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ABSTRACT 

EXPERIMENTAL AND COMPUTATIONAL ANALYSES OF A 

MICROFLUIDIC CHIP FABRICATED THROUGH COMPUTER NUMERICAL 

CONTROL MICROMILLING OF STRESSED POLYSTYRENE SHEETS 

Camille Leclerc      Advisor(s): 

University of Guelph, 2021     Dr. Christopher M. Collier 

 

The presented work describes a rapid microfluidic chip fabrication method utilizing the shrinking properties 

of stressed polystyrene sheets alongside the robust milling automation capabilities of a computerized 

numerical controller. The work described a rudimentary method to fabricate functional microfluidic chips 

within an hour and without the need of expensive laboratory equipment or a cleanroom environment. The 

corresponding research of this thesis determined the quantification of the geometrical shrinking properties 

of stressed polystyrene sheets based on geometrical features engraved onto the polymer substrate. An 

analysis of variance was performed, which provided empirical evidence that the shrinking properties of 

stressed polystyrene sheet differs based on the features engraved onto the polymer substrate. An image 

processing algorithm was developed and used to confirm the appropriate functionality of the fabricated 

microfluidic chips. The completed work highlights potential solutions towards overcoming the 

manufacturing challenges of microfluidic chips for widespread commercialization. 
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Chapter 1—Introduction 
 

"[It is] these little things that run the world"— E. O. Wilson [1] 

 

The Butterfly Effect refers to the idea of how a small event—such as the flap of a butterfly's wing—

is a catalyst to the formation of a hurricane or an other historic events [2]. Empirically, the butterfly 

effect refers to deterministic chaos i.e., Chaos Theory which describes how minute, or minuscule 

initial conditions applied to deterministic equations creates unpredictable behavior to the overall 

mathematical system [2]. In retrospect, Chaos Theory describes the importance at which the 

interactions between small and unforeseen factors amass to myriad phenomena that governs life. 

Thanks to the advancements in micron-scale technologies, the ability to observe, study, and 

determine the impact at which micro to nano-scale interactions convey at the macro scale is 

feasible—converting chaos into reason. However, manufacturing, and equivalent technological 

processes limit the feasibility and availability of providing micron-scale technologies at the 

commercial scale.  

This thesis identifies and addresses challenges in the widespread commercialization of 

microfluidic devices to the consumer market with respect to industrial scale fabrication. The work 

and literature presented provides a basepoint for readers and researchers to leverage whilst working 

towards the widespread commercialization of microfluidic devices. The remainder of this chapter 

will provide readers with a succinct overview of the impact and versatility of microfluidic devices 

in section 1.1.0, and the scope for the remainder of the work section 1.2.0. Elements of this thesis 

were first published in [Microfluidics and Nanofluidics, 25, 1-12, 2021] by Leclerc et al [3]. in 
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Springer Nature and reused here according to acceptable use, as indicated in the Springer Nature 

publication agreement. 

1.1.0 Context  

It takes dedication to convert well-established chemical and biological laboratory processes into 

minuscule systems. Inspired by Hagen-Poiseuille's equation, and the contributions made by many 

researchers (notably the silicone chemistry work by Frederick Kipping in 1899 [4]) at the forefront 

of miniaturization, Terry et al [5]. recorded the first "laboratory-on-a-chip" device. Following the 

foundational work on soft lithography conducted by Aumiller et al [6], group at Bell Laboratories, 

microfluidic research became a prosperous environment for scientific contributions [6], [7].  

Researchers of the late 20th century are now well equipped with technology to facilitate the 

transition of entire macro-scale analytical chemistry procedure to a micron-scale device, giving 

rise to microfluidic devices in academia [8], [9]. A visualization of the publications of scientific 

literature that consists of microsystem research amassed after Richard Feynman's historic lecture 

There's Plenty of Room at the Bottom [10], [11] (i.e., after 1959) can be observed in Fig. 1. The 

data shown in Fig.1 highlights an evident increase in research tailored towards micro-scale 

research confirming the prospect of microfluidic technology and research theorized by Berthier et 

al. [7]. We see that the terms 'microelectromechanical systems (MEMS)' and 'microsystems' 

emerge in the early 60s following Dr. Feynman's historic remarks. We see in more recent times 

the emergence of microfluidics as a subset of microsystems and MEMS. 

The field of microfluidics is attractive not only because of the benefits of miniaturizing large-scale 

equipment as a portable alternative in micron-scale. Microfluidic devices also provide other  
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Figure 1: Bibliometric analysis using Ei Compendex on April 19th, 2021 for scientific literature published between 

1960 to 2020 containing the keywords Microsystems, MEMS, and Microfluidics where a is the resulting bar graph 

consisting of all keywords, b is keywords Microsystems and MEMS, and c is the keyword Microfluidics 
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benefits, including excellent reagent economy, high sensitivity and throughput, low waste 

production, thorough control of analytes, and versatility in various disciplines of science [12]–

[14]. Despite the original focus of attention being towards the incorporation of continuous flow 

operation to miniaturize chemical analyses into microfluidic devices, the development of new fluid 

manipulation architectures have arisen between the late 1990s to 2010 and onwards [14]–[19].  

The rise of new architectures yielded technologies, including but not limited to, droplet based 

"digital" microfluidics [20]–[22], pneumatic valves [23], optofluidics [24]–[26], and paper-based 

microfluidics systems [14]–[19], [27]–[29]. Such digital microfluidic systems offer enhanced 

reconfiguration, allowing multiple applications on one microfluidic device. 

With a plethora of new architectures available—each having unique advantages and 

disadvantages—it comes as no surprise that the field of microfluidics has amalgamated various 

scientific disciplines. Microfluidic systems are now being explored in the food-agriculture sectors 

for the detection of impurities such as antibodies in milk or pathogens in consumable products 

[30]–[36]. The development of "soil-on-a-chip" which provide a method to observe the meticulous 

interactions between microorganisms, fauna, and flora, found within the soil [37]–[40], and there 

are applications of microfluidics for monitoring subsurface trap and treat processes [40], [41]. The 

field of medicine has proclaimed interest in incorporating microfluidic devices and the results were 

quite impactful. Microfluidic devices coined "organ-on-a-chip", or "point-of-care", devices that 

can detect malaria and cancer biomarkers in blood samples through simple continuous flow 

configurations are a result of the amalgamation of medicine and microfluidics [42]–[46]. 

Currently, microfluidic chips (MFCs) are also used in photonic applications for the development 

of adaptive lenses systems [24], [26], [47]–[50].  
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Based on the previously-stated myriad of microfluidic device applications, the ability for 

microfluidic systems to be incorporated in a variety of disciplines has inspired researchers to 

envision a future at which microfluidics usage is widespread amongst a variety of infrastructures 

and disciplines. The ability for widespread usage of microfluidic devices is no longer a question 

of application, but how is it going to be fabricated in a robust, inexpensive, and rapid manner (i.e., 

with high throughput). Although the scalability towards the micron-scale is a paramount benefit 

for microfluidic applications, high throughput in fabrication is also a fundamental need for 

widespread commercialization [16], [51]–[53].  

Researchers often use methods to fabricate the microfluidic chips that require intensive human 

intervention i.e., a substantial lack in automation [16], [51], [54]. Limitations regarding widespread 

use and commercialization of microfluidic systems encapsulate the present intensive need of 

precision, human intervention, and repeatability for fabrication at the micron scale [16], [51], [53], 

[54]. To supplement the acclimation of inadequate microfluidic device fabrication methods for 

widespread commercialization, the following chapter will analyse the present microfluidic chip 

fabrication methods and their associated challenges to feasibly incorporate into widespread 

commercialization.  

As described above, there is a great need for high-throughput, fast, automated fabrication methods 

for microfluidic chips. This thesis addresses this fundamental need.  
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1.2.0 Thesis Scope 
 

The following chapters of the thesis are described below. 

Chapter 2—Overview of Microfluidic Chip Fabrication Methods. This chapter consists of a 

literature review for readers to assess the current norms regarding the fabrication of microfluidic 

chip systems upon writing and publication of the presented thesis.  

Chapter 3—Combined Polystyrene and Computerized Numerical Control System for Rapid 

Prototyping of Microfluidic Chip Architectures. This chapter explores and discusses the 

quantification of the anisotropic ratios and findings of the polystyrene material published in a the 

peer reviewed journal article Microfluidics  and Nanofluidic [3].  

Chapter 4—Computer Image Processing Method to Quantify Fluid Volume. This chapter will be 

used to describe to the reader the MATLAB image processing algorithm used to assess the RGB 

values of pixels from inputted post flow pump microfluidic chip images.  

Chapter 5—Elaboration of the Statistical Analysis used for Correlation Estimations of Anisotropic 

Shrinking Ratios. This chapter will describe the statistical analysis used to estimate the correlation 

between the anisotropic ratio measured and the varying experimental conditions geometrical 

factors.  

Chapter 6—Conclusion and Future Work. This chapter will provide a conclusion to summarise 

the contributions of this thesis to society.  
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Chapter 2—Overview of Microfluidic Chip Fabrication Methods.  
 

2.1.0 Fabrication Methods  
 

Currently, the fabrication of microfluidic systems used by researchers are expensive, time 

consuming, and complex, thus limiting these methods for widespread commercialization purposes 

[16]. Automation and the resulting high throughput of microfluidic chips is a paramount 

requirements for widespread commercialization [16]. The following sections will explore common 

microfluidic device fabrication methods used by researchers and discuss their strengths and 

weaknesses in the context of feasibility for industrial scale fabrication and potential for widespread 

commercialization.  

2.1.1 Lithography-Based Fabrication Methods 
 

The common method of fabricating microfluidic chip systems in a laboratory environment are 

lithographic methods, more specifically those that use a polydimethylsiloxane (PDMS) elastomer 

substrate [16], [52]. Thanks to the elastomeric nature of PDMS, more specifically, its low surface 

energy, bonding properties towards itself or other materials, and optical properties; PDMS 

revolutionized the applications at which microfluidics can used for, including fabrication of 

microfluidic devices [16], [52].  

PDMS has become the "go-to" polymer backbone for microfluidic devices as it is inexpensive, 

optically accessible, biocompatible, and has ideal sealing properties [54]. Moulding procedures 

are relatively safe, and easy to learn in a research setting [54]. A common lithographic fabrication 

method is known as polymeric stamping—or equivalently called imprint lithography [16]. Imprint 

lithography is a method at which a polymer (e.g., PDMS) has been heated to it glass transition 
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temperature (Tg) is to be pressed against a heated stamp for upwards of 10 minutes (at a constant 

pressure) at which both the stamp and polymer sample are then cooled to lower the polymer 

substrates temperature below its Tg, and sequentially get ejected [16], [53]. For every cycle, the 

polymer substrate to be embossed and master mould  must be heated and cooled, resulting in time 

consuming thermal cycle that impedes its prolific use in mass production of microfluidic 

technologies [16].  

Imprint lithography outshines methods like soft lithography as the moulds used are generally not 

as brittle, allowing for the embossing of rigid polymers that would normally break more brittle 

moulds [54]. Imprint technology has seen its usage in mass production facilities (e.g., compact 

discs or "CDs") but have mostly been exchanged for injection moulding processes [16].  

The creation of the master moulds for lithographic fabrication methods is essential, as it is a staple 

component for the above imprint lithography system. A common method used to make master 

moulds are photoresist moulds with photolithography—SU-8 photoresist is commonly used [16], 

[51], [52]. The moulds to be fabricated in the case of photolithography methods require a pseudo 

mould in the context of light exposure that is coined as "masks", "photomasks" or "films" 

comprised of either silicone, chrome, quartz, or acetate [16], [52].  The design of the photomask 

to fabricate the mould can be developed using computer aided design (CAD) and are generally 

spin-coated on the appropriate mould interface [16], [52].  A photoresist  pattern and equivalent 

layer can be etched is using ultraviolet light (for the case of chrome and quartz) which attain 

resolutions in the nanoscale or using a high resolution 2400 dpi inkjet printer (for the case of 

acetate) but limit the resolution to low micron scale (> 10 µm) [16], [51], [52]. Once the mould is 

created, it may be used for imprint lithography, or the most prolifically used method, soft 
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lithography [51], [54]. Although soft lithography has been stated in literature to not need a 

cleanroom environment, the creation of the moulds i.e., the photolithography step are highly 

sensitive to particulate matter pollution—and consequently require a cleanroom environment [51], 

[52].  

Traditional photolithography mould making methods needs intensive microelectronic devices and 

equivalent expertise to use which prolongs the necessary time to fabricate a single microfluidic 

chip structure [16], [52], [54]. Additionally, with respect to overall capital cost of 

photolithography, photomask materials are relatively expensive, and cleanroom environments are 

relatively costly to build and maintain in a laboratory setting—and is therefore additionally 

expensive to attain cleanroom environment at the industrial scale [16], [54]. Soft lithography (also 

known as "Replica Moulding") utilizes similar moulds, photomasks, or stamps that are generally 

fabricated by photolithography to specifically mould elastomeric polymer substrates—such as 

PDMS—with a wanted pattern [51], [54].  

As the use of the SU-8 photolithography technique to make moulds requires cleanroom 

environments, a preliminary notion would be that soft lithography is still a relatively expensive 

fabrication process. Researchers have developed soft lithography methods that eliminate the need 

of a cleanroom (and thus the reliance on SU-8 technique) which makes the fabrication method 

"low-cost" and more rapid [51], [54]–[57]. Compared to photolithography, soft lithography cost 

significantly less to make the microfluidic devices and allow greater control, over larger areas, of 

the molecular structure of the surface, paramount for complex biochemical experiments [54]. The 

microfluidic devices that arise from soft lithography are soft which allows the devices to yield 

complex 2D and 3D patterns with superb resolutions in the micro and nano scale (up to a few 
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nanometers) structures—the best resolution compared to all other lithography techniques [51], 

[54].  

Of all the lithography methods mentioned, literature advocates soft lithography to be the most 

rapid, low-cost (assuming no cleanroom environments are used) and widely used microfluidic 

device fabrication method by researchers [16], [52], [54]. To attain the best resolution, literature 

shows that the photolithography (i.e., cleanroom environments) mould fabrication method is 

paramount, as the non-cleanroom environments can only attain resolutions of 10-100 µm [51], 

[54], [55].  

Despite its ubiquitous use by researchers, soft lithography has evident limitations for high 

throughput fabrication of microfluidic devices. These limitations are due to the large time 

constrictions for the fabrication of a single microfluidic chip [54], [58]–[60] Additionally, as soft 

lithography is revered towards its immaculate resolution capabilities, the notion is only true for 

soft lithography that utilizes cleanroom environment, which is not an environment that is easily 

attained in industrial fabrication complexes.  A final lithographic method will be mentioned.  

A simplistic lithographic method works similarly to a resin-based 3D printer (i.e., 

stereolithography) but at a laboratory scale of quality. The fabrication method is called two-photon 

polymerisation lithography (2PPL) which utilizes a laser source (usually infrared) and 

photosensitive resin (or "photopolymer") to cure arbitrary sections of resin [16], [51]. The curing 

occurs as a result of a photochemical reaction induced upon the resin once it absorbs 2 photons, 

the first absorption causing a shift to an intermediate state of curing, and the second photon 

absorption finalizes the cure [16], [51]. In essence the laser is scanned throughout the resin in a 

pre-defined path and focused at specific areas to cure the resin, until the 3D microfluidic structure 
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is formed [16]. Literature finds that 2PPL is the optimal method of fabricating optical based 

microfluidic devices (i.e., optofluidic) due to its inherent ability to "build-as-you-go" i.e., it is 

feasible to build microfeatures such as channels, and sequentially build microstructures within the 

already formed channels which is also known as an "inside-out" method of fabrication [16], [51].  

The 2PPL method has captured the attention of various researchers as the fabrication method can 

attain resolutions that go below 120 nm [16], [51]. However, the technology must be operated at 

very low speeds as opposed to the other lithographic methods to attain the impressive resolution 

[51]. As the liquid photosensitive resin is held in an optically accessible vat that can be closed off 

form external environments (i.e., particulate matter) the technology has the potential of not 

requiring cleanroom environments [16], [51]. Despite not needing an intensive cleanroom 

environment, 2PPL requires expensive optical equipment (e.g., a femto second Ti:sapphire laser 

source) and piezo electric actuators [51]. Compared to the other lithographic methods, 2PPL does 

not require the fabrication of a "master mould" or in the case of photolithography, a photomask 

[16], [51], [52], [54]. Overall: advantages of using lithography based methods is the outstanding 

and repeatable (i.e., reliable) resolution in the nanoscale [16], [51], [52], [54]. Some lithographic 

processes, such as imprint lithography, can be automated, but the fabrication throughput is heavily 

impeded by the thermal cycling time [16]. An adherent disadvantage for all lithographic methods 

is the ability to only process a minute quantity of substrate at a time and the necessity cleanroom 

environments for immaculate resolution [16], [52], [54]. 

Due to the inherent need of lithography fabrication methods to be executed by trained scientists in 

expensive cleanroom laboratory environments; lithography fabrication methods are inadequate to 

meet the automation, capital cost, and equivalent high-throughput demands of microfluidic device 
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fabrication for widespread commercialization [16]. The current lithography fabrication methods 

for microfluidic devices has challenged researchers to investigate alternative methods of 

fabricating microfluidic chip systems that safeguard the immaculate resolution attainable with 

lithography methods whilst improving the throughput capabilities to appease widespread 

commercialization efforts [13], [16], [54], [61]–[63]. With respect to high throughput fabrication 

for commercial applications, literature states that lithography methods—specifically soft 

lithography—falls behind then non-lithographic method of injection moulding [51]. An apparent 

theme that can be categorize from this section and onwards, is the prevalent loss of resolution as 

the fabrication time decreases.  

2.1.2 Non-Lithography-Based Fabrication Method: Direct Laser Plotting 
 

A research group has shown the feasibility of achieving fine resolution and turnaround time for an 

optical-based microfluidic chip fabrication system using a direct laser plotter device [54], [62], 

[63]. Here, the direct laser plotter uses a CNC system to etch microchannel and microstructures 

onto polymer substrates (such as PDMS or polystyrene) due to the thermal and chemical 

degradation (i.e., ablation) of backbone polymer substrate [54], [62], [63]. There is no need to 

fabricate expensive photomasks as opposed to photolithography techniques. (For reference, the 

temperature needed for ablating PDMS is 400-650°C [62].) Direct laser plotting can use both long 

pulse or short pulse laser sources [64], [65], at which the resolution attained between both methods 

is 100 µm and 10-20 µm, respectively [54], [62]. Additionally, the direct laser plotting fabrication 

system can produce microfluidic chips in under an hour [54], [62].  

There are several disadvantages to the direct laser plotting method of fabrication. To attain 

adequate microchannel and microstructure profile and surface roughness, the laser plotter system 
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must adhere to critical parameters based on the polymer substrate used as a backbone and the laser 

plotter itself [54], [62], [63]. These parameters include the laser power, ablation speed, and pulse 

rate and must all be tested prior to the fabrication of microfluidic chips as they can change based 

on the laser source and the polymer backbone used [54], [62], [63].  

An additional parameter to consider is the number of passes that will be made upon the same 

microchannel or microstructure [63]. With respect to the polymer based backbone, the thermal 

diffusivity and chemical decomposition mechanism are both critical to the attained final profile 

[63]. The plethora of parameters that need to be considered provided additional challenges for 

direct laser plotting to be a fully controlled by an automated process, and equivalently, attain the 

necessary throughput for widespread commercialization.  

Currently, due to optical fabrication limitation, the laser plotting method is still relatively more 

expensive than other non-lithographic methods—but significantly less expensive than a complete 

cleanroom environment necessary for lithographic methods [54]. Another disadvantage is a lack 

of control over the final cross section profile of the microchannels, for direct laser plotting the 

resulting microchannel corrections are trapezoidal [54]. The following section will elaborate upon 

the current most common industrial fabrication method for microfluidic devices [51]. 

2.1.3 Non-lithography-based Fabrication Method: Injection Moulding 
 

Injection Moulding provides a means of fast throughput, by automation and enhanced thermal 

cycling, by a similar mould replica system to the current lithographic methods [16], [51]. An 

advantage is the thermal cycling cycle. Compared to the lithographic stamping method, the heating 

of the polymer system is kept separate (i.e., the polymer substrate is pre-melted prior to going into 
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the mould) and there is no need to reheat the polymer and mould for every fabrication cycle [16]. 

Resolutions of 140 nm are feasible in research conditions [16]. However, in a commercial setting, 

the resolution of the microfluidic chip designs and surface roughness attainable form injection 

moulding is lackluster as opposed to the non-lithographic fabrication methods following this 

section [16].  

Injection moulding can only be used with thermoplastics i.e., polymers that melt to liquid, and 

requires a new mould—that are expensive to manufacture—to fabricate new microfluidic chip 

devices [58]. Comparing to imprint lithography, injection moulding requires the liquid polymer to 

travel greater distances prior to settling and solidifying and more shrinking of the cast occurs 

causing significant stress concentrations in resulting microfluidic chip produced [51].  Literature 

states that as the resolution and throughput of 3D printing increases, injection moulding may be 

replaced by emerging technologies [51].  

2.1.4 Non-lithography-based Fabrication Method: 3D Printing 
 

The most prolifically used method of 3D printing outside the laboratory is the fused deposition 

modelling and stereolithography method [16], [51]. The fused deposition modeling method is 

essentially a extrusion (i.e., layer-by-layer) method, more specifically, thermoplastics—e.g., 

acrylonitrile butadiene styrene (ABS)—are heated beyond their Tg and injected through a nozzle 

onto a platform, and equivalently solidifies in a pattern [16],  [51]. As a layer is completed, the 

stage is moved downwards (or nozzle is moved upwards), so another layer of thermoplastic can 

be deposited and solidify [16], [51]. The thermoplastic deposition process continues to build up to 

a predetermined design defined by the inputted CAD file.  
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Stereolithography is the commercial variation of two-photon polymerization lithography (2PPL) 

as it uses a projector or focused light emitting diode in the ultra-violet range rather than a laser 

source to cure photo-curable resin on a platform, layer by layer [16], [51]. However, for both 

commercial 3D printing methods, the resolution is inadequate for commercial microfluidic chip 

fabrication as opposed to other laboratory based and commercial methods (such as 2PPLand 

injection moulding, respectively) [16], [51]. Both methods also have a highly restrictive library of 

biocompatible materials as the polymer backbone for a resulting microfluidic device [51].  

A final disadvantage is with regards to safety as the fumes created during the extrusion process are 

deemed unhealthy and potentially dangerous without appropriate ventilation [51]. The promising 

aspect of the 3D printing technology for high throughput microfluidic chip fabrication is its simple 

motion control system due to computer numerical controller (CNC) software, be fully automated 

with little to not user interface, and the ability to build solid complex 3D geometries form liquid 

polymers—all within a couple hours [16], [51]. A future where 3D printing is the norm for 

industrial fabrication of microfluidic devices is yet to be feasible due to lack of appropriate 

resolution and steep expenses necessary for printers that can use materials other than 

thermoplastics, yield high resolutions, and reduce surface roughness  [16], [51], [54].  

2.1.5 Non-lithography-based Fabrication Method: Micromilling 
 

A fabrication technique that avoids the optical parameters of direct laser plotting, poor resolution 

attainable with commercial 3D printing, and thermal cycling of injection moulding is computer 

numerical controller software milling [16], [54]. The CNC milling system simply removes material 

following a pathway pre-determined by the embedded microcontroller's motion system upon the 

computation of a CAD file. The removal of material to create microchannel and microstructures 
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of the micromilling fabrication method is ubiquitous to direct laser plotting [53]. The capabilities 

of attaining features in the micron scale is feasible due to commercially available cutting tools 

being 100 µm or smaller—giving rise to micromilling [53], [54], [61].  

Micromilling shares a similar motion system as laser direct plotting but is less expensive, fully 

automated, as well as attain resolutions and surface roughness lower than both long and short pulse 

direct laser plotting systems [53], [54]. Literature has shown that it is feasible to attain a feature 

resolution of 5 µm  [53], [54].  Additionally, micromilling has been deemed a suitable method for 

mass production of moulds for hot embossing (like the stamps used in imprint lithography) 

polymers into microfluidic chips [53]. Until CNC technology is refined further, injection moulding 

will continue to be the commercially accepted method to fabricate microfluidic chip devices.  

Despite micromilling being the most promising fabrication method for widespread 

commercialization of microfluidic devices, it has its share of limitations.  

The most impactful limitation of micromilling is the milling tool size (and their fragility scales 

inversely with size) which binds the resolution of the microfluidic chip [13], [53], [54], [61]. 

Despite tool limitations, it is feasible to attain resolutions of 30 µm using industrial grade CNC 

milling machines [61]. Tool alignment has also been recorded in literature as a present hurdle with 

the use of micromilling [53], [54]. Finally, the cost of milling tools increases significantly for 

cutting edges < 100 µm [53].  

The presented and published work in chapter 3 describes an effective method using the CNC 

motion system itself to overcome the complexities in micromilling tool alignment. The benefits of 

the CNC with respect to mass production and feasible widespread commercialization of 

microfluidic technologies is the factor at which the fabrication system has been chosen by the 
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author to be utilized in this thesis. As micromilling can be implemented for engraving a wide 

variety of materials (with little to no consideration of the thermal and chemical properties as 

opposed to direct laser plotting) from metal to polymers [53], [54], [61]. Some polymer substrates 

possess unique morphological changes depending on surrounding temporal conditions.  

2.2.0 Passive Versus Dynamic Materials 
 

2.2.1 Description and Discussion of Passive Materials 
 

All fabrication methods require an appropriate material substrate to be configured whilst maintain 

the role of a supporting backbone for the overall microfluidic device. All the fabrication methods 

mentioned in this section consist of passive material substrates i.e., that are simply morphed 

between solid and liquid states, or morphed physically by removing or adding material mass.  

In the context of this thesis, a passive material is a solid substrate that does not undergo intensive 

morphological changes to its geometry unless some material is physically or chemically removed, 

shaped by an external force, or the material is exposed to extreme temporal conditions. With the 

former description in mind, materials such as metals like iron, do not exhibit extreme changes to 

its geometry unless it reaches its melting point. Certain polymers also behave similarly to metal, 

at which little changes occurs to their geometry until they reach their melting point as well. With 

respect to an external force, material such as PDMS and polystyrene can have their geometry 

changed by imprint lithography methods. Finally, for the case of physical and chemical removal 

of material, PDMS and polystyrene (again as an example) must have material physically removed 

(via micromilling or direct laser plotting) to attain a specific geometry.    
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2.2.2 Description and Discussion of Dynamic Materials 
 

Dynamic materials i.e., materials that can be geometrically modified without the loss or addition 

of material mass or exposures to extreme conditions. Stressed polystyrene is an example of a 

dynamic material in the context of this thesis. Stressed polystyrene is a polymer substrate that 

shrinks along its X and Y surface area whilst exhibiting a dilation along the Z direction (thickness) 

upon appropriate heating condition.  

Researchers have explored the potential of stressed polystyrene sheets for high throughput 

microfluidic chip fabrication using manual etching or inkjet printed moulds [51], [66]–[69]. 

Another property that makes stressed polystyrene an advantageous material for microfluidic 

fabrication is its rigidity, even for sheets of 250 µm thickness, they can be etched by a milling 

machine without fear of ripping or unintentional warping. As dynamic materials can exhibit 

potentially advantageous—regarding high throughput fabrication—geometrical morphology, 

researchers have shown interest to incorporate them in existing microfluidic device fabrication 

methods to yield improvements to the overall process. Due to a gap in literature with regards to 

the application of dynamic materials in fabrication, the author of this work wanted to contribute to 

the niche existing literature. The following section will describe the hypothesis defined by the 

author to fill a gap in dynamic material based microfluidic device fabrication. 
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2.3.0 Hypothesis for Rapid Prototyping of Microfluidic Architectures 
 

2.3.1 Polystyrene and Computerized Numerical Control Method 
 

As CNC micromilling is feasible to be fully automated, attain resolutions comparable to non-

cleanroom soft lithography fabrication, and a low-cost piece of equipment compared to all other 

lithographic and non-lithographic fabrication methods. The authors of this work found that 

improvements to certain limitations associated with micromilling fabrication could be thwarted by 

introducing dynamic materials [3].  

As milling tools with cutting edges < 100 µm are more prone to breakage, and are more expensive, 

there is a need to find materials that could help improve the efficiency of micromilling techniques 

to attain resolutions lower than 100 µm without needing milling tools to be smaller or equal to the 

wanted resolution. The shrinking properties of stressed polystyrene sheets allow for the ability to 

engrave features at a higher scale (such as low-millimeter to high micron-scale) with a milling 

machine and then shrink the material to the appropriate scale. As studies regarding stressed 

polystyrene have explored the anisotropic shrinking behavior and suggested the ability to quantify 

the anisotropic behaviour as a percentile—or an equivalent ratio [69].  

The final hypothesis for the presented work is to explore and validate the feasibility of 

incorporating SPS to the micromilling machine to combat the current cutting tool size limitation 

of milling tool technology, and in conjunction, further explore the anisotropic shrinking properties 

of SPS with respect to varying geometrical conditions.  
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2.4.0 Fabrication and Shrinking Mechanics of SPS 

2.4.1 Biaxial fabrication of SPS 

The dynamic material capabilities of stressed polystyrene sheets (SPS) are a product of how raw 

polystyrene—i.e., an amorphous material—is stressed through thermal and mechanical means 

[70], [71]. The stressed state of polystyrene is characterised by a semi crystalline structure. With 

respect to the molecular structure, the transition from an amorphous to crystalline state is 

inherently, the transition of polymer chains from a clumped structure to an orderly configuration 

of lamellae, respectively [71], [72]. The orderly configuration of the lamellae is a result of the 

polymer chains being oriented in parallel due to various mechanical forces applied to the material 

[71], [72]. For the case of SPS, the lamellae is oriented along the X and Y i.e., length and width of 

the material's surface. To attain a semi crystalline structure that harbors the anisotropic shrinking 

properties of SPS, a biaxial fabrication process is used [70], [71]. The biaxial fabrication process 

uses a heated rotating barrel, a slot-die, and cooled rollers [71]. The raw polystyrene is heated 

above its Tg to enter a rubbery state. The rubbery medium is injected through a slot-die which 

applies the first axial orientation of the lamellae, i.e., in the direction of the flow through the die-

slot [71]. Upon exiting the slot-die, the geometrical configuration of the polystyrene material is 

similar to a thick sheet of cardboard. The second axial orientation of the lamellae is acclimated by 

feeding the thick sheets of polystyrene into a system of rollers [71]. The rollers apply a uniform 

compressive force orthogonal to the Z axis (thickness) of the polystyrene material. The 

compressive force results in the formation of lamellae in the directions transverse of the applied 

force—in this case, transverse to the compressional force along the Z. The rollers at the end of the 

production line are cooled to quench the resulting SPS sheets and equivalently withhold the semi-

crystalline structure of the lamellae [71], [72]. In essence, the combination of heat and mechanical 
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forces applied to the raw polystyrene stores elastic energy in the form of internal stresses within 

the polymeric chains held in parallel amongst one another. 

2.4.2 Shrinking mechanics of SPS 

The shrinking mechanics of SPS is simply, a geometrical configuration change of the polystyrene 

sample to regain its original amorphous structure—i.e., clumped polymer chain. Literature has 

described the shrinking of SPS as the materials recovery from the internal stresses—i.e., elastic 

energy—imposed by the axial fabrication method from the previous section [72]. More 

specifically, the SPS material shrinks to attain the geometrical configuration that withholds the 

lowest magnitude of internal stresses [72]. The anisotropic shrinking behavior of SPS is a product 

of the geometrical reconfiguration induced by the release of the stored internal stresses imposed 

by the biaxial fabrication.  

2.4.3 Conclusion Statement  
 

As the current lithography and non-lithography-based method of microfluidic device fabrication 

suffers from the ability to be fully automated and attain equivalent throughput demands for mass 

commercialization. Additional research must be contributed to the field of microfluidic device 

fabrication to thwart a decade long hurdle placed against the highly impactful field of microfluidics 

to attain consumer recognition and market viability. The focus of this thesis is to contribute towards 

improving the commercial validation of microfluidic device fabrication by amalgamating 

micromilling techniques with SPSs a dynamic material. More specifically, the following work will 

describe a microfluidic technology fabrication that will provide rapid customization capabilities, 

rather than the mass production of a single MFC product. Essentially, the method of CNC 

micromilling and SPS provides researchers and individuals interested in microfluidics, the ability 
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to rapidly produce microfluidic chips of varying designs and features—i.e., rapid prototyping. The 

proposed rapid prototyping technique is highly economically viable making the technology 

accessible to individuals interested in microfluidics technologies other than researchers. (For 

reference, total cost of equipment for the CNC micromilling and SPS method was less than 

USD$400.) The following chapter will describe the work and findings that the author of this thesis 

has published in the peer reviewed journal article titled Microfluidics and Nanofluidics [3]. 
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Chapter 3—Combined Polystyrene and Computerized Numerical Control 

System for Rapid Prototyping of Microfluidic Chip Architectures 

3.1.0 Materials 
 

The materials used to investigate and validate the SPS milling technique incorporate accessible 

items such as a desktop CNC (Genmitsu CNC Router 3018-PRO, VASTMIND LLC., USA), 

100 µm tip with 10° tapered engraver tool, a convective heating apparatus (such as small 

household convection oven), SPS sheets (Shrinky Dinks Crystal Clear, Shrinky Dinks®., USA), 

open source vector graphic software (Inkscape.org), and a computer-aided manufacturing file 

converter (JSCut.org) totaling less than USD$400. Inkscape provides 2D CAD designs to be used 

as blueprints for the CNC to engrave MFC designs directly onto a SPS substrate. The JSCut 

software converts the vector graphic files to the appropriate cutting paths for the CNC to engrave 

onto the SPS with the 100 µm tip engraver tool.  

The use of computer designed vector files allows for rapid creation, customization, edits, and 

precise mm or µm scaling. Designing the MFC’s vector graphics allows for the removal of manual-

engraving-based human error and retains the robustness and precision of current micromilling 

fabrication methods [69]. The heating apparatus is used to apply uniform heating to the SPS to 

induce the material to unstress and undergo a geometrical reduction along the X and Y dimensions, 

and a dilation in the Z dimension.  
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3.1.1 Fabrication Method  
 

A preliminary step is necessary to ensure the proper alignment of the CNC tool (a 100 µm tip 

engraver in this case) along the depth (Z dimension) of the workspace. A simple electrical circuit 

was created between the engraver tool and the surface of the workspace to provide the CNC 

controller with feedback of the Z dimension along the entire workspace. The feedback system 

allowed for the computation of a vector field along the workspace to normalize (i.e., level) the 

engraving tool, ensuring that the MFC designs engraved have uniform depth. The Z dimension 

levelling is important as the SPS are very thin (250 µm) and offsets will inhibit consistency in 

geometry. The fabrication of all MFCs used in the experiments was successfully made using a Z 

dimension engraving resolution of 100 µm.  

The overall process from an SPS to an engraved and reduced polystyrene sheet (RPS) is shown in 

Fig. 2. The first step of the fabrication method is to measure the X and Y (and respectively) outside 

geometry of the SPS and cut it to size. The second step of the fabrication method is to design the 

MFC features using a vector graphic design software. The third step is to engrave the polystyrene 

sheet with the designs of the former step. The fourth step is to inspect the engraved SPS for any 

deformities, clean off any polystyrene shavings with a brush. The fifth step is to shrink the 

engraved SPS using a heating apparatus at 163 °C for a minute and a half to two minutes.  

Alternatively, if the convective heating apparatus used has a visible section to observe the SPS 

heating process, the authors suggest monitoring the SPS heating process until no further dilation 

occurs upon the engraved SPS's Z dimension (< 0,0,1 >). The sixth step is to let the RPS cool of 

and observe if any deformities are present on the chip. The Tg of polystyrene is 100 °C [73]. The  
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Figure 2: A graphical representation is shown of the steps necessary to perform the SPS milling fabrication method 

for rapid MFC prototyping with the use of a desktop CNC and uniform heating apparatus. 

glass transition temperature is exceeded to shrink the SPS, and the polystyrene material enters a 

more malleable state allowing it to destress and shrink without shattering.  

Upon cooling back below the glass transition temperature, the rigidity and brittleness of the 

polystyrene is recovered. The adhesion method used to fabricate the MFC system follows that of 

past SPS work [69]. Reheating Fig. 2 A graphical representation is shown of the steps necessary 

to perform the SPS milling fabrication method for rapid MFC prototyping with the use of a desktop 

CNC and uniform heating apparatus, two RPS that are to be adhered together are heated to 220 °C 

and pressing them together with a uniform pressure achieves a leakproof fusion between two SPS 

segments without damaging their previously engraved features. To achieve a bond between heated 
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SPS sheets, the force applied is approximately 70 kN/m2. This is sufficient to eliminate leaking. 

To characterize the anisotropic shrinking ratio (asr), of the SPS chips, various MFCs were made to 

observe and quantify shrinking properties of specific features. 

3.1.2 Experimental Method  
 

The first experiment was performed to determine an asr for the outside geometry of the MFC and 

determine the consistency of achieving the same percentage of reduction with respect to the SPS 

geometry. To further emphasize the consistency of the measured asr, the samples used have 

differing X and Y outer geometries. The quantification of the asr is assessed for the X, Y, and Z 

dimensions of the MFC samples to show the consistency of the shrinking achieved from the 

fabrication method. The resulting asr sets a benchmark for fabrication. The second experiment was 

performed to determine the asr for circular geometry for microfluidic well features. The second 

experiment was done with various diameters and depths.  

The asr was also measured with respect to the diameter used for the circular features and the Z 

dimension of the chip. The experiment involved engraving and heating SPSs with circular 

geometries of three different sizes. Some samples had a hole engraved through the SPS. Assessing 

the asr with respect to the diameter determines the presence of isotropic shrinking along the X and 

Y dimensions. The assessment of the Z dimensions for the circular geometry experiment is used 

to compare with the benchmark recorded from the former experiment. Comparing the two results 

will aid in determining if engraving features onto SPS MFCs have consistent dilation occurring 

along the Z dimension. Finally, the resulting magnitude of the feature reduction is compared with 

the results acquired in previous literature [69]. The third experiment performed was to determine 
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an asr value for rectangular geometry for microchannel features with varying microchannel width. 

Multiple MFCs were engraved with five microchannels of decreasing width.  

The goal was to observe if the shrinking ratio trend of the channel widths were the same for each 

column. The lower limit achieved with the current SPS micromilling fabrication method was 

recorded and compared with the results of previous literature [69]. Upon establishing the asr, two 

additional MFC prototypes were made with the proposed fabrication method and each adhered 

with an additional MFC fabricated with SPS consisting only of the inlet and outlet ports. The first 

MFC prototype was a flow-based microfluidic gradient mixer with two inlet ports at which fluid 

was injected using a syringe pump (Model '22' Infuse/Withdraw, Harvard Apparatus., USA).  

The second MFC prototype was a single-channel MFC that examined laminar flow patterns of two 

different colored fluids injected within the same microchannel at a constant flow rate by a syringe 

pump (same model as the flow-based microfluidic gradient) to control the injected fluid flow at 

the inlet ports. Both of the MFC prototype experiments used silicon tubing (3.3ft, UXCell., China) 

to connect the inlet ports to the syringe pump and outlet ports to an isolated beaker to collect waste. 

The silicone tubing used has an inner diameter (ID) of 2 mm and outer diameter (OD) of 4 mm 

and was connected to our mixing gradient for microfluidic channel widths of 0.3 mm.  

Silicone tubing of 1 mm ID and of 2 mm OD was connected to the single channel microfluidic 

chip with a channel width of 0.1 mm. The space between the outer diameter of the tubing and the 

walls of the microfluidic channel were filled with an impermeable polymer adhesive such that no 

fluid can escape while the microfluidic chip is being operated.  

3.1.3 Data Analysis Method  
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The data gathered and recorded from the three asr experiments was analyzed using ImageJ (LOCI, 

University of Wisconsin., USA) an open-source image analysis software. The original and reduced 

SPS samples geometries were extracted using ImageJ by analyzing overhead pictures of the entire 

samples with a reference. The geometrical data was then organized and labelled in an appropriate 

spreadsheet to facilitate the computation of the asr for each sample and respective experiment.  

The respective spreadsheets for each experiment were then imported into a MATLAB (MATLAB 

2020a, MathWorks, USA) script to compute the error bars (standard deviation) of the X, Y, and Z 

dimensions for each experiment and produce bar graphs to provide readers with a visual 

interpretation of the anisotropic behavior of SPSs. The MATLAB software was also utilized for 

image processing purposes, to determine the volume of water within the gradient mixer and single-

channel MFCs. A statistical analysis of the data was computed using Microsoft Excel (Microsoft 

365, Microsoft Corporation, USA).  

3.2.0 Results and Discussion  
 

3.2.1 Rectangular Geometry Experiment  
 

The results of the rectangular geometry experiment for microfluidic substrate features includes the 

mean SPS X, Y, and Z dimensions, reduced X and Y dimensions, and dilated Z dimension for all 

samples, and the associated mean asr of all MFC samples, as shown in Fig. 3. One rectangular 

MFC Microfluidics and sample is displayed in Fig. 3a and b displaying the change in the outside 

geometry between the SPS and the RPS conditions, respectively. In Fig. 3c and d, measurements 

of the perimeter dimensions are shown.  



29 

 

 

 

Figure 3: Results for the rectangular geometry for microfluidic substrate features experiment are shown with a the 

original sample, b the respective geometry post-heating, c the overall X and Y bar graphs of dimensions, d the Z bar 

graph of dimensions, and e quantification of the asr 
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The standard deviation of the mean MFCs geometry is used to determine the consistency of the asr 

in X, Y, and Z dimensions (Fig. 3c, d). For rectangular geometry experiment, the error bars are 

large, ±10 mm, due to intentional variability in cut dimensions of the 25 samples. Using perimeter 

dimension data, the resulting mean asr for each X, Y, and Z dimension can be found (Fig. 3c, d). 

For the X and Y dimensions, the asr of all samples is approximately 0.4 indicating the MFC reduced 

to 40% of the original SPS geometry. For the Z dimension, the asr is greater than unity (i.e., greater 

than 100% of the original thickness) which is expected as an increase of height of approximately 

600% (asr = 6) is occurring changing the SPS thickness of 250 µm to an RPS thickness of 1.5 mm. 

The error for the asr in the Z dimension is greater than the respective asr of the X and Y dimensions. 

However, the standard deviation of the mean value calculated, 4%, is the same for the X, Y, and 

Z dimension results.  

The uniformity of the standard deviation for each dimension provides evidence of a consistent and 

reliable asr value. The deviation in the above results for the asr in the Z dimension is geometrically 

greater in magnitude than that of the X and Y dimensions. It should be noted deviations of the 

resulting feature depths (i.e., deviation if the Z dimension asr) can potentially impose a limitation 

on the creation of optimal 3D MFC systems if the height tolerance is a crucial aspect of the design 

[74], [75] . Despite these limitations in the Z dimension, previous literature has shown that the 

ability to fabricate functional MFC systems is not significantly impeded by the fabrication method 

[69].  

  



31 

 

 

 

3.2.2 Circular Geometry Experiment  
 

The results of the circular geometry experiments, often used as well features in MFCs, include the 

SPS and RPS dimensions of each feature to ensure that the asr represents the overall consistency 

of the diameter reduction and overall dilation of the Z dimension. The well features (circles and a 

hole) have visible geometrical reduction after the heating with no clear deformities present on the 

MFC (Fig. 4). The author has analysed the images in ImageJ software. The author found that the 

deformities are minimal on the circular features. The circular features have been analysed with 

ImageJ with measurements of the diameter at angle of 0°, 25°, 45°, and 90° from the vertical in 

the image. The measurements show a diameter of 1.4, 2.6, and 4.6 mm within an overall error of 

less than 7%.  

For the case of the circular geometries there is less backbone polymer substrate (or complete lack 

of one with regards to the through-hole features) throughout a larger area of the SPS sheet surface 

than that of the microchannel feature. From a qualitative perspective, the macroscopic results show 

that the reduction occurs with limited physical deformities when circular geometries are engraved 

onto the MFC for all 16 features tested. The asr values, presented for each diameter show that the 

reduction is consistent for the circular features and is the same as the rectangular geometry 

experiment for substrate features (Fig. 4e). The resulting asr of the small, medium, and large circle 

diameter features show reasonably consistent asr of 0.4, while the circular hole feature has a 

corresponding asr slightly below 0.5. Although the asr for circular hole feature varies slightly more 

than the other features, it still yields a similar planar isotropic shrinking to that quoted by past work 

on SPS microfluidics [69]. The asr for the Z dimensions was 600% (displaying a similar trend as 

the previous experiment) for all circular features aside from the circular hole. 
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Figure 4: Results for the circular geometry for microfluidic channel features experiment are shown with a the SPS 

sample small (3.5 mm), medium (6.5 mm), and large (11 mm) circle diameter and a circular hole of initial diameter 

of 4.2 mm, b the respective geometry post- heating, c the overall X and Y bar graphs of dimensions, d the Z bar graph 

of dimensions, and e quantification of the asr 
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Based on the results shown of the circular hole feature, it is speculated such through-hole features 

slightly hinder the optimal isotropic shrinking resolution in the X and Y dimensions but allow for 

an overall thicker MFC.  

3.2.3 Microchannel Experiment  
 

The experimental results consist of a comparison between the SPS and RPS X and Y dimensions 

of the MFC along with the respective asr for the X and Y dimensions of the engraved channel 

features (Fig. 5) for 20 features tested (4 of each column size.) The SPS and RPS sample images 

of one of the MFCs used for the experiment show the relative reduction that occurred (Fig. 5a, b). 

The sample images of the MFC also show the decreasing order of channel width (600, 500, 400, 

300, and 250 µm) starting from the top of the image. Based on the standard deviation shown 

between the original SPS and RPS channel features in the X dimension, a similar occurrence is 

expected of the circular geometry experiment shown in Fig. 4. The original SPS and RPS post-

heated dimensions in the X dimension change with a different asr value (Fig. 5c). For the Y 

dimension, the SPS and RPS dimensions underwent a constant reduction. The asr increases in the 

X dimension as features are smaller (Fig. 5e). Upon observing the asr behavior of the microchannel 

experiment, the authors speculate that the features engraved onto the SPS sheet may be dependent 

on a geometrical difference between the X and Y feature dimension along the surface area of the 

MFC, with fine features having asr closer to (or approaching) unity value than coarse features. 

Based on the evidence from the circular geometry experiment), the analysis of the Z dimensions 

was omitted as engraving features onto the SPS sheet is already shown to slightly vary the 

thickness of the overall MFC. 
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Figure 5: Results for the rectangular geometry for microfluidic well features are shown with a the original sample, b 

the respective geometry post-heating, c the overall X and Y bar graphs of dimensions, d the Z bar graph of 

dimensions, and e quantification of the asr 
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Additionally, when compared to the resolution of non-cleanroom soft lithography identified in 

section 2.1.1 (i.e., 100 µm) the ability to have a resolution on par with the highly revered 

lithographic method is a substantial milestone. 

3.2.5 Flow Based Microfluidic 
 

The creation of the flow-based microfluidic gradient mixer is designed with an appropriate vector 

graphic file using a 2D CAD software tool (Fig. 6a). The flow-based microfluidic gradient mixer 

shows the RPS resolution (Fig. 6b). Figure 5c shows a magnified image of the gradient mixer 

channels within the overall MFC. The gradient micromixer channels are engraved and reduced 

with consistent resolution. Visual defects on the image are optical reflections of the image 

acquisition device due to surface impurities. The final flow-based microfluidic gradient mixer is 

successful and allows water infused with green and red dye to flow through the channels without 

leaking (Fig. 6b). The time it takes to engrave, shrink, and adhere the MFC prototype is less than 

an hour, which is promising compared to current lithographic and non-lithographic fabrication 

methods. The feasibility of fabricating gradient mixers rapidly with uniform geometry is expected 

to be advantageous for commercial applications in food monitoring. Previous literature has shown 

the importance of flow based microfluidic gradient mixers for bacterial detection [30], [32], [34], 

[35]. The asr of the flow-based gradient mixer can be compared to that of the previous results. 

Specifically, the asr of the channel features is expected to be 0.40 throughout the entire chip. The 

original width and the maximum horizontal length of the channels are measured to be 0.71 mm 

and 4.5 mm, respectively. Assuming an asr of 0.40, the expected values for both the width and 

length of the gradient mixer is then 0.28 mm and 1.80 mm after shrinking, respectively. 



36 

 

 

 

Figure 6: a The flow-based microfluidic gradient mixer vector graphic design from a 2D CAD software, b the resulting 

MFC chip after completion of the SPS milling fabrication method, adhesion and dyed water flow, and c a further-

magnified image of the channel network. 

The actual shrunken dimension measured for both the width and length on the other hand are 

0.32 mm and 2.10 mm, for an asr of approximately 0.45. This represents a minor deviation from 

what is expected.  
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3.2.6 Single-channel Microfluidic Chip  

A single-channeled MFC for laminar flow patterns is developed in the same way as the flow-based 

microfluidic gradient mixer (Fig. 7). The design is completed by creating a vector graphic file and 

engraved (Fig. 7a, b). After injecting water infused with red and green dye from separate inlet 

ports leading to a single channel and using a constant flow rate of 400 µl/min produced with the 

syringe pump, results with laminar flow profile within the single-channel MFC (Fig. 7c). This is 

an important result for microfluidic technologies for microRNA detection [76]. The obtained 

results further validates that SPS microfluidic systems can yield fundamental MFCs functions that 

are comparable to that of established fabrication methods [51].  

Upon repeating experiments with the single channel and mixer gradient device, the devices 

operated without failure until flow rates exceeded 500 µl/min. Based on our experiments, the 

limiting factor affecting the delamination of the device is the impermeable polymer adhesive that 

is used to connect the inlet port to the microfluidic chip. Based on our repeated experiments, the 

inlet/exit ports of the device will fail prior to the delamination of the device itself.  

3.3.0 Resolution, Reproducibility, and Uniformity  
 

In terms of resolution, we note that a microfluidic chip made with our technique can be designed 

in the 1000–250 μm feature size range, as we use a fine-tipped CNC engraving tool, being the 

B074MPM7Q1 CNC drill bit. These feature sizes can then be shrunk to the feature size range of 

approximately 400–100 μm. 
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Figure 7: a The laminar flow pattern vector graphic design using 2D CAD software, b the single-channel MFC 

fabricated, and c the resulting laminar flow of red and green dyed water along the channel of the MFC as the fluid is 

flowing at 400 µl/min. 

With the use of an even finer resolution CNC drill bit, e.g., the 50M2X150S Carbide Drill Bit, we 

believe it is possible to attain feature size less than 50 µm. In terms of reproducibility, our 

demonstrated CNC method can reproduce engravings within a 20 µm error pre-shrinking (and 

5 µm error post-shrinking). The reproducibility of a total of 36 trials that are engraved are within 

a tolerance of 5% for feature sizes on the order of hundreds of microns. (Our attempts to engrave 

by hand had a much larger error and with manual engraving, it is difficult to reliably reproduce 

features with error less than 100 µm.) These findings are supported by literature stating that CNC 
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is more precise, higher quality, and more reproducible than the equivalent human drawing [77]. In 

terms of uniformity, a visual analysis can provide insight. Data are collected as high-resolution 

microscope images taken with a VHX-5000 digital microscope to show uniformity of the 

microfluidic channels. In Fig. 8a top-view image, outside the channel there are virtually no 

deformities on the surface. We see qualitatively within the onset of the channel (right), that there 

is a minor change in surface roughness. The authors suggest that there is minimal surface 

roughness. In Fig. 8b, the square cross section can be observed. Readers can compare to the cross-

section images used in Fig. 3 of Chen et al. [69], which shows a triangular shape to the channel 

cross section, unlike our square shape.  

Also, in terms of uniformity, we revisit the experiments of the single-channel and gradient mixer 

microfluidic device to perform image analyses to determine the volume occupied by each dye, 

showing roughly equal dimensions. The equal volume occupied by the dye shows the uniformity 

of our channels. We will describe these experiments and analyses below.  

An equal volume of red and green dyes is mixed in separate beakers filled with 30 mL of water 

for which 2 mL of dyed water is captured in a syringe. To measure and quantify the volume 

occupied by the dyed water throughout the microfluidic device, images of the microfluidic chips 

are taken after the dyed water flowed through the channels and the coloured pixels are assessed 

using MATLAB to find the appropriate RGB values of the two fluids and corresponding area. Our 

MATLAB code read the images and applied a binary mask over an area selected by the user to 

compute the RGB values within the mask. Once the RGB values are found and stored in an array 

for reference, the number of pixels within the image is counted with the same algorithm.  
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Figure 8: a A top view and b a cross-sectional view of a microfluidic channel 

If both number of pixels (red and green) are equal within the image it indicates that the volume of 

dyed water flows within the microfluidic chip properly without the channels being unequal depth 

anywhere. For the case of the single-channel microfluidic chip (Fig. 7c), the selection area for the 
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binary mask is the entire channel. After the algorithm computed its values, the green and red pixels 

divided into 50/50 within 2% error. For the case of the microfluidic gradient (Fig. 6b), the same 

area selection procedure as the single-channel chip is performed. After the algorithm computed its 

values, the green and red pixels divided into 50/50 within 5% error. This slightly larger error may 

be due to the challenge of dividing the pixels into appropriate filter banks for the mixed pixels with 

intermediate RGB values. Additional details of the image processing algorithm with visual aid, 

are found in the following chapter—chapter 4. 
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Chapter 4—Computer Image Processing Method to Quantify Fluid Volume  

4.1.0 Pseudo Code and Brief Overview of Image File Formats 
 

A challenge addressed with the project with regards to the analysis of the volume fraction at which 

dyed water (of a specific colour) occupies withinn the chip over a different colour. Qualitatively, 

the analysis of the volume fraction can be done by simple observation of the chip visually to detect 

the uniformity or amalgamation of the coloured dyes. Refering to Fig. 9a the gradient flow mixer 

after being injected with red and green dyed water, the qualitative inspection of the spiral channels 

show a uniform gradient of the dyed water. That is by visually scanning the image (Fig. 9a) from 

left to right, the distribution of the red is most evident and unifrom along the left, the mixture of 

the two colours is in the middle, and the uniform green coloured water at the rightmost channels. 

Now refering to Fig. 9b, the single-channel chip, a reader with keen eyesight can observe that the 

two differently coloured fluids (red top, green bottom) with no mixing.  

A qualitative analysis for both images of the continuous flow chip architectures (Fig. 9a, b) 

provided the reader with only a relative aproximation for the overarching fraction of volume 

occupied by the coloured fluids. To make a better assessment of the fraction of volume through an 

image alone, one would have to count each pixel of the coloured fluids present in the image (both 

red and green) and take the ratio to find if the distribution of both colours is even thoughout the 

chip. The former sentence describes a quantiative approach towards the assessment of the volume 

fracion, with its feasibility to do by human eyesight alone is excrusiatingly monotonous.  

Fortunately, with image processing tools available in a variety of computatonal software packages, 

the crucial quantiative assessment is feasible. In this chapter, the elaboration upon the MATLAB  



43 

 

 

 

  

Figure 9: Post flowpump injection images of continuous flow microfluidc chip architectures, a being the flow-based 

microdluidc gradient mixer and b being single-channel microfluidic chip architecture at which both architectures 

were injected with red and green dyed water in their exclusive inlet ports.  

code used to process post flow microfluidic images such as the ones found in Fig. 9a, b to find 

exact fraction of volumes occupied by dyed water.  

When images are converted from analog to digital, the image is stored as a bitmap i.e., a large 2D 

m by n matrix array of pixels—more specifically a grid—where each individual pixel consists of 

bits situated at each intersecting point or "cell" of the m by n matrix. The more pixels there are in 

an image, corresponds to an equivalent number of bits to describe each pixel, but consequently 

indicates more data for a computer to process. In a typical computer, or equivalent consumer 

product that displays pixels, each individual pixel consists of three colour channels (three base 

colour layers) and is known as the Red Green Blue (RGB) colour space. Each individual colour 

channel in a typical colour bitmap consists of 2-3 bits of data (where each pixel holds a maximum 

of 8 bits) to represent 256 different colours. The ability to compute and identify individual pixels, 

comes down to identifying the respective bits of data that each pixel is composed of. In essence 

the MATLAB code provided in the Appendix extracts the RGB values of the user selected pixels 
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from an inputted bitmap image, stores the RGB value of each unique pixel within a matrix, and 

scans through the entire image to count the number of pixels with RGB values that coincide with 

those found in the reference matrix. The logic of the MATLAB code to process the RGB pixel 

values of images can be summarized as a method requiring the steps described in Fig. 10.  

All 8 of the former steps were feasible using a single MATLAB script and three user made function 

files. The following section will be a more thorough elaboration of the MATLAB code using the 

single-channel microfluidic chip as an example.  

4.2.0 MATLAB Code Logic 
 

The script file named Pixel_Volume.m specifically loaded either images (Fig. 9a, b) upon the 

appropriate user input using the inbuilt imread() function. After successful loading of the image, 

the user can make gross changes to the inputted image dimension by cropping with the inbuilt 

imcrop() function as shown in Fig. 11. Once cropped, the region of the image to be used to make 

a binary mask must be selected by the user. There are a few inbuilt function that allows a user to 

select a region of interest within an image, but only roipoly() did not limit the user from selecting 

a region of interest that is a rectangle or a square. The blue dotted line shown in Fig. 11 is used to 

highlight the freedom at which the roipoly() function allows the user to select a region of interest. 

The resulting binary mask created from Fig. 11 with roipoly() has the same dimensions of the 

cropped image and is shown in Fig. 12.  
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Figure 10: Logic behind MATLAB image processing code. 

Now that the binary mask is initialized, it needs to be overlayed on top of the original image so 

that only the region of interest (i.e., non "black" pixels in Fig. 12) from the original images are 

highlighted. To do so, a user made MATLAB function file named MaskedImage.m needs to be 

called with the cropped image and binary mask as input arguments to the function. The function 

stores the coordinates of the "pixels" within the region of interest of the binary mask and 

temporarily writes the pixel value as the binary value of 1 (i.e., "true") in a matrix while all other 

pixel coordinate and associated value is equated to 0 (i.e., black pixels) within the same matrix—

named finalImage within the code. The finalImage matrix from the previous sentence is the 

reconstructed such that only the locations containing values of 1 are replaced with the original 

pixel value from the inputted cropped image. The output of the function is shown in Fig. 13 and 

represents the original image consisting only of the pixels within the defined region from the 

roipoly() function. Now that an image with only the pixels of interest has been computed, the user 
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made function fRGBv.m file is called to extract the RGB values of the coloured pixels from Fig. 

13 using the inbuilt function impixel() and stores the RGB values into a matrix—named 

RGBpixels. The RGB pixels matrix is then used as a reference to count the number of pixels found 

in the original image. The counting of the pixels is performed with the user made function 

sumPixels.m by storing the sum as a variable.  

Figure 11: Cropped image of the single-channel microfluidic chip of Fig. 9b through the inbuilt MATLAB function 

imcrop() along with the selected area to become a binary mask (dotted blue line) outlines using roipoly() function to 

extract the RGB values of the pixels within the resulting binary mask. 

Figure 12: The corresponding black and white (i.e., binary) mask created from the inbuilt MATLAB roipoly() function 

used on the cropped single-channel microfluidic chip image in Fig. 11 

Figure 13: The resulting masked image of the single-channel microfluidic chip outputted by the user made MATLAB 

function file named MaskedImage.m with respective inputs of the single-channel microfluidic chip image of Fig. 11, 

and binary mask of Fig. 12  
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Chapter 5—Elaboration of the Statistical Analysis used for Correlation 

Estimations of Anisotropic Shrinking Ratios  

5.1.0 Experimental Trials and Respective Mean 
 

The sample replication for each experiment goes as follows: Rectangular Geometry Experiment 

has 25 trials; Circular Geometry Experiment has 16 trials; and Microchannel Experiment has 20 

trials. The mean (�̅�) and standard deviation (σ) of the asr in every coordinate direction for the 

rectangular and circular geometry experimental conditions is tabulated in Table 1.  

Table 1: Tabulation of the mean and standard deviation values for the asr value recorded for each coordinate direct 

(X, Y, and Z, respectively) of the rectangular and circular experimental conditions.  

 
Experimental Geometry Conditions 

Anisotropic shrinking ratio (αsr) 
Rectangular 

(mean ± std) 

Circular 

(mean ± std) 

X <1,0,0> Direction 
0.42 ± 0.02 

*0.44 ± 0.02 
Y <0,1,0> Direction 

0.42 ± 0.01 

Z <0,0,1> Direction 
5.91 ± 0.21 6.09 ± 0.20 

*Diameter was measured in intervals of 0°, 25°, 45°, and 90° deg to measure both the X and Y direction changes. 

The results of the microchannel experimental conditions were tabulated within a separate table to 

have the ability to show the resulting �̅� and σ of the asr for each of the 5 microchannels size. The 

overall �̅� and σ of the microchannel experiment amasses the data of all 5 microchannels. The 

experimental results of the microchannels are tabulated in Table 2. 
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Table 2: Tabulation of the mean and standard deviation values for the asr value recorded for each coordinate direct 

(X, Y, and Z, respectively) of the microchannel experimental conditions 

 Engraved Microchannel Channel Columns Experiment 

Anisotropic shrinking 

ratio (αsr) 

1st 

Column 

(�̅� ± σ) 

2nd 

Column 

(�̅� ± σ) 

3rd 

Column 

(�̅� ± σ) 

4th 

Column 

(�̅� ± σ) 

5th 

Column 

(�̅� ± σ) 

X <1,0,0> Direction 
0.49 ± 0.03 0.52 ± 0.04 0.61 ± 0.10 0.52 ± 0.11 0.77 ± 0.14 

0.58 ± 0.13 

Y <0,1,0> Direction 0.40 ± 0.00 

Z <0,0,1> Direction 5.51 ± 0.53 

 

5.2.0 Coefficient of Variation 
 

Prior to any robust statistical analyses, the coefficient of variation (COV) i.e., 
σ

�̅�
 , is computed 

using the standard deviation and mean of the αsr values for each coordinate axis direction of the 

three experimental conditions. The COV allows the author to witness, normalize, and compare the 

variance for each αsr, providing an initial interpretation of the morphology of the isotropic behavior 

between experimental conditions. Table 3 is the tabulation of each COV value with respect to the 

experimental conditions. For the rectangular geometry experiment, the COV for each coordinate 

axis direction was 4%, which complies well with the notion that the outstanding geometry of the 

SPS chip follows the formerly established isotropic nature from literature [69].  

The circular geometry experiment, the corresponding COV values is 6% for the diameter (i.e., the 

X and Y coordinate axis) and 3% for the Z coordinate axis. As there are only a 2% and 1% 

difference between the variance of X and Y, and Z coordinate axis, respectively, some form of 

error is present between the two experimental conditions but are minimal with respect to the 

microchannel experiment. The COV of the microchannel experiment in the X coordinate axis is 

23%, indicating a greater variance between the results of the microchannel experiment than the 
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other two conditions. As the COV initially suggests that there is a variation upon the asr value 

between experimental conditions, or at the very least, for the microchannel conditions.  

Table 3: Tabulation of the COV values computed for each coordinate axis (X, Y, and Z, respectively) from the mean 

and standard deviation values of each respective geometrical condition i.e., from Table 1 & 2.  

 Coefficient of Variation (
𝛔

�̅�
) for Each Experimental Condition 

Coordinate Axis Rectangular Circular Microchannel 

X <1,0,0> 

0.04 

0.06 

*0.23 

Y <0,1,0> ~0.01 

Z <0,0,1> 0.03 0.10 

*Incorporates the mean width and respective std of all 5 column values from Table 2. 

5.3.0 Outliers 
 

Prior to executing a more thorough statistical analysis, it is important to analyze the data for the 

presence of outliers to remove from the sample data to deter the overall skewness between all the 

data groups. For the Rectangular Geometry Experiment, the data recorded for all 16 trials were 

recorded and the corresponding inner and outer fences of the data i.e., �̅�  ± 3𝜎 at which any data 

that falls below or above the inner/outer fences are considered outliers and may have to be removed 

if the margin of error is high between the two values (i.e., error between the outer or inner fence 

and data value). For the rectangular geometry experiment, the inner and outer fence values for the 

X and Y coordinate axes were 0.35 and 0.49, respectively; the inner and outer fences for the Z 

coordinate axis were 5.24 and 6.57, respectively. None of the data recorded in each coordinate 

direction for the rectangular geometry experiment exceeded the computed outliers.  
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The inner and outer fences for the circular geometry experiment were computed for all 16 trials 

amassed using the same method as the rectangular geometry experiment. The upper and lower 

outlier limits or the diameter (X and Y coordinate direction) were computed to be 0.29 and 0.59, 

respectively; the inner and outer fences for the Z direction are quantified as 5.55 and 6.69, 

respectively. Similarly, to the rectangular geometry the asr values measured for all 16 trials did not 

exceed the fence limits.  

For the 20 trials of the microchannel experiment, the calculation of outliers was executed by the 

same method as the former experiments. For the X direction, the inner and outer fence limits were 

computed to be 0.02 and 1.11, respectively; for the Y direction, the inner and outer limits were 

found to be 0.40 each; For the Z direction, the inner and outer fence values are 2.51 and 8.55, 

respectively. For the X and Z direction none of the asr data exceeded the limits. For the Y direction, 

two values exceeded the limit (one being 0.39 and the other being 0.41) which corresponds to an 

error of 2% at which the author deemed not large enough to be removed.  

 

5.3.0 Welch One-way ANOVA and Post-Hoc Test 

 

As speculations of a significant difference in variance is established through the analysis of COV 

values, a detailed statistical analysis of the data was deemed necessary to further elaborate the 

significance of the variances between each experimental group. As the data measured is numerical 

in nature, a one-way, analysis of variance (ANOVA) was executed. The null hypothesis (H0) for 

the one-way ANOVA assumes that the variances of the asr for each coordinate axis direction is not 

significantly different with respect to the imposed experimental conditions (i.e., σ𝑟
2 = σ𝑐

2 = σ𝑚
2 ). 

The alternative hypothesis (H1) is then that there is a significant difference between the asr for each 
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coordinate axis direction with respect to the imposed experimental conditions (i.e., σ𝑟
2 ≠ σ𝑐

2 ≠

σ𝑚
2 ). 

 General assumptions for ANOVA Tests: 

(1) Normality drawn group test: One-Way ANOVA tests are a robust test i.e., it can handle 

non-normal groups 

(2) Homogeneity of variance: Welch One-Way ANOVA algorithm complies with unequal 

variances 

(3) All samples are drawn independently: The experiments were conducted with randomly 

chosen sheets of SPS 

(4) Equal sample size each being more than ten samples: The Welch One-Way ANOVA is a 

statistical algorithm that complies with unequal sample size distribution  

 

To further analyze and compare the relationship between the asr of each direction, the data for each 

asr group (X, Y, and Z) were normalized between a value of 0-1 to ensure the data has the same 

weight in-between groups. The normalization method used was the min-max normalization 

method shown un equation (1). 

Min-Max Method: 
(𝑥𝑖−𝑥𝑚𝑖𝑛)

(𝑥𝑚𝑎𝑥−𝑥min)
        (1) 

The Welch One-Way ANOVA test was computed using the Real Statistics Resource Pack Excel 

library with a significance level of α = 0.05 for each asr sample direction individually. Based on 

the resulting p values for the One-Way Welch ANOVA, the statistical analysis (Table 4) reveals 

the presence of a significance difference between the means, and hence the mean asr values, i.e., 

reject H0. To further assess which pairs of the mean asr values for each coordinate direction based 
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on the experimental conditions are significantly different, a post-hoc test is needed. As the variance 

of the population and number of trials between each experiment differ, a Games-Howells multiple 

comparison test is used. The p values at a level of significance of α = 0.05 for both the Welch one 

way ANOVA and Games-Howells test are tabulated in Table 4 below. 

Table 4: Tabulation of the significance values computed for the Welch One-Way ANOVA and Games-Howell Post-

Hoc Test to compare the significance between the mean anisotropic ratio for each geometrical direction (X,Y,Z) for 

the Rectangular, Circular, and Microchannel (Rect, Circ, Micro, respectively) experimental conditions 

 Significance Value (p) 

Geometrical 

Direction 

Welch One-Way 

ANOVA 

Games-Howell Post-Hoc Test  

Rect-Circ Rect-Micro Circ-Micro 

X <1,0,0> 
p < α p < α p < α p < α 

Y <0,1,0> 
p < α p = α p < α p < α 

Z <0,0,1> 
p < α p < α p < α p < α 

 

Based on the results of the Games Howell Post-Hoc test, none of the experimental groupings 

besides the asr in the Y direction between the rectangular and circular geometries have a p value 

equal to or greater than 0.05, we reject the null hypothesis. As such there is statistical evidence 

estimating that the experimental conditions influence the asr as there is significance between the 

mean values within coordinate directions of the SPS sheet.  
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5.4.0 Interpretation of Results 

  

The statistical analysis conducted allowed for the validation of a statistical significance regarding 

the alteration of the asr values with respect to the experimental conditions. Upon further 

investigation of the various trials and sample conditions, the chips that exhibited asr ratios that are 

furthest from the mean are those with outside rectangular geometries for which the ratio between 

the Y and X direction are greater than 1.5. Between the X and Y direction, the asr in the X, i.e., the 

smaller of the two directions is the most affected. The asr in the Y direction seems to be less prone 

to deviation from changes in the experimental conditions due to being the larger of the two 

directions (between X and Y) as interpreted by the lack of significance in the mean asr in the Y 

direction between the rectangular and circular experimental conditions. The most consistent asr 

value is in the Y direction, i.e., least amount of error (coefficient of variation of 1%), is that of the 

microchannel experiment conditions where the Y/X ratio is greater than 1.5 for all samples used. 

Referencing back to section 2.4.2. the asr shifts when the Y (length) of the SPS is greater than X 

(width) by a factor of 1.5 to attain its most dimensionally stable geometrical configuration feasible 

to lower the internal stresses within the unstressed polystyrene sample.  
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Chapter 6—Conclusion and Future Work 
 

This work described a three-axis CNC micromilling technique for MFCs that can potentially 

alleviate current tool limitations by using SPS, and CNC alignment complexity using the CNC's 

in-built microcontroller and two-wire electrical probe. The combination of the CNC milling and 

SPS achieved a rapid, simple, consistent, and cost-effective continuous-flow MFC fabrication 

method. The materials and method required for the reproduction of results were presented. Three 

experiments were performed to quantitatively show the asr of SPS by measuring the change in the 

outside geometry of the entire MFC, the change in geometry of circular features engraved onto the 

MFC surface, and the change in geometry for microchannels of various widths engraved onto the 

same MFC. These results are very important for future MFC fabrication as the asr of SPS is needed 

to ensure adequate shrinking of polymer backbone material and a functional MFC device as a 

result.  

This work also developed two functional MFCs; the flow-based microfluidic gradient mixer and a 

single-channel MFC. These MFCs demonstrated the ability to rapidly fabricate (under one hour) 

a functional MFC system with capabilities to attain laminar flow conditions by applying the 

presented fabrication method. These conditions are important for a variety of microfluidic 

analyses. The presented work also describes an effective MATLAB Processing algorithm to assess 

the volume fraction of fluids within MFC channels and microstructures by extracting coloured 

pixel values under post flow-pump injection of fluids. The hurdle of an appropriate high 

throughput MFC device fabrication method using CNC has not been completely lifted but the 

outstanding issue of cutting tool edge and tool alignments have, whilst attain resolutions 

comparable to non-cleanroom based soft lithography. Future efforts upon the investigation and 
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validation of SPS micromilling should be made towards experimentation with CNC machine of 

better resolution with respect to step size along its coordinate axes. Doing so will allow researchers 

to create rectangular microchannels lower than the 250 µm minima that was attained in the 

published work that is the foundation of this thesis [3]. " 
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Appendix Raw MATLAB Code 

Pixel_Volume.m Script File 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%      CODE WRITTEN BY CAMILLE LECLERC 0967363       

%%%%%%%%%%% 

%%%%%%%%%%%       UNIVERSITY OF GUELPH, ONTARIO, CANADA        

%%%%%%%%%%% 

%%%%%%%%%%%        SCHOOL OF ENGINEERING, MASc RESEARCH        

%%%%%%%%%%% 

%%%%%%%%%%%          RGB PIXEL QUANTIFICATION METHOD           

%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%Pixel_Volume.m (Script) loads appropriate user chosen image 

files and  

...computes the appropriate binary mask defined by the user to 

extrappolate  

...of the selected pixels and stores them in a reference matrix 

to be used 

...the RGB values to scan the entire image and count the pixels 

that are  

...associated with the RGB Values in the reference matrix.  

  

%% Load in picture file 

i = 0; 

while i == 0 

    %Asking user to choose image to be used to be loaded into 

script with 

    ...and will onlt proceed if the user picks appropriate input 

for prompt 

    prompt = 'Choose one of the two images to assess: for Single 

Channel press 1, for mixer gradient press 2.  '; 

    x = input(prompt); 

  

if x == 1 

    pict = imread('Single Channel Chip.png'); 

    image(pict); axis off 
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    i = 1; 

  

elseif x == 2 

    pict = imread('Gradient Mixer.jpg'); 

    image(pict); axis off 

    i = 1; 

     

else 

    prompt = 'You did not choose a valid input, please try again 

or exit the program'; 

    display(prompt); 

     

    i = 0; 

  

end 

end 

  

%Allowing user to crop image to desired size and enhance the 

accessibility  

...of wanted features for the binary mask and storing the 

imagein variable 

..."pict" 

%*note: right click to and select "crop" once you want to 

finalize cropping 

pict = imcrop(pict); 

  

%% Finding Red Pixels 

  

%Using the in-built "roipoly" function to select the region of 

interest  

...within the pict image and storing as a "black and white" 

equivalent  

...image i.e., every pixel inside the selected region is stored 

as "1"  

...(true), while everything outside is stored as "0" (false) and 

stored in 

..."BWR" matrix 

%*note: right click to and select "create mask" once you want to 

finalize  

...the mask region 

BWR = double(roipoly(pict)); 

  

%Using MaskedImage function file to convert image to an 

equivalent version  



65 

 

 

 

...consisting exclusively of the rgeion within the binary mask 

area defined 

....with only the binary mask with repsect to the region 

selected by the  

...BWR variable. Stored in "finalImageR" 

finalImageR = MaskedImage(pict,BWR); 

  

%Using function "fRGBv" to seek, pick, and store unique RGB 

values of the  

...finalImageR variable, ONCE and storing them in an appropriate 

reference  

...matrix "RGBpixelsr" 

RGBpixelsr = fRGBv(finalImageR); 

  

%Using function sumpixels to count the number of (in this case 

red) pixels  

...in the original cropped image pict using the RGB values of 

the reference 

...matrix RGBpixelsr. 

redp = sumPixels(RGBpixelsr,pict); 

  

%% Finding Green Pixels 

%Same process/computations as those found in section "Finding 

Red Pixels" 

...refer to explanation above. 

  

%select a closed polygon 

BWG = double(roipoly(pict));  

  

%Create mask out of an selected area of an image converted to 

binary 

finalImageG = MaskedImage(pict,BWG); 

  

%Finding the unique RGB values of the croped and masked image 

RGBpixelsg = fRGBv(finalImageG); 

  

%Quantify number of pixels); 

greenp = sumPixels(RGBpixelsg,pict); 

  

%% Intermeiate/mixed Colour Detection 

  

%only prompted if the second (i.e., microfluidic gradient image 

is 

...selected) 
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if x == 2; 

    %same computation/process those found in section "Finding 

Red Pixels" 

    ...and "Finding Green Pixels", refer to above. 

     

    %find the intermediate coloured pixels  

    BWM = double(roipoly(pict)); % select a closed polygon 

  

    %Create mask out of an selected area of an imageconverted to 

binary 

    finalImageM = MaskedImage(pict,BWM); 

  

    %Finding the RGB values of the croped and masked image 

  

    RGBpixelsm = fRGBv(finalImageM); 

    %Quantify number of pixels); 

  

    mixp = sumPixels(RGBpixelsm,pict); 

    

end 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%ratio/volume of pixels is measured in command window by 

dividing greenp 

...and redp. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 
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sumPixels.m—Function File 

function [pixels] = sumPixels(RGBpixels,pict) 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%      CODE WRITTEN BY CAMILLE LECLERC 0967363       

%%%%%%%%%%% 

%%%%%%%%%%%       UNIVERSITY OF GUELPH, ONTARIO, CANADA        

%%%%%%%%%%% 

%%%%%%%%%%%        SCHOOL OF ENGINEERING, MASc RESEARCH        

%%%%%%%%%%% 

%%%%%%%%%%%          RGB PIXEL QUANTIFICATION METHOD           

%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

  

%sumPixels() quantifies the number of pixels with respect to a 

specific  

...colour range within an inputed image "pict" by equating to 

the RGB values  

...found in "RGBPixels" input matrix  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%% SUMMARY OF VARIABLES 

%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

%INPUT-RGBpixels: a nx3 reference matrix where each row consits 

of the  

...three RGB velues(i.e., th 1st column is the "R" value, 2nd 

column is "G"  

...value, and 3rd column is the "B" value)that comprises a 

respective  

...pixels' colour  

  

%INPUT-pict: the original picture loaded in an equivalent RGB 

matirx form 

  

%   numP = variable to count number of nonzero RGB pixels found 

in the  

    ...RGBpixels matrix within the for loop 
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%   pixels = argument matrix to update counter variable numP in 

the for loop 

    ...outside the for loop, pixels is the output of the 

function, hence the 

    ...sum of all the corresponding RGBpixels pixels found in 

pict 

  

%Setting numP to 0 to restart counter 

numP = 0; 

  

%for loop will only continue until all of the pixels within 

RGBpixels have 

...been counted 

for i=1:length(RGBpixels) 

  

%checking if ANY of all the RGB pixels that pict consists of 

equates to the 

...specific RGB value found in RGBpixels and equates each cell 

that has the 

...the respective RGB pixel found in RGBpixels as 1 "true" and 

all others  

...false "0" until the next iteration of the for loop updates 

all the cells 

    pixels = pict(:,:,1) == RGBpixels(i,1) & pict(:,:,2) == 

RGBpixels(i,2) & pict(:,:,3) == RGBpixels(i,3); 

     

%updating the number of pixels found in pict with respect to the 

i'th  

...iteration iteration of RGBpixels 

    numP = numP + nnz(pixels); 

  

end 

%updating output variable to hold the number of pixels found in 

RGBpixels 

pixels = numP; 

end 
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fRGBv.m—Function 

function [RGBpixels] = fRGBv(picture) 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%      CODE WRITTEN BY CAMILLE LECLERC 0967363       

%%%%%%%%%%% 

%%%%%%%%%%%       UNIVERSITY OF GUELPH, ONTARIO, CANADA        

%%%%%%%%%%% 

%%%%%%%%%%%        SCHOOL OF ENGINEERING, MASc RESEARCH        

%%%%%%%%%%% 

%%%%%%%%%%%          RGB PIXEL QUANTIFICATION METHOD           

%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

  

%fRGBv() Finds the RGBpixels iterates through an image with 

pixels of uint8  

...matrix converting each pixel into its respective RGB value 

and stores it 

...in and nxm matrix of the ame size as picture 

  

%   INPUT-picture: Either a non masked Image file or an image 

file that 

    ...was processed with a binary mask, but BOTH must be uint8 

datatype 

     

%   m = the number of columns for equivalent 2D matrix of the 

original 3D 

    ...masked matirx 

    ...*note: "m" must be truncated to 2D equivalent as our goal 

now is to  

    ...compute a matrix where each ix3 rowxcolumns is a unique 

pixel with 

    ...its respective R, G, B values as type uint8 

         

%   n = index of rows that the inputted masked picture is 

comprised of with 

    ...repsect to pixels 
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%   OUTPUT-RGBpixels: reference matrix that contains all RGB 

values of the  

    ...pixels found in picture 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

  

[n,m] = size(picture); 

m = m/3; 

RGBPixels=[]; 

arg = 1; 

for i=1:n 

    for j=1:m 

        %checking if the i'th row, j'th column pixel value is > 

0 i.e.,  

        ...if the pixel is within the binary mask, if a binary 

mask was  

        ...on the inputed image 

        pv = nnz(picture(i,j)); 

         

        if pv ~= 0 

             

            %constructing 2D reference matrix to contain the 

equivalent  

            ...RGB values (from type unit8-double) 

            RGBpixels(arg,1:3) = impixel(picture,j,i); 

            arg = arg+1; 

             

        else 

            

            

  

        end 

    end 

end 

  

  

%Declaring output  

RGBpixels = RGBpixels; 

  

end 

 

  



71 

 

 

 

MaskedImage.m—Function File 

function [finalImage] = MaskedImage(pict,BW) 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%      CODE WRITTEN BY CAMILLE LECLERC 0967363       

%%%%%%%%%%% 

%%%%%%%%%%%       UNIVERSITY OF GUELPH, ONTARIO, CANADA        

%%%%%%%%%%% 

%%%%%%%%%%%        SCHOOL OF ENGINEERING, MASc RESEARCH        

%%%%%%%%%%% 

%%%%%%%%%%%          RGB PIXEL QUANTIFICATION METHOD           

%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

  

%MaskedImage() Uses selected binary mask area(BW)defined by user 

using  

...."roipoly()" in built MATLAB function that is used to overlay 

...the inputed image "pict" to recreate a picture with only  

...the pixels within the mask being a unit8 value while all 

others are 0  

..."false" 

  

%   INPUT-pict: original picture (containing original coloured 

pixel values)  

         

%   INPUT-BW: The region of interest (as type double unit) 

selected from 

    ...the original pict to be conserved after processing the 

image with a  

    ...binary mask 

  

%   OutputImage = the reconstruction of the input Pict image but 

to only  

    ...yielding the pixel values within the BW binary mask 

         

%   R = the Row index found in BW (same index as pict)  

  

%   C = the column index found in BW (same index as pict) 
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%   OUTPUT-finalImage: is the reconstruction of the input pict 

but 

    ...containing exclusively the pixels found within the mask 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

  

%Finding the size of the equivalent RxC matrix that pict 

consists of 

...*note both inputs pict and BW have to be the same sized 

matrix 

[R C] = size(BW);  

  

%Iterating through each ixj (i.e, RxC)pixels that pict is 

composed of 

for i = 1:R 

    for j = 1:C 

       

     %checking if the i'th, j'th pixel of pict is within the BW 

binary mask 

     if BW(i,j) == 1 

  

            %Saving the appropriate pixel value and location 

from pict in  

            ...the outputimage matrix to reconstruct pict with 

only the  

            ...pixels (type double) found within the BW binary 

mask  

            outputImage(i,j) = pict(i,j);  

  

     else 

            %if the pixels in pict are outside the BW binary 

mask, equate 

            ...cell to zero 

            outputImage(i,j) = 0;  

  

     end 

    end 

end 

  

%concatenating outputImage along 3rd dimension in the horizontal 

to create 

...a matrix with outside-columns having have a internal columns 

of length 1 
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...three i.e., each column cell per row, has 3 indpendent values 

(or cells) 

... to hold the R, G, and B values of the RGB array seperately  

rgbBinary = cat(3,outputImage,outputImage,outputImage);   

  

%convert grayscale outputimage values to equivalent binary  

...values i.e., anything gray=1 

finalImage = im2uint8(rgbBinary);  

  

%imtool(finalImage) %allows user to analyze image pixels using  

...(Inspect pixel values) 

  

  

for i = 1:R 

    for j = 1:C 

         

     %Checking to ensure the pixels within the mask of the 

finalImage are to 

     ...be replaced with original pixel of pict    

     if BW(i,j) == 1 

            %Replacing the masked images pixels with the 

original pigmented 

            ...i.e., RGB coloured pixels at approprite location 

i'th, j'th 

            finalImage(i,j,1)=pict(i,j,1); 

            finalImage(i,j,2)=pict(i,j,2); 

            finalImage(i,j,3)=pict(i,j,3); 

     end 

    end 

end 

  

%Output variable declaration 

finalImage = finalImage; 

end 
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