersed phase and FC-

40 oil as the continuous phase in a microfluidic device is numerically investigated. In 

particular, COMSOL Multiphysics
®
 version of 4.3a is utilized. In fact, the simulations are 

accomplished within the module of “Microfluidics” and in particular, the library of 

“Droplet_Breakup”. All the simulations are carried out in a two dimensional domain 

through a flow-focusing droplet generator which is illustrated in Figure 4.1 along with the 

geometric dimensions and the computational mesh. In fact, the geometry is firstly designed 

and drawn in AutoCAD
®

 and is further simply imported into COMSOL
®
. Also, in order to 

be further able to define two different phases (materials), the design should be apparently 

divided into two compartments. To that end, an extra line is drawn in the channel of 

dispersed phase (water) which causes the flow-focusing design would be divided into two 

separated compartments. However, in the section of physics, this separating line is defined 

as the initial interface at where two phases start to get in contact to each other. Over time, 

this interface deforms and bends along the axis toward the orifice at where the formation of 

droplets begins. 

Initially the simulations are run through normal mesh to obtain the result faster. Once the 

proper parameters for droplet generation are determined, the iteration is carried out through 

fine mesh to achieve more accurate and reliable results. In terms of study mode, all the 

simulation runs are defined to be “time dependent” and to have a better sense of the actual 

experiment and also in order to minimize the required time for computing the simulation, 

each run is accomplished over a very short period of time i.e. 0 to 0.01 second, with the 

time span of 0.0005 second. 

The simulations are fulfilled through the physics of “laminar two-phase flow, Level set” 

with the channel walls specified as wetted. In order to define the walls as wetted walls, the 

key parameter to define is the contact angle to which the droplet generation system is so 

sensitive and dependent. To that end, having the typical range for contact angle extracted 

from literature review and also an extensive trial and error through much iteration, finally 
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the optimum contact angle between water and FC-40 oil for droplet generation is 

determined to be 0.349 radian.  

4.3 Simulation Results 

The simulation tries are carried out through two different categories, one with a varying oil 

velocity at constant water velocity and the other with a constant oil velocity and varying 

water velocity taking into account that the velocity ratios are the same in both cases. And 

the effect of the velocity ratio between the aqueous and oil phases on droplet size was 

studied using two sets of simulations. Initially, running a few iterations, the applicable 

range for the velocity of phases at which the droplet formation takes place is determined 

and different ratios within the determined range are considered as the desired velocity ratio 

for each set of simulation. 

For the first set of simulations, the oil inlet velocity is varied between 0.0449 m/s to 0.36 

m/s in eight steps while the water inlet velocity is kept constant at 0.04 m/s giving the 

water to oil velocity ratio (Vw/Vo) of 0.11, 0.22, 0.33, 0.44, 0.44, 0.55, 0.66, 0.77, and 

0.88. However, it is observed that there is no droplet generation phenomenon taking place 

in the first two ratios (0.11 and 0.22); therefore, these two ratios are left out of the 

applicable ratios and only the remaining six ratios are taken for the actual simulation. 

Therefore, the oil inlet velocity is varied between 0.0449 m/s to 0.12 m/s and the applicable 

ratios are from 0.33 to 0.88. 

Since software COMSOL
®

 is not capable of parallelizing the simulations, each simulation 

is run separately and averagely takes a couple of hours depending on the mesh size and also 

the configurations of the computer on which the computing is accomplished. Finally, all 

the six simulations for the first set (that is called constant water velocity) are successfully 

accomplished and droplet generation is clearly observed in all of them. With the same 

water velocity of 0.04 m/s, all of the six results might be collected together and compared 

to each other. Figure 4.2 represents the simulation results of this set of simulations. As 

expected, droplet formation phenomenon occurs in all of them. Moreover, given the same 
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water velocity (as the dispersed phase), the size of generated droplets decrease by 

increasing the oil velocity (as the continuous phase). 

 

Figure 4.2. Simulation results for constant water velocity. Vw and Vo denote water 

and oil input velocities respectively. 

For the second set of simulations which is called constant oil velocity, also the same 

velocity ratios as for the first set are applied. In them, the six ratio of 0.33 to 0.88 are used 

when the oil inlet velocity is held constant at 0.09 m/s; and consequently, the water inlet 

velocity is varied between 0.03 m/s and 0.08 m/s in six stages. Figure 4.3 depicts all the 

simulations in this set. As it might be seen from the figure, droplet sizes are increasing by 



74 
 

increasing the water input velocity at constant oil velocity at 0.09 m/s and this is what is 

expected from any flow-focusing device in terms of droplet generation. 

 

Figure 4.3. Simulation results for constant oil velocity. Vw and Vo denote water and 

oil input velocities respectively. 

The obtained results out of these two sets may be compared to each other; thus, the size of 

generated droplets must be measured. To that end, mean droplets size is measured based on 

3-4 measurements in each simulation case and the standard deviation is also calculated. In 

order to achieve a comparative diagram, the results of both sets of simulations are plotted 

on a same graph in which the droplets size is plotted with respect to water to oil velocity 
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ratio (Vw/Vo). Figure 4.4 represents the drawn graph indicating the mean size of generated 

droplets with respect to the ratio of input velocities. 

 

Figure 4.4. Droplets size (dp) based on the ratio of input velocities. 

The variation in the sizes of generated droplets and consequently different standard 

deviation in each simulation stems from the measuring method and also the accuracy in 

measuring the sizes. 

Both sets of simulations indicate similar droplet sizes for same ratio of input velocities.  In 

other words, the results demonstrate that the average sizes for the droplets appear in the 

closely same position for each velocity ratio. Therefore, as the result it can be concluded 

that the velocity ratio of two phases is the key factor determining the size of the droplets. It 

can be also claimed that the velocity of either phase has nothing to do with the size of 
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generated droplets, but the ratio between them is the parameter which determines the 

droplets size. 

To investigate this issue further, additional simulations with different oil and water input 

velocity ranges might be accomplished to proof the idea with more precision. Moreover, 

this work could be extended to investigate the polydispersity of droplets and the effect of 

varying the device geometry, with for example different expansion angles near the nozzle. 

Also, generating the experimental results for a microfluidic device with the same geometry 

as of the one used in simulations and comparison to the simulation results can technically 

verify the obtained conclusion. 
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5 DESIGN OF A TAYLOR-COUETTE DEVICE FOR DROPLET 

GENERATION 

5.1 Principles of the Taylor-Couette Flow Device 

As it was explained earlier in the section  2.2.4 the second approach to generate the 

microdroplets is to utilize a concentric double-cylinder undergoing Taylor-Couette flow 

pattern. As the matter of fact, the main aspect of this device is based on the rotation. 

Regarding its principle, the device contains two concentric cylinders located one into 

another that depending on their orientation, they may be categorized as horizontal or 

vertical device.[176] A sample of vertical device has been schematically illustrated in 

Figure 2.14. 

The outer cylinder, which is typically made of a transparent substance, is fixed and the 

inner one that is normally made of steel is rotatable. The gap area between two cylinders, 

that is the actual working area, is initially filled with the fluid (that is actually the 

continuous phase) and subsequently when the gap is thoroughly filled with continuous 

phase, the inner cylinder starts rotating to reach the desired rotational speed. The desired 

rotational speed is determined according to the conditions of the system and the types of 

fluids used to generate the droplets. During the rotation of the inner cylinder, the fluid 

filling the gap undergoes the Taylor-Couette flow pattern. Once the inner cylinder reached 

the desired rotational speed, the second fluid (that is the disperse phase) is injected to the 

gap through a separate inlet and due to the immiscibility of the phases, the second fluids 

appears as the droplets into the first fluids. According to the pattern of the pattern of the 

flow in the device (i.e. Taylor-Couette flow) the droplets are transferred along the cylinders 

axis moving forward toward the outlet of the device. 

Depending on the dimensions and geometries of the device, in particular, the gap area, the 

rotational speed of the inner cylinder and the flow rate of the dispersed phase (that is 

injected later) the size and generation rate of the droplets may vary. The main deal in 

designing a Taylor-Couette flow device to determine the optimum dimensions of the 
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cylinder device according the purpose and desired droplet specifications. In this approach, 

the actual size is not as of high importance, but the throughput of the system and the 

monodispersity of the generated droplets are the main goal parameters which are 

investigated. 

5.2 Set-up Design 

In this work, a set-up is needed to be designed and constructed as illustrated in Figure 5.1 

which consists of a cylinder device, two pumps and a motor. The cylinder device that is 

actually a Taylor-Couette flow device is a horizontal type which consists of two concentric 

cylinders. The whole assembly of the two cylinders device is located inside another larger 

concentric cylinder box containing a solution circulating around the Taylor-Couette flow 

device to keep the working temperature constant for the device. 

 

Figure 5.1. Schematice view of set-up for Taylor-Couette device.[95] 

The experimental set-up to be designed and constructed will have the following 

specifications: 

 The set-up consists of three main equipment parts including two pumps, one motor, 

and a double cylinder device. 

 The outer cylinder is fixed and the inner one is driven. 
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 Two immiscible liquids are used as the fluids for droplet generation. One of them is 

water and another is oil. 

 The gap is initially filled with and inner cylinder is accelerated from rest to reach 

the desired speed. Then, the inlet pump is started and the droplets are formed. 

 The entire assembly of double-cylinder is placed inside a transparent box 

containing a cooling substance circulating around the double-cylinder to keep the 

temperature constant. 

Pumps and motor may be carefully selected and ordered from the specialized companies; 

however, the specific double-cylinder device is not likely to be commercially available; 

thus, it has to be fully designed and subsequently constructed by technicians in the 

workshops (in this case by the technicians at the central workshop of ETH Zurich, campus 

of Honggerberg). To purchase the most appropriate pumps and motor, a comprehensive 

online search is fulfilled followed by establishing an extensive communication with the 

companies through submitting inquiry to about 40 companies for electric motor as well as 

about 25 companies for pumps. Eventually, the most appropriate peristaltic pumps and 

electric motor are ordered and purchased as explained through the following sections 

separately. 

5.2.1 Pumps 

To inject the two fluids into the system, two similar pumps are needed. Since high 

precision is required, and also regarding that the fluids to be pumped are clean fluids, the 

peristaltic pumps are selected as the most appropriate options because in that case the cross 

contamination with the components of the exposed pump does not occur. Therefore, two 

peristaltic pumps are needed. Since these pumps are supposed to operate under a very low 

flow rates about 10 ml/min, they should be very accurate and precise. Also, in order to 

minimize the human error and increase the precision, they are recommended to be 

controllable by a LabVIEW program. Also, due to the small amount of fluids to be pumped 

and the scale of the system, the outlet pressure of the pump will not be more than 1 bar. 
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Eventually, two peristaltic pumps are purchased which can pump the fluids with the with 

low flow rate down to around 10 ml/min. In fact, the main specifications of the purchased 

pumps are enlisted below: 

 Manufacturing company: Lambda Instrument GmbH, Switzerland. 

 Effective applicable flow rate range: 0 - 600 ml/h (0 - 10 ml/min). 

 Both pumps are capable of being programmed and controlled by a PC/LABVIEW 

or also alternatively they might be operated in ON/OFF mode 

 In addition, a RS-interface for PC control as well as a RS-connection kit is also 

included. 

Figure 5.2 illustrates one of the two purchased identical peristaltic pumps at front and up 

view. 

 

Figure 5.2. Purchased peristaltic pumps from front and up view. 
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Also, Appendix IX represents the purchased peristaltic pumps as well as all their 

accessories including RS-interface, RS-connection kit, adaptors and tubing. 

5.2.2 Motor 

In order to drive the inner cylinder an electric motor is needed. Also, to have more 

possibilities to operate the motor at different speeds, the motor is decided to be a variable 

speed motor. The same as the pumps, the motor must be also capable of being controlled 

and programmed by a PC/LabVIEW in order to comply with the needs of a high precision 

and sensitive system. Eventually a servo motor, as represented in Figure 5.3, is ordered and 

purchased as well as the accessories (refer to Appendix X). 

 

Figure 5.3. Purchased servo motor and the copley control xenus servo 

drive/controller. 

The detailed specifications of the purchased servo motor are as follows: 

 Manufacturing company: MotionUSA, Ohio, USA. 
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 Applicable range for rotational speed: up to 5000 rpm. 

 The motor is able to put out a torque of about 0.45 Nm (231 Watts) at the rotational 

speed of 5000 rpm. 

 The servo motor is capable of being controlled and programmed by a PC/LabVIEW 

thanks to the interface and LabVIEW program. 

 A Copley Control Xenus Servo Drive/Controller is also included for PC/LabVIEW 

control. 

5.2.3 Cylinders (Taylor-Couette Device) 

The third and the most important part of the set-up is double-cylinder device what has to be 

designed and further constructed. In order to construct the whole assembly including 

double-cylinder and the transparent box containing the cooling fluid, a proper, 

comprehensive and detailed design of the device is required. To that end, also the 

specifications of pumps and motor that are supposed to be mounted to the device as well as 

construction limitations and considerations should be taken into account. Therefore, the 

specifications of the device might be enlisted as below:  

 Fluidic fittings for the liquid input and output must be super flangeless 1/16" 

fittings such as Upchurch Scientific
®
[207]. The outlet should be 1/4" tubing, again 

with a standard of Upchurch Scientific
®
 low pressure fitting. 

 The inner cylinder is made of stainless-steel and is rotatable whereas the outer 

cylinder, that is actually a fixed cylinder, is made of a transparent polymer like PC 

or PMMA. 

 The entire assembly of double-cylinder is surrounded by a transparent cylinder box, 

which contains a circulating constant temperature water-ethylene glycol bath to 

keep the temperature of process constant. 
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 Pressure at outlet of the double-cylinder is expected to be less than three bars. 

 Fluids to be used for the experiments are water and FC-40 oil. 

All the specifications for the construction are determined except for the dimensions of the 

device, in particular, the radius of the inner cylinder, the gap width between the two 

cylinders and the length of the device. According to the desired application of the device, 

these may be optimized. 

5.3 Optimization of the Cylinders Device 

In order to finalize the design and make it ready to send further for the construction, all the 

specifications including the precise dimensions are required. The dimensions must be 

accurately and carefully optimized. The most critical part of optimization is to determine 

the optimum radius of the inner cylinder as well as the gap width. To this end, the 

correlation so-called Haas correlation [95, 176, 208] (equation (5)), which relates the mean 

droplet diameter to the surface tension, is applied to carry out the further optimization 

computations. 
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where dp (m) is the mean droplet diameter and NWe and NRe are Weber and azimuthal 
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where D (m) is hydraulic diameter of the Taylor-Couette cell that is equal to two times of 

gap width, µp (Pa.s) is viscosity of disperse phase, ri and ro (m) stand for inner and outer 

cylinder radius respectively, ρc (kg/m
3
) is density of continuous phase, and Ωi (rad/s) stands 

for rotational speed. 

Then, utilizing MATLAB R2013a
®
, the Haas correlation is optimized. To that end, some 

initial parameters are needed to fulfill the optimization process, which are mean droplet 

diameter, rotational speed and interfacial surface tension. The mean droplet diameter is 

assumed 70 µm that is 0.00007 m and the rotational speed should be in the range of 0 to 

5000 rpm; thus, to be in the safe side, halfway and three-fourths of the speed range that are 

2500 and 3750 rpm (equal to 41.67 and 62.50 rad/s). For interfacial surface tension, since 

adding the surfactant is very likely to stabilize the droplets and avoid merging, two values 

is considered that stand for interfacial surface tension of oil with and without surfactant 

with water. 

Table 5.1. Interfacial surface tension of FC-40 oil with and without surfactant.[209] 

Dispersed Phase Continuous Phase σ (N/m) 

FC-40 Water 0.05206 

FC-40 with 5% EA Water 0.00285 

Then to fulfill the optimization, different values for the radius of inner cylinder are 

considered and the calculations are accomplished to find the optimum value for gap width 

and inner cylinder radius. The reasonable range for the inner cylinder radius is considered 

to be in the range of 1 to 10 cm. And regarding the construction limitations for the gap 

width, the reasonable and accepted range for the gap width is considered as 1.0 to 2.0 mm. 

Finally, the optimization process is accomplished and a couple of sets of optimum results 

are obtained that are required to be screened to select the most appropriate one. The initial 

sets of obtained data are represented at Appendix XI. 
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However, due to the limitation of the size of available PMMA tubes (which is supposed to 

be the outer cylinder) some modifications are necessary. The available standard 

measurements for PMMA tube, close to the appropriate range for this work, are 32 

and 34 mm in inner diameter. To this end, some modifications are needed to be 

applied to the optimization to obtain new set of optimum result meeting one of the 

available standard measurements. Thus, utilizing the MATLAB R2013a
® coding 

again, a few new sets of potentially acceptable sets of results are obtained taking 

into account the inner radius of PMMA tube to match to 32 or 34 mm as illustrated 

in Table 5.2. 

Table 5.2. New sets of acceptable dimensions for the cylinder device.  

Droplet size (µm) 
Radius of inner 

cylinder, S-S (mm) 
Gap width (mm) 

Inner radius of 

PMMA Tube (mm) 

70 30.35 1.636 31.986 

70 30.4 1.644 32.044 

70 32.1 1.944 34.044 

70 32.0 1.925 33.925 

Finally, due to the large gap width for the last two sets of results at Table 5.2 

(corresponding to the PMMA tube size of 34 mm), the last two sets are eliminated from the 

choices and between the first two, the first set of result (gap width of 1.636 mm) is selected 

regarding that the obtained inner radius of PMMA tube is slightly smaller than 32 mm 

(31.986 mm). 

And regarding the length of cylinders, there is no specific correlation for calculation of the 

exact length; however, the ratio of cylinder length to the gap width, that is so-called aspect 

ratio, is recommended to be larger than 10 to avoid length effects in the Taylor-Couette 
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device.[176, 177] In different investigations, the aspect ratio of 11.5 [176], 16 [177] and 

even 250 [95] have been reported. In this work, the aspect ratio is considered to be about 

150; therefore, the length of the cylinders is calculated to be 25 cm. 

Thus, the optimum dimensions for the double-cylinder (Taylor-Couette) device may be 

enlisted as: 

 Radius of inner cylinder: 30.35 mm, 

 Gap width: 1.636 mm, 

 Length of cylinders: 20 cm.  

Having these optimum dimensions, the double-cylinder device might be constructed by the 

technicians. 

5.4 Construction Procedure 

Once the optimization process is fulfilled and the optimum dimensions are determined, the 

cylinder device is constructed by the technicians at central workshop in ETH Zurich, 

campus of Honggerberg. To that end, a detailed 3D design of the device is needed. The 

design should comply with the limitations in the actual construction, as well as, the 

obtained precise dimensions for the device. Take for instance, due to the high rotational 

speed of the inner cylinder, a cooling system is vital and regarding the availability of the 

cooling system for the double-cylinder device to keep the temperature constant, these two 

cooling systems are combined. In a simple word, the cooling system for the double-

cylinder device is designed so that the bath of cooling agent would surround the bearing 

and sealing parts of the motor as well. And regarding the large amount of the fluid as well 

as its circulation possibility, it does not affect the performance of the cooling system of 

double-cylinder device. To this end, two different drawings are designed for the device 

with the slight deference in the inlet parts, in particular, in the angle of the inlet positions. 

Finally, the perpendicular angel is chosen as the best design and the design is completely 

fulfilled as depicted in Figure 5.4. 
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Figure 5.4. The final schematic design of the Taylor-Couette device approved for the 

construction. 

Also, the more detailed view of the design has been illustrated in Figure 5.5. 

 

Figure 5.5. The detailed view of the final design for Taylor-Couette device. 
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Having the approved design, the device is constructed. To that end, some pieces such as the 

polymeric tube, bearings and sealing are directly ordered and purchased accordingly, in 

addition to some pieces like the connectors, metal discs and metal tubes that are fabricated 

in the workshop. In the end, all the fabricated and purchased items and pieces are 

assembled together to construct the actual device. All these parts are depicted in Appendix 

XII. 

This device is aimed to be used for the droplet generation using water and FC-40 oil as the 

two immiscible phases. In particular, the experiments will be carried out mainly focusing 

on the generation rate and the monodispersity of the generated droplets with less focus on 

the actual size of the droplets. Figure 5.6 represents the constructed desired Taylor-Couette 

device ready for the experimental tests. Moreover, Appendix XIII includes the 

supplementary pictures of the device. 

 

Figure 5.6. The constructed Taylor-Couette double-cylinder device ready to undergo 

the experiments. 
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6 CONCLUSION 

Due to the emerging applications of the microdroplets, this work has endeavored to achieve 

the best and functional methods capable of generating microdroplets of water in FC-40 oil 

in extremely high production rate (i.e. over a million droplets per second). To that end, 

various methods were investigated and finally a most suitable method was selected for 

replication which was fabrication of the microdroplets through a multi-layer module. 

Through the experiment investigations, the proper protocol for fabrication of a multi-layer 

PDMS device was recognized. Moreover, the optimum and correct design for a multi-array 

microfluidic module equipped with eight identical and simultaneous flow-focusing devices 

was obtained. Carrying out many different experimental attempts, a couple of major 

drawbacks and problems for fabrication of a multi-layer microfluidic device were 

identified what were resolved accordingly. 

In addition, the effective exploitation of a 3D printer for the direct fabrication of a multi-

layer microfluidic device from a three dimensional design was investigated. Subsequently, 

the proper design and configurations for fabricating a particular multi-layer microfluidic 

module by the 3D printer were successfully achieved. However, due to the lack of time, 

neither the PDMS multi-layer device (fabricated through the final troubleshot protocol), 

nor the 3D printed multi-layer module were not experimentally tested. 

Furthermore, modeling and simulation of a microfluidic device concentrating on the 

droplet generation phenomenon was also studied. Fulfilling that, the right procedure for the 

simulation of a droplet generation phenomenon utilizing the software COMSOL 

Multiphysics
®
 was studied and determined. In the following, the simulation of a particular 

flow-focusing droplet generator (as a sample) utilizing COMSOL Multiphysics
® 

was 

carried out, through which effect of the input velocities ratio on droplet size in the desired 

microfluidic device was numerically investigated. 

And finally, as an alternative method for the bulk generation of microdroplets, a double-

cylinder device was designed and carefully optimized. The designed and optimized device 



90 
 

was later mechanically constructed for the experimental tests. This device is supposed to be 

used for the experimental investigations further. 
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8 APPENDICES 

Appendix I: The four-stage layout design of the main chip 

 

 

Figure 8.1. The procedure for drawing the layout of main chip utilizing AutoCAD
®
 

through circular array command. (1) Drawing an entire sector of the design, (2) 

utilization of “polar array” command in AutoCAD
®
 and creating eight symmetric 

sectors making a whole circular device, (3) again utilization of “polar array” for 

serpentines and making four serpentine systems, and (4) adding remaining channels. 

 



Appendix II  

 

Appendix II: Width details of the initial main chip layout 

 

 

Figure 8.2. Detailed initial layout of the main chip indicating the width of every 

channel. 

 

 

 



 Appendix III 

 

Appendix III: Technical issues of the fabricated masters 

 
Figure 8.3. A closed-up view of the master for the main chip after first try of 

fabrication at showing the issues, fractionas and missing channels. 

 

Figure 8.4. A closed-up view of the master for the main chip after second try of 

fabrication showing the issues, fractionas and missing channels.  



Appendix IV 

Appendix IV: First fabricated multi-layer PDMS device 

In this module, a simple blank PDMS slab is used as the substrate and the entire three-layer 

PDMS device is bonded (stuck) against a glass slide. 

 

Figure 8.5. First fabricated three-layer device having the substrate of a PDMS slab.

  



Appendix V 

Appendix V: Filtration of the fluids prior to inject into the microfluidic device 

 

 

Figure 8.6. Filtration of the fluids: test operation and a sample of used filter. 

 

 

  



Appendix VI 

Appendix VI: High-speed camera apparatus and related sections 

 

 

Figure 8.7. High-speed camera apparatus and related belongings and sections. 

 

  



Appendix VII 

Appendix VII: Fabricated devices with fixed inlet pins and tubing 

 

 

Figure 8.8. Fabricated devices as the result of new protocols for fixing the inlet pins 

(a) applying uncured PDMS, and (b) applying glue and uncured PDMS over it. 

 

 



Appendix VIII 

Appendix VIII: 3D printed holding frame, belongings and species 

 

 

Figure 8.9. (a) Measuring assistant sheets for cutting the PDMS devices, (b) special 

fitting reinforced by Sylgard-170
®
 for a 3D printed holding frame, (c) a healthy and a 

damaged bar of a 3D printed holding frames, and (d) all the required pieces prior to 

installation of a PDMS device into a 3D printed holding frame.  

 

  



Appendix IX 

Appendix IX: Purchased peristaltic pumps along with all the accessories. 

 

Figure 8.10. Two purchased identical peristaltic pumps and their accessories. 



Appendix X 

Appendix X: Purchased servo motor as well as all the accessories. 

 

 

Figure 8.11. (a) The purchased servo motor with all the accessories, and (b) the motor 

from side and up view.  



Appendix XI 

Appendix XI: The initial results of optimization for the gap width and also inner cylinder 

radius. 

  

Table 8.1. The results of optimization for gap width where the cells marked with 

green and red indicate the acceptable and rejected set of results. 

dp 

(m) 

µp 

(Pa.S) 

µc 

(Pa.S) 

ρc 

(kg/m
3
) 

Ωi 

(rad/s) 

σ 

(N/m) 

ri 

(m) 

Gap width 

(mm) 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 41.67 0.05206 0.03 0.01 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 41.67 0.05206 0.05 0.03 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 41.67 0.05206 0.07 0.08 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 41.67 0.05206 0.09 0.17 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 41.67 0.00285 0.03 0.10 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 41.67 0.00285 0.05 0.51 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 41.67 0.00285 0.07 1.44 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 41.67 0.00285 0.09 3.13 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 62.50 0.05206 0.03 0.01 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 62.50 0.05206 0.05 0.07 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 62.50 0.05206 0.07 0.20 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 62.50 0.05206 0.09 0.43 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 62.50 0.00285 0.03 0.27 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 62.50 0.00285 0.05 1.30 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 62.50 0.00285 0.07 3.68 

0.00007 4.65 ∙ 10
3
 1.002 ∙ 10

3
 998.2 62.50 0.00285 0.09 7.98 

 



Appendix XII 

Appendix XII: All the pieces, parts and the accessories of the Taylor-Couette device prior 

to assembling. 

 

 

Figure 8.12. The parts of Taylor-Couette device ready for assembling. 

 

  



Appendix XIII 

Appendix XIII: The constructed Taylor-Couette double-cylinder device. 

 

 

Figure 8.13. The constructed optimized Taylor-Couette device for droplet generation. 


