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Abstract 

Microfluidic platforms allow the implementation of classical analytical 

operations at a mere fraction of the time, cost and resources required 

conventionally while granting the potential for measurements to be taken directly 

in the field by untrained personnel. Centrifugal microfluidic (CM) platforms, a 

subset of microfluidic platforms, use centrifugal force to direct liquid flow and 

perform a variety of analytical operations. 

Although the use of centrifugal force grants CM platforms many advantages 

such as a high degree of parallelism, the potential for portability, and the capability 

to pump liquids irrespective of their physicochemical properties, it creates a design 

paradigm that requires all platform operations to occur while the platform is in 

motion. Stopping a CM platform may result in unintended capillary induced flow in 

channels that can disrupt the intended operation and even cause a loss of sample.  

In accordance with this paradigm, it is important to develop measurement 

techniques that can be utilized while CM platforms are in motion. One 

measurement of importance is the volume of liquid aliquots inside a CM platform. 

The capability to measure volume directly on CM platforms in motion could allow 

experiments to quantify liquid flow in real time and avoid the use of volume 

metering chambers, which occupy valuable platform space.  
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In this thesis, a new technique based on image segmentation was created to 

perform volume measurements on CM platforms in motion. Evaluation platforms 

containing a black contrast layer were fabricated and injected with liquid aliquots. 

High-resolution images of the evaluation platforms in motion were obtained with a 

high speed camera synchronized to a strobe light and the images were processed 

digitally. Platform images were then converted to an intensity space before image 

segmentation was applied to trace the inner contour of each liquid aliquot. The 

contour of each measured aliquot was filled and an area was computed. This area 

was ratioed against that obtained for a calibration volume located on the same 

image to obtain the volume of the aliquot. 

The volume measurement technique was characterized through experiments 

designed to test its precision and accuracy over a range of volumes. The results 

were found to be 1 and 2% respectively.  Further characterization of the technique 

revealed its flexibility in regards to optical magnification, chamber shape, size and 

aspect ratio and platform rotational frequency. An investigation into the effects of 

surface tension on the method precision was also conducted.  The applicability of 

the technique to liquids of various colours was successfully demonstrated. The 

versatility of the method should allow it to be used for a variety of applications 

including real time metering of volumes in platforms, quantitative monitoring of a 
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design's performance in real time and the elimination of metering chambers in 

designs.  
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Abrégé 

Les systèmes microfluidiques permettent la miniaturisation de techniques 

classiques d’analyse chimique en n’utilisant qu’une fraction du temps et des 

ressources requises conventionnellement. Ces systèmes offrent la possibilité 

d’effectuer des mesures directement sur le terrain sans avoir recours à un 

personnel qualifié. Des systèmes microfluidiques ont été développés qui utilisent 

la force centrifuge pour diriger le débit de liquides injectés et accomplir une variété 

de processus analytiques.   

Bien que l’utilisation de la force centrifuge accorde à ces systèmes plusieurs 

avantages tels qu’un haut niveau de parallélisme, un potentiel de portabilité et la 

capacité de pomper des liquides indépendamment de leurs propriétés 

physicochimiques, elle crée aussi un modèle de conception qui requière 

l’accomplissement de toutes les opérations analytiques pendant que le système 

est en rotation. 

En accord avec ce modèle, il est important de développer des techniques de 

mesure qui peuvent être appliquées pendant qu’un système microfluidique 

centrifuge est en mouvement. Une mesure importante est celle du volume de 

liquides injectés dans un système microfluidique centrifuge. La capacité 

d’effectuer la mesure des volumes directement sur des systèmes microfluidiques 

en mouvement pourrait permettre la quantification du débit de liquide en temps 
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réel et éliminer le besoin d’utiliser des chambres de comptage  qui occupent un 

espace déjà restreint sur le système. 

Dans cette thèse, une technique basée sur la segmentation d’images a été 

développée pour mesurer le volume d’aliquotes de liquide dans des systèmes 

microfluidiques en rotation. Des systèmes d’évaluation contenant une couche de 

peinture contrastante ont été conçus, fabriqués et injectés avec des aliquotes de 

liquides. Des images de haute résolution de ces systèmes en mouvement ont été 

acquises avec une caméra numérique à haute vitesse synchronisée avec une 

lumière stroboscopique et traitées numériquement. Ces images ont été converties 

à un espace colorimétrique de niveau de gris et segmentées pour tracer un contour 

autour de chaque aliquote de liquide.  Ces contours ont ensuite été utilisés pour 

calculer l’aire de chaque aliquote qui a ensuite été divisée par l’aire d’une aliquote 

de calibration située sur la même image pour obtenir le volume de chaque aliquote.  

La technique de mesure de volume a été caractérisée par des études conçus 

pour tester sa précision et son exactitude pour différents volumes. La précision et 

l’exactitude obtenues ont été de 1 et 2 % respectivement.  Une caractérisation 

supplémentaire de la technique a révélé sa flexibilité quant au grandissement du 

système optique, la taille, la forme et le rapport hauteur/largeur des chambres du 

système et la fréquence de rotation du système.  Une enquête sur les effets de la 

tension de surface du liquide mesuré sur la précision de la méthode a aussi été 
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effectuée. L’applicabilité de la technique à des liquides de diverses couleurs a 

aussi été démontrée avec succès. La versatilité de cette méthode devrait 

permettre son utilisation dans une variété d’applications incluant la mesure de 

volumes en temps réel, le contrôle quantitatif de la performance de designs de 

systèmes microfluidiques centrifuges en temps réel et l’élimination de chambres 

de comptage dans leur conception.  
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1. Introduction  

Modern chemical analysis relies on the use of specialized instrumentation to 

accurately quantify chemical species in many different domains. As the 

effectiveness of these instruments has continuously improved due to technical 

innovation, sample preparation has become the most time consuming step in 

analytical processes, sometimes taking up to 80% of an analyst’s time1. Sample 

preparation often generates copious amounts of waste given the large amounts of 

solvents and reagents required in a typical process. This can cause a significant 

environmental hazard as well as increased operational costs for analytical 

laboratories.  Furthermore, some samples must be shipped from distant sampling 

locations to laboratories, further driving up the cost of analysis and introducing the 

risk of sample contamination while in transit.  

To meet these challenges, researchers have focused on the creation of 

portable miniaturized devices that can perform a variety of analytical operations 

while keeping analysis times and costs at a minimum2. The automation of 

analytical processes by  micro-instrumentation offers a unique approach for 

chemical analysis that exchanges central lab based analyses for portable coin-

sized integrated fluidic devices (Figure 1-1)3 that are tailored for a specific analysis. 

These devices integrate all steps of an analytical process from sample preparation 

to results, utilize only microlitres of sample, solvents and reagents, perform 
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analyses within seconds and require little training for operators. While it is clear 

that laboratory based methods will remain the gold standard of chemical analysts, 

the continued development of portable miniaturized instrumentation offers a very 

interesting alternative for future developments.  

 

 

Figure 1-1: A microfluidic chemostat used to study the growth of microbial populations3. 

 

1.1 Microfluidics 

1.1.1 Introduction to Microfluidics 

Microfluidics, the science of manipulation of micro-amounts of fluids, is a critical 

component in the miniaturization of analytical instruments3.  Combined with micro-

electronics, microfluidics enables the construction of fully integrated analysis 

systems called micro total analysis systems (µ-TAS)4 or “lab-on-a-chip” (LOC) 

devices that are capable of accomplishing all (or most) steps of an analytical 

process, such as sample preparation, separation, detection and readout on a 

single device.   
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The use of micro-volumes allows analyses performed on µ-TAS to minimize 

labour, time, cost and waste of reagents. Thanks to established methods in micro-

engineering, the fabrication of microfluidic devices can be often be accomplished 

rapidly and inexpensively, leading to the possibility of cheap and disposable 

analytical tools5.   

Several comprehensive reviews of current microfluidic technologies illustrate 

the wide range of options available to microfluidic engineers and the variety of 

domains of application6-10.  

1.1.2 Microfluidic concepts 

When scaled down to the microlitre level, fluids present interesting properties 

that must be taken into account for proper microfluidic engineering11.  At the micro 

length scale of microfluidic devices, surface forces such as capillary action and 

viscosity are the dominant form of interaction.  This opens the door to devices 

driven purely by capillary action, similar in concept to standard commercial 

pregnancy tests. In devices in which pumping is conducted by any other method, 

the dominance of surface properties introduces an important design limitation that 

must be considered. 

In fluid mechanics, one aspect of liquid flow is characterized through the 

Reynolds number (Re), a dimensionless quantity that predicts if the liquid flow in 

a system is turbulent or laminar through the ratio of inertial forces to viscous forces.  
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𝑅𝑒 =  
𝜌𝜈𝐷ℎ

𝜇
 

Equation 1-1: The Reynolds Number. 

 

where 𝜌 is the fluid density, 𝜈 is the fluid velocity, 𝐷ℎis the hydraulic diameter 

of a channel and 𝜇 is the fluid dynamic viscosity. 

A low Re (<2000) indicates a laminar flow,  a higher Re (>3000) denotes a 

turbulent flow while an Re in the transition region (2000-3000) shares 

characteristics of both flows12.  Given the dimensions utilized in microfluidic 

devices, it is clear that the Reynolds number of such systems is typically very low, 

sometimes even below unity, assuring a completely laminar flow in most cases. 

Laminar flows have important consequences on mixing, which is then limited by 

molecular diffusion13, 14. For example, two laminar liquid streams that are brought 

together in a single channel will continue to flow in parallel with mixing only 

occurring at the common interface.  While laminar flow allows for effective on-chip 

gradient generation15-17, additional micromixing features are required if effective 

mixing is desired18, 19. 

1.1.3 Microfluidic platforms 

Due to the considerable variety of design features and fabrication methods 

available to microfluidic engineers, it is important to establish guidelines to 

streamline the creation of lab-on-a-chip devices. Microfluidic designs are typically 

broken down into specialized modules called unit operations such as mixing, 
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metering, valving, transport, separation and detection. These unit operations are 

then (ideally) seamlessly integrated through a common interface using an 

established micro-fabrication technology to create a microfluidic platform which 

can then be used to create devices geared towards a particular application. Many 

different microfluidic platforms have been developed6, 7 for analytical operations, 

each having its strengths and weaknesses in regards to specific applications. 

The simplest and oldest microfluidic platform is the capillary driven lateral flow 

test, which uses capillary forces to drive a sample through a microfluidic system20. 

While they are fast, robust and inexpensive to fabricate and have a variety of 

applications in biomedical analysis, lateral flow tests are limited by the small 

number of possible consecutive operations and their reliance on capillary action, 

which restricts samples to those having certain surface properties. 

Conventional microfluidics (i.e. non capillary flow driven) utilize mechanical 

elements to generate a pressure driven flow13 that is used to move a sample inside 

a microfluidic chip. The driving pressure can be generated either off-chip through 

external pumps such as syringe pumps or on-chip pumping elements that are 

integrated directly into the device. These on-chip micro-pumps are typically 

composed of an embedded micro-diaphragm that is actuated pneumatically, 

thermally, magnetically or piezoeletrically and that can be combined in series with 

other diaphragms to create embedded peristaltic pumps21.  The requirement for 
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external connections creates interfacing problems such as the introduction of air 

bubbles and poses limitations on the portability of some of these microfluidic 

devices. Integration of on-chip pumping resolves this issue while introducing 

additional challenges into the fabrication process, which needs to be adapted to 

accommodate the integrated components.  

Droplet based or digital microfluidics (DMF)22, 23 employs the electrowetting-on-

dieletric (EWOD) effect for liquid pumping where an electric field is used to modify 

the contact angle of a conductive fluid in order to direct it within a microfluidic 

device. The injected liquid is sandwiched between two sets of electrodes which 

are insulated by a hydrophobic layer. The application of voltage between two 

neighbouring electrodes increases the wetting properties of the hydrophobic 

surface, actuating the droplet. Thanks to the programmability of the electrode 

network, DMF offers a very flexible operational platform that lends itself well for 

applications in biomedical analysis such as polymerase chain reaction assays24 

and DNA sequencing25 as well as in sample preparation for mass spectrometry26 

and other analytical detection methods27. Despite this flexibility, DMF devices 

require expensive control instrumentation, do not yet show potential for portability 

and are overall better suited for sample preparation for bench top instruments. In 

addition, the use of the EWOD effect for pumping introduces the risk of electrolysis 

of samples and requires conductive samples.   
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Electrokinetic platforms present another non-mechanical approach to 

microfluidic design. These platforms exploit several electrokinetic effects for flow 

control such as electro-osmosis28, 29 to transport liquids inside the device without 

the use of moving parts and electrophoresis30, 31 to separate charged analytes.  

The innate capability of separations by electrophoresis renders this platform 

attractive for biochemical applications that conventionally utilize capillary 

electrophoresis for analysis of biological molecules.  Similarly to digital 

microfluidics, the use of micro-electrodes in electrokinetic devices allows for very 

precise control over metering of samples. Although the electrokinetic microfluidic 

platform delivers a robust package for many applications, its usage in the 

conception of µ-TAS is limited. Generation of the high voltage electric field 

essential for platform operation makes the development of portable devices very 

difficult. In addition, the requirement for sample conductivity restricts the use of this 

platform to a limited number of analytes.  

An important alternative solution to microfluidic design is the centrifugal 

microfluidic (CM) platform32, which utilizes centrifugal force to direct liquids inside 

the device. As this was the chosen platform for the experiments in this thesis, a 

detailed description follows in the next subsection.  

 



Chapter 1 

8 

1.2 Centrifugal Microfluidics : A Detailed Platform Description 

1.2.1 Platform Overview 

Since the development of the first computer interfaced fast centrifugal 

analyzers in 196933, research into centrifugal microfluidic platforms has 

experienced significant growth owing to their potential for the development of 

complete µ-TAS, resulting in complete commercial systems such as the LabCDtm 

by Tecan34, the Picollotm by Abaxis35 and the Gyros MALDItm by Gyros AB36.   

These platforms, also known as Lab-on-a-CD37 due to their shape generally 

resembling a compact disc, offer the ability to perform many analytical unit 

operations by using centrifugal force for flow actuation and control.  

The use of centrifugal force to drive microfluidic systems provides many direct 

advantages. Pumping by centrifugal force is not influenced by the physicochemical 

properties of the pumped liquid with the exception of viscosity37. This allows the 

use of any liquid inside a CM platform providing that it is tolerated by the chemistry 

of the substrate used in the platform’s fabrication. Operation of CM platforms only 

requires a small motor and can easily be made portable for in-field use38. Valving39 

can be readily accomplished through use of hydrophobic or capillary based valves 

that require a minimum level of centrifugal pressure to open. This allows easy flow 

control through variations in rotational frequency.  As centrifugal force is uniform 

at any given radial position, CM platforms demonstrate a native capability for 
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parallel analyses accomplished in identical structures under similar conditions, as 

exemplified by the 104 parallel immunoassay cells of the Gyrolab Bioaffytm device 

produced by Gyros40. 

The theoretical background and physics behind centrifugal microfluidics has 

been described in detail in several review articles37, 41-43. Applications of CM 

platforms to many chemical and biochemical analysis methodologies have been 

demonstrated, such as sample preparation by liquid-liquid extraction44, 

colorimetric analysis of glucose levels in blood45,  polymerase chain reaction (PCR) 

DNA amplification46, enzyme-linked immunosorbent assays (ELISA)47 and  DNA 

Microarrays48.  Other applications abound in environmental chemical analysis 

where CM platforms have been utilized to analyze levels of nutrients in water49, 

spent nuclear fuels50, nitrates and nitrites51, sulfides52 and polycyclic aromatic 

hydrocarbons (PAHs)53. 

1.2.2 Platform limitations 

While centrifugal microfluidic platforms offers considerable potential for 

miniaturized chemical analysis, they face an important constraint that limits their 

usability for complex operations. Since centrifugal force is unidirectional, it restricts 

the amount of useable platform space to the radius of the platform. This issue, 

sometimes called the “real estate” problem54, limits the number of consecutive unit 

operations that can be included on a single platform. While several methods of 
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active pumping have been developed to attempt to overcome this drawback55-58, it 

is valuable to engineer features that utilize the least amount of real estate while 

providing the desired functionality to compensate for this challenge.  

Centrifugal force provides a powerful method of flow control on CM platforms. 

While a CM platform is in motion, the force can keep the liquid flowing along a 

known path down the radius of the device. If the liquid reaches a valve that it is 

unable to breach due to insufficient force, centrifugal force keeps the liquid 

contained in the chamber located directly above the valve. However, this type of 

flow control enforces an important paradigm on the design of CM platforms that 

requires that all unit operations be performed while the platform is in motion. 

Stopping the platform may result in unintended capillary induced flow in channels 

that could cause both a loss of sample and a disruption of the intended mode of 

operation56.  While most fluidic operations require that a CM platform be in motion, 

measurement and detection methods must be adapted to accommodate this 

paradigm. 

1.3 Volume Measurements on Centrifugal Microfluidic Platforms in Motion 

1.3.1 Volume Metering Chambers 

Analytical methodology requires the accurate knowledge of sample and 

reagent volumes to deliver accurate determinations. On CM platforms, this 

condition is normally met through metering of both samples and reagents via the 
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use of metering chambers37. Typically, metering chambers dispense a fixed 

amount of liquid based on the physical dimensions of the chamber, with all 

remaining liquid past the metered level going to a waste overflow channel as can 

be seen on Figure 1-241. 

 
Figure 1-2: Example of a standard metering chamber utilized on CM designs. The chamber is first filled by 

spinning the platform at a frequency insufficient to burst the valve at the bottom of the chamber and with all 

excess volume going to waste. The metered volume is then released to the next unit operation through an 

increase in rotational frequency.  

 

While metering chambers are a valuable feature in the CM toolbox, they suffer 

from two disadvantages. First, they occupy valuable real estate on the platform, 

especially if metering of several reagents is required. Second, they can only meter 

out a specific volume, rendering them inflexible.  These factors encourage the 

development of alternate volume measurement methods that meet the precision 

needs of analytical methodology. 
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1.3.2 Real Time Volume Measurements 

1.3.2.1 Ideal Criteria for  Multipurpose Volume Measurements  

To overcome the need for metering chambers on CM platforms, novel volume 

measurement techniques must be developed. The capability to measure volumes 

directly on CM platforms in motion could not only allow experimenters to avoid the 

use of metering chambers but also to quantify liquid flow in real time. This would 

allow evaluation of the performance of CM platforms while in motion. As indicated 

in section 1.2.2, this is of high importance since CM platforms are designed to be 

constantly subjected to centrifugal force during operation. 

An ideal volume measurement technique for CM platforms should be 

contactless to facilitate measurements in motion, limit the introduction of additional 

design features due to real estate limitations and avoid the use of specialized 

equipment so it can be adapted to fit any experimental setup. Since chambers and 

features on CM platforms come in a variety of shapes, the technique should utilize 

the least amount of prior knowledge about the device design and the properties of 

the liquid to be measured. Finally, the measurement process should be as 

automated as possible to limit the introduction of operator error.   

While application-specific volume measurements on microfluidic platforms 

have been successfully accomplished through methods such as the use of 

impedance measurements on an EWOD platform59, total internal reflection of a 
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laser beam on a single channel in a CM platform60, or microscopy images of water-

in-oil droplets61, there is currently a lack of a robust, multipurpose volume 

measurement technique for CM platforms in motion. 

1.3.2.2 Optical Solutions 

Optical methodologies provide an approach that is well suited to the 

challenges presented by volume measurements on CM platforms due to their 

ability to provide near-instantaneous non-contact measurements that can be 

electronically synchronized with platform rotation.  An example of such a method 

is the use of the total internal reflection of a laser beam along a single channel to 

obtain real time volume measurements for liquids flowing through the channel60. 

While this method provides adequate precision figures for the determined volumes, 

it is limited to measurements along a single channel, requires the difficult micro-

machining of channels having a triangular cross section on both sides of the 

measurement channel and relies on additional specialized electronics to 

synchronize the measurement. 

Optical imaging is commonly used to visually and qualitatively monitor the 

performance of CM platforms through real time images acquired with a high speed 

camera and strobe system that is synchronized with the platform position62.  

Further information can be extracted from these images by image analysis to 

provide dimensional measurements.  To verify the volume of metered fluids, a 
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method has been described that uses manual processing of platform images 

acquired by a stroboscopic high speed camera to obtain a pixel count that is 

converted to a volume through a substrate based reference scale63. Although the 

use of image-based measurements provides a solid foundation, the requirements 

for a coloured liquid, manual image processing, a specialized stroboscopic 

microscope setup64 and the integration of a substrate-based reference for every 

design feature on the platform renders this method too specific to be used for 

general purpose volume measurements on CM platforms.  Further investigation of 

image analysis based methodologies is necessary if a method fulfilling the criteria 

outlined in section 1.3.2.1 is to be developed. 

1.4 Enabling Real Time Volume Measurements by Image Processing 

1.4.1 Basics of Digital Image Processing 

Digital image processing is a potent computational tool that has been used in 

a variety of microfluidic domains to perform dimensional measurements, including 

the areas, volumes and deformability of erythrocytes injected into a microfluidic 

device65, 66, the haematocrit of blood on a diagnostics platform67 and the volume 

of generated droplets on an EWOD device68.  

Basic image processing operations can be broken down into two main 

categories: image enhancement, which provides tools to improve specific features 

of an image, and image analysis, which can be used to obtain information from 
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images. The main processes utilized for the development of the volume 

measurement technique described in this thesis can be found in the next 

subsections.  

1.4.1.1 Images: Definition, Acquisition and Storage 

A digital image consists of a two dimensional array of picture elements (pixels) 

that store a spatially distributed intensity signal f(x,y) where f is the intensity of the 

pixel and x and y are a set of coordinates that locate the pixel along a pair of 

orthogonal axes69.  The intensity level of each pixel is quantized to a finite level 

during the acquisition of the image from a real continuous signal by a digital 

camera, with the number of available levels being determined by the resolution of 

the camera.  

A coloured image can be defined as an extension of a standard image f(x,y) 

with the addition of a color channel parameter to store the colour information. This 

can be generalized into a colour image g(x,y,c) where g is the intensity for a pixel 

located at the x and y coordinates for the color channel c which is either red (R), 

green (G) or blue (B) due to the widespread use of the RGB colour model70.  

Most image processing operations are designed to utilize only a single intensity 

plane. In the case of colour images, this requires either the isolation of a single 

colour channel or the extraction of intensity information (luminance) from all colour 

channels to obtain a single intensity value per pixel. The latter process is called 
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grayscale conversion71 since the resulting images are often displayed as shades 

of gray, starting from black for an intensity of 0 and progressing towards white, 

which represents that largest intensity level.  A typical grayscale conversion 

algorithm retains the overall luminance of the image by utilizing a weighted sum of 

the colour channel intensities to account for the non-linear perception of colour71. 

 

𝑓(𝑥, 𝑦) = 0.299 ×  𝑔(𝑥, 𝑦, 𝑅) + 0.587 ×  𝑔(𝑥, 𝑦, 𝐺) + 0.114 × 𝑔(𝑥, 𝑦, 𝐵) 

Equation 1-2: Grayscale conversion using standard coefficients defined by the National Television Systems 

Committee (NTSC)  

 

1.4.1.2 Digital Image Filtering 

A key component of many digital image processing operations is the use of 

local operators called filters. Filtering of an image involves the convolution of a 

coefficient array called a kernel on every pixel of the image69. A kernel can be 

defined as an array w(i,j) with a size of 2I+1 by 2J+1 pixels and centered around 

(i,j) = (0,0). 

 

ℎ(𝑥, 𝑦) = 𝑤(𝑖, 𝑗) ∗ 𝑓(𝑥, 𝑦) =  ∑ ∑ 𝑤(𝑖, 𝑗) × 𝑓(𝑥 − 𝑖, 𝑦 − 𝑗)

𝑗

𝑗=−𝐽

𝐼

𝑖=−𝐼

 

Equation 1-3: Convolution of a digital filter kernel on an image f(x,y)  

 

where h(x,y) is the result of the convolution of the w(i,j) kernel on a pixel of the 

f(x,y) image. In simple terms, this convolution involves the alignment of the kernel 

on top of the pixel of choice so that (i,j) = (0,0) at the position of (x,y) followed by 
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the cross multiplication of each kernel coefficient with the corresponding image 

pixel. This process is then repeated for every pixel of f(x,y) to obtain the filtered 

image h(x,y).  Pixels located at the edge of the image are ignored as parts of the 

kernel would extend beyond the image boundaries. Further mentions of digital 

image filtering refer to the use of this operation with various kernels.   

1.4.2 Image Enhancement 

Real images present several traits that can impact their utility for analytical 

applications. Similarly to most signals obtained from digital instruments, images 

present a susceptibility to noise.  Imaging of objects in motion such as CM s 

platforms introduces an unwanted blurring effect, which reduces the edge contrast 

of the obtained image. Well defined edges are not only important for visualization 

but also for certain image analysis techniques such as segmentation. Images can 

also potentially suffer from poor contrast depending on the lighting system and 

background that are utilized during the acquisition process. To remedy these 

factors, several simple image enhancement methods are available.  

Noise reduction is commonly accomplished through the use of mean,  

Gaussian filters or median filters.72 A mean filter, such as the one used in Figure 

1-3B, uses a kernel that calculates the mean of all pixels located in its range and 

returns this value to the pixel on which the kernel is centered. While effective at 

reducing noise similarly to the use of a moving average on one dimensional 
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signals, this method has a significant negative impact on edge contrast.  To reduce 

the blurring of edges, one solution is to weight the contribution of neighboring 

pixels according to their distance from the center of the kernel by the use of a two 

dimensional Gaussian function to create a Gaussian filter gf(i,j)  

𝑔𝑓(𝑖, 𝑗) =
1

2𝜋𝜎2
𝑒

−
𝑖2+𝑗2

2𝜎2  

Equation 1-4: Computation of a Gaussian filter  

 

where i is the distance from kernel origin in the horizontal axis, j is the distance 

from kernel origin in the vertical axis and σ  is the standard deviation of the 

Gaussian function. An example of such a filter can be found on Figure 1-3C. 

Median filtering is a non-linear alternative that computes the median of each 

pixel’s neighborhood. A key property of median filtering is that it is capable of 

preserving edges while removing small amplitude noise73.  A demonstration of this 

filter can be found on Figure 1-3D. 
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Figure 1-3:  Demonstration of noise reduction techniques. A) Grayscale image corrupted by the addition of 

Gaussian noise. B)  5 by 5 mean filter applied to image A. C) 5 by 5 Gaussian filter with a σ of 1.5 applied to 

image A. D) 5 by 5 median filter applied to image A. 

 

Poorly resolved edges can be improved through unsharp masking69, 72. This 

technique first applies a Gaussian filter to the image before subtracting the blurred 

version from the original image to obtain a sharpened image. This effect occurs 

because the edges of an image in frequency space are mainly composed of high 

frequency components as they are abrupt transitions in intensity. Since a Gaussian 

filter blurs the image, it is effectively a low-pass filter that reduces the high 

frequency content of the image. The subtraction of the blurred image from the 

original results in a high-pass filter: the high frequency components of the image’s 
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edges are emphasized by the reduction in low-frequency components.  A 

demonstration of unsharp masking can be found on Figure 1-4B.  

Inadequate image contrast due to glare or poor lighting can often be efficiently 

resolved through intensity scaling69. This process increases the linear dynamic 

range of the image by stretching a specific intensity range (Rmin to Rmax) over the 

maximum number of intensity levels. This range is chosen by saturating a select 

percentage of image pixels at both low and high intensities based on the 

cumulative distribution function of the image histogram. Any pixels whose intensity 

lies below this range is assigned the intensity level of 0, whereas any pixel above 

this range is brought to the highest possible intensity level. All pixels intensities in 

between are then normalized to span the full range of the image. 

 

𝑓𝑎𝑑𝑗(𝑥, 𝑦) =
𝑓(𝑥, 𝑦) − 𝑅𝑚𝑖𝑛

𝑅𝑚𝑎𝑥 −  𝑅𝑚𝑖𝑛
× 𝑓𝑚𝑎𝑥   

Equation 1-5:  Intensity scaling of an image 

 

Where fadj(x,y) is the scaled image, f(x,y) is the original image, Rmin is the 

bottom of the chosen range, Rmax is the top of the chosen range and fmax is the 

maximum intensity level of the image. An example of intensity scaling can be found 

on Figure 1-4C.  
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Figure 1-4: Demonstration of contrast enhancement and sharpening techniques. A) Original grayscale image. 

B) 3 by 3 unsharp filter applied to image A. C) Intensity scaling applied to image A by saturating top and bottom 

1% of pixels.   

 

1.4.3 Image Analysis by Segmentation  

Dimensional analysis can be readily accomplished on images by the use of a 

process called image segmentation74. Image segmentation involves the 

partitioning of an image into distinct regions sharing common characteristics. By 

applying segmentation to an image, features of interest can be identified for 

automatic measurement. 

A variety of image segmentation techniques are available74-76, the choice of 

which depends on the required application. Typically, segmentation techniques 
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can be separated into two main categories: region- based segmentation, which 

separates regions in an image based on common criteria, and edge-based 

segmentation, which directly detects the edges that separate regions.  

1.4.3.1 Region-Based Segmentation  

Region-based segmentation includes global thresholding, region growing and 

the watershed algorithm77. Global thresholding involves the partition of the image 

into two classes, the background and the foreground through the selection of a 

threshold intensity level. All pixels whose intensity is equal to or lower than the 

threshold are classed as the background while pixels whose intensity is higher 

than the threshold are classed as the foreground. Selection of an appropriate 

threshold can be made automatic through a method developed by Otsu that 

minimizes intra-class variance78. Such a method is only useful for ideal images 

where only two components are clearly visible.  

Region growing utilises a seed point to find a region of pixels that share similar 

intensities through iteration. Following selection of a seed point, the neighboring 

pixels are examined and added to the region if their intensity meets a uniformity 

criterion such as the mean of the existing region. The effectiveness of this 

technique relies on the proper choice of a seed point and uniformity criterion and 

relatively noiseless images. 
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The watershed algorithm79 uses a topographic approach to identify regions 

through seeded markers.  The different intensity levels of the image can be 

conceptually seen as the altitude in a topographic relief. Pixels of high intensities 

represent peaks while pixels of low intensities denote valleys. To begin 

segmentation, seed markers are chosen in areas of interest. The relief is then 

“flooded” from these markers and the “water” level begins to rise. However, the 

water basin originating from each marker is not allowed to mix so “dams” must be 

drawn to isolate them. These dams represent the edges of each region.  Proper 

utilization of the watershed algorithm requires very careful selection of markers as 

the alternative often leads to over-segmentation that is exacerbated by noise. 

1.4.3.2 Edge—Based Segmentation 

Edge-based segmentation techniques identify boundaries between different 

regions of an image and are primarily derivative-based. One significant advantage 

to edge-based segmentation is that it does not require any prior knowledge about 

the image contents. However, the derivative-based methodology renders this type 

of segmentation vulnerable to the localization of false edges due to noise. The 

most common edge-based techniques are the Canny80, 81 method and the Hildreth-

Marr or Laplacian-of-Gaussian (LoG) operator82, 83.  
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Figure 1-5: A one dimensional example of typical edge detection strategies. A) A one dimensional signal that 

includes two edges. B) The first derivative of the signal C) The second derivative of the signal.  

 

An edge in an image is typically defined as a sharp variation in intensity (Figure 

1-5A)77. An initial strategy for edge detection is the computation of the intensity 

gradient (Figure 1-5B), which is an approximation of the first derivative of the image 

intensity.  

𝐺(𝑥, 𝑦) = √(
𝜕𝑓

𝜕𝑥
)

2

+ (
𝜕𝑓

𝜕𝑦
)

2

= √𝐺𝑥
2 + 𝐺𝑦

2 

Equation 1-6: Computation of the image gradient magnitude 

 

Where G(x,y) is the gradient magnitude, f(x,y) is the image intensity, Gx and 

Gy are the gradients in the x and y direction. Since image intensities are discrete 

in nature, they must be differentiated through a discrete difference operator. This 

is most commonly done through the Sobel operator that uses two difference filters 

to obtain gradients in both orientations. 

𝐺𝑥 =  [
−1 −2 −1
0 0 0
1 2 1

]                  𝐺𝑦 =  [
−1 0 1
−2 0 2
−1 0 1

] 

Equation 1-7: Kernels used to calculate intensity gradients in the x and y orientations 
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As can be seen on Figure 6B, the maximum of the gradient should correspond 

to the exact location of the edge. However, this criterion is insufficient when dealing 

with real images, where the transition in intensity at the edge is smoother, noisier 

and less obvious. The gradient of such an edge presents a much wider spread that 

renders the exact spatial localization difficult. To deal with such cases, a more 

advanced methodology is required, the most common being the Canny81 method 

of segmentation. 

The Canny method begins by the Gaussian filtering of the image to reduce 

false edges due to noise. The gradient of the image intensity is then calculated via 

the Sobel operator after which the gradient angle θ for each pixel is computed 

trigonometrically from its gradients in the x and y directions: 

𝜃 = arctan (
𝐺𝑦

𝐺𝑥
)  

Equation 1-8: Calculation of the gradient angle 

 

To find a single location for each real edge, an algorithm of non-maximum 

suppression is applied to all pixels. The gradient angle θ of all pixels is first rounded 

to the closest multiple of 45 degrees to determine the potential edge direction, 

which is always perpendicular to the rounded gradient angle. The gradient 

magnitude of the potential edge pixel is then compared to the two immediate 

neighbors lying in the same edge direction and an edge is declared only if this 

gradient magnitude is larger than that of the two neighbors.  The edge detection 
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process is finalized by thresholding all edge-flagged pixels by hysteresis to ensure 

that only genuine edges are returned. First, an upper gradient magnitude threshold 

is selected above which all edges are declared as strong. A second, lower 

threshold is used to declare weak edges if they originate from a strong edge. The 

result of the segmentation is a binary image in which edge points are marked as 

1s while all other pixels are marked as 0s.  An example of a Canny segmented 

image can be found on Figure 1-6B. 

 

 

Figure 1-6: Example of edge-based segmentation techniques. A) Original grayscale image. B) Canny method 

applied to A with a Gaussian σ of 1.5. C) Laplacian of Gaussian method applied to A with a Gaussian σ of 1.5. 
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An alternative approach to image segmentation utilizes the second derivative 

of the image intensity which is also known as the divergence of the gradient. As 

can be seen in Figure 1-5C, the second derivative of an edge presents a zero at 

the exact location of an edge. This enables the easy detection of edges through 

the search for zero crossings in the second derivative of the data. A powerful 

method that utilizes this approach is the Marr-Hildreth or Laplacian-of-

Gaussian(LoG)83 operator. This method begins by the application of a Gaussian 

filter to the target image as the differentiation process is particularly sensitive to 

noise. The second derivative L(x,y) of the image f(x,y) can be calculated through 

application of a Laplacian operator. 

 

𝐿(𝑥, 𝑦) = ∇2𝑓(𝑥, 𝑦) = √(
𝜕2𝑓

𝜕𝑥2
)

2

+ (
𝜕2𝑓

𝜕𝑦2
)

2

 

Equation 1-9: Computation of the second derivative or divergence of gradient of an image 

 

Before application to the image, the Laplacian operator can be convolved 

directly on the Gaussian filter gf(i,j), yielding a Laplacian-of-Gaussian filter: 

 

𝐿𝑜𝐺(𝑖, 𝑗) = ∇2 ∗ 𝑔𝑓(𝑖, 𝑗) = −
1

𝜋𝜎4
[1 −

𝑖2 + 𝑗2

2𝜎2
] 𝑒

−𝑖2+𝑗2 
2𝜎2   

Equation 1-10: Laplacian of Gaussian Filter 

 

A discrete approximation of this filter is then applied to the image to compute 

its divergence of the intensity. 
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𝐿𝑜𝐺 =  [
−0.4 −0.8 −0.4
−0.8 4.8 −0.8
−0.4 −0.8 −0.4

] 

Equation 1-11: Laplacian of Gaussian Kernel with a 𝜎 of 0.5 

 

The obtained derivative is then scanned for zero-crossings to identify edges. In 

practice, because of the discrete nature of images, it is possible for a real zero 

crossing not to exist. In this case, the closest value to zero must be used instead.  

The resulting edges are then thresholded to ensure that only genuine edges are 

detected. An application of the LoG method to the segmentation of an image can 

be found on Figure 1-6C. 

1.5 Thesis objective 

The objective of this thesis is to develop and characterize a technique to 

measure volumes of liquid aliquots inside CM platforms in-motion through an 

approach based on the automatic image segmentation of platform images. Direct 

volume measurements offer the potential for the development of CM analytical 

methods that require precise volume knowledge without the need for metering 

chambers, saving valuable real estate on CM platforms. The ability to measure 

volumes in real time will also allow quantitative evaluation of platform designs, a 

task that has previously been difficult to accomplish due to the challenge presented 

by in-motion measurements. The demonstrated technique is versatile, flexible 
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towards the needs of experimenters and does not require any additional 

components beyond those included on a typical CM experimental apparatus.  

1.6 Thesis outline 

Chapter 2 describes the CM platforms used to investigate the volume 

measurement technique as well as the imaging instrumentation and experimental 

apparatus utilized for synchronized acquisition of images of platforms in motion.  

Chapter 3 introduces the volume measurement algorithm and offers a figure of 

merit characterization of the method on ideal and real platforms using pre-metered 

aliquots. 

Chapter 4 presents an extended evaluation of method performance based on 

several experimental parameters, such as optical magnification, platform rotational 

frequency, design feature shape, liquid surface properties and liquid color. 

Chapter 5 summarizes the conclusions of the research and discusses potential 

applications and future directions for the developed volume measurement 

technique.  
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2. Instrumentation  

2.1 Introduction 

While centrifugal microfluidic platforms often share the common form factor of 

a compact-disc, there is much diversity in size, design features and fabrication 

methods across the field.  To provide an effective solution to the need for precise 

volume measurements on CM platforms, a potential method must address this 

diversity by being applicable to as many platforms as possible. An image 

segmentation-based technique fits this profile suitably thanks to the lack of need 

for specialized equipment and the inclusion of digital cameras on most CM 

experimental setups. The development of this technique requires a set of 

evaluation CM platforms, an experimental apparatus used to operate the platforms 

and synchronized imaging instrumentation for the acquisition of real time platform 

images, all of which are presented in detail in this chapter. 

2.2 Centrifugal Microfluidic Platforms for Method Evaluation 

2.2.1 Overview of Microfluidic Fabrication Techniques 

The initial trend in microfluidic platform fabrication was based on 

photolithography1 applied to silicon-based substrates, a method borrowed from the 

manufacturing of integrated micro-electronic devices.  Photolithography offers 

excellent reproducibility and high feature resolution while its use of silicon or glass 

as a substrate allows devices that possess flexible optical properties that are key 
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for spectroscopic applications. However, application of photolithography to 

microfluidic device fabrication requires the use of a clean room, construction of a 

lithographic mask for every new design and use of highly corrosive chemicals for 

etching. 

A close relative is soft lithography2, 3, which utilizes a single silicon mould 

created by photolithography to cast elastomeric polymers such as 

polydimethylsiloxane (PDMS). Polymer based devices greatly reduce fabrication 

time and cost while retaining essential optical properties. While the ability to create 

several devices from a single mould is an improvement, soft lithography suffers 

from similar drawbacks to photolithography. The fabrication of CM platforms 

through hot embossing of cyclic olefin copolymer (COC) using a mould created by 

photolithography has also been described4. Although hot embossing allows rapid 

replication of existing designs, a mould must still be created for every new design 

by lithographic means, which renders prototyping expensive in terms of time and 

cost.  

The miniaturization of most everyday chemical analysis processes does not 

require the nanometer level of resolution given by photolithographic fabrication 

methods. The use of micrometer-scale structures remains firmly in the microfluidic 

domain while simplifying and accelerating the prototyping of microfluidic devices. 

Several rapid prototyping techniques are available that provide reproducible 
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features at the micrometer-scale using polymer substrates such as polycarbonate 

(PC) or polymethylmethacrylate (PMMA).  

Laser based methods have been developed which include excimer laser 

ablation5 and laser micromachining6. While effective at creating polymer-based 

microfluidic devices, laser fabrication techniques suffer from high power 

requirements and high instrumental costs. 

A simple yet practical approach to rapid prototyping of microfluidic systems 

involves mechanical micromachining of device layers in a polymer substrate and 

assembly of device layers using pressure or thermally sensitive double-sided 

adhesive layers7. The adhesive layers simultaneously provide a bonding method 

along with high aspect ratio features provided by xurography8, a technique 

commonly utilized in the advertising industry to cut graphics on adhesive films. 

This method allows the prototyping of microfluidic devices within just a few hours 

and using inexpensive components. Because of these powerful advantages, this 

method was chosen for the fabrication of the CM platforms described in the next 

section.  

2.2.2 Centrifugal Microfluidic Platform Fabrication 

Centrifugal microfluidic platforms were constructed in 5 layers (Figure 2-1) 

using transparent polycarbonate(PC) digital video disks (DVDs) (U-Tech Media 

Corporation, Taiwan) as a base substrate for the main platform layers 
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(Figure 2-1A,C,E) and double-sided adhesive (FLEXmount DFM-200-Clear V-95 

150 poly V-95 400, FLEXCon, Spencer, MA, USA) for the bonding layers (Figure 

2-1B,D). The individual layers were first designed using the Solidworks 2012 

(Solidworks Corp., Concord, MA, USA) computer-aided design (CAD) program. 

The DVD layers were micro-machined using a four axis computer numerically 

controlled (CNC) milling machine (Modela MDX40, Roland Corporation, Japan) 

using a 700 µm diameter end mill for large scale features such as chambers and 

channels and a 1.59 mm diameter drill bit for vent and injection holes. The 

adhesive layers were cut by xurography with a cutting plotter (CE3000Mk2-60, 

Graphtec America, Inc., Santa Ana, CA, USA).  

An alignment hole located on each layer was used to precisely align all layers 

of the platform together. Following assembly, all layers were pressed together 

using a cold laminator (Jet Mounter ML 25, Dryac, Concord, ON, Canada).  

To enhance contrast during platform imaging and permit imaging of colourless 

substances, the middle DVD of every platform (Figure2-1C) was coated with matte 

black spray paint (Ultra Cover Painter’s Touch, Rust-Oleum Corporation, Vernon 

Hills, IL, USA) before machining following experimentation using several 

commercial spray paints (Figure 2-2). 
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Figure 2-1: CM Platform layers. A) Top DVD layer containing drilled injection and vent holes. B) Double sided 

adhesive layer bonding layers A and C. C) Middle DVD layer containing chambers and channels. This DVD 

is spray-coated with black paint before machining to assist imaging contrast. D) Double sided adhesive layer 

bonding layers C and E. E) Bottom DVD layer. 

 

 

Figure 2-2: Evaluation of four brands of commercial spray paint (Left to right: Tremclad Rust Paint, Krylon 

Fusion, Rust-Oleum Glossy Plastic Specialty and Rust-Oleum Matte Ultra Cover Painter’s Touch) applied to 

a DVD for enhancing imaging contrast. Oily residues can be seen on the Tremclad coated disk while the 

Krylon coating resulted in warping of the disk. The Rust-Oleum Ultra Cover paint was selected over the 

Speciality brand due to the matte surface it creates, a more even coating and faster drying.  
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The DVDs utilized for platform fabrication had a standard thickness of 600 µm 

while each double sided adhesive sheet had a thickness of 100 µm. This leads to 

an interior height of 800 µm for all platform chambers as they were milled through 

the full width of the central DVD layer. This height was used to estimate the volume 

of chambers during platform design. 

2.2.3 Design of Platforms for Method Evaluation 

Four different platform types (Figure 2-3) were designed to evaluate the 

effectiveness of the volume measurement technique for differently sized and 

shaped features. A platform consisting of eight identical wedges (Figure 2-3A) 

containing three circular chambers of varying radii (3, 4 and 5 mm) was 

constructed to conduct preliminary tests regarding the technique’s precision and 

accuracy figures (Chapter 3). This platform was also utilized to evaluate the effect 

of a liquid’s surface tension and colour on the effectiveness of the volume 

measurement technique (Chapter 4). 

Three platforms containing chambers of equivalent areas with varying aspect 

ratios (1:1, 1:1.8, 1:2.3) and sizes were designed to verify the influence of feature 

shape on the precision of the volume measurement technique (Chapter 4). 

A platform comprised of sixteen identical wedges containing square chambers 

(Figure 2-3B) of varying sizes was used as a baseline for comparison with two 

platforms containing rectangles of varying aspect ratios (Figure 2-3C and D). The 
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areas of each same-sized square and rectangular chambers were designed to be 

equivalent to the area of the corresponding circular chamber in the previously 

described platform (28.27 mm2, 50.27 mm2, and 78.53 mm2).  

 

 

Figure 2-3: Four platforms utilized to evaluate the volume measurement technique presented in this thesis. A) 

Platform containing 8 wedges of different sized circular chambers (3, 4 and 5 mm radius). B) Platform 

containing 16 wedges of different sized squares with equivalent areas to platform A. C) Platform containing 

16 wedges of different sized rectangles having a 1:1.8 aspect ratio with equivalent areas to platform B. D) 

Platform containing 16 wedges of different sized rectangles having a 1:2.3 aspect ratio with equivalent areas 

to platform A. 
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The initial circular chamber based platform included vents for every chamber 

to assist in liquid aliquot injection. Following experiments, this feature was 

considered unnecessary and was no longer included in the later platform designs.   

2.3 Experimental Apparatus and Imaging System 

2.3.1 Front-lit Stroboscopic Imaging System 

Effective imaging of CM platforms in motion presents a unique challenge from 

an acquisition standpoint. Sharp images of moving objects require short integration 

times to obtain good resolution (i.e. avoid smearing). Conversely, bright and well 

contrasted images necessitate longer exposure or high intensity light sources. A 

balance between both of these aspects is key for the acquisition of high quality 

images for volume analysis by image segmentation. 

An experimental apparatus previously described by Duford9 was utilized as a 

starting point for the development of an effective imaging system (Figure 2-4A).  

This configuration consisted of a servomotor (Parker MPJ0922D3E-NPSN, 

Cadence Automatisation, Sainte-Thérèse, QC, Canada) and a servo drive (Parker 

AR-08AE, Cadence Automatisation) synchronized with a high-speed 24-bit colour 

digital camera (GRAS-14S5C-C, Point Grey Research Inc., Richmond, BC, 

Canada) and xenon arc strobe light (Shimpo DT-311A, Primo Instruments, 

Montreal, QC, Canada) via a custom LabVIEW program (LabVIEW 8.6, Developer 

Version, National Instruments, Vaudreuil-Dorion, QC, Canada). The camera was 
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placed at 90 degrees from the platform while the strobe light was positioned at an 

angle to illuminate the platform from the above without causing specular reflection. 

A white sheet of paper was added at the base of the motor spindle to produce a 

white background for imaging. 

 

Figure 2-4: A) Original front-lit imaging system: 1) strobe light, 2) digital camera, 3) servomotor spindle, 4) CM 

platform and 5) servomotor base. B) Backlit LED ring light-based imaging system: 1) LED ring light, 2)-4) 

Same as A2-4, 5) diffusers and 6) support base. C) Backlit strobe-based imaging system: 1-4) Same as A1-

4. 5) diffusers, 6) support base and 7) imaging aperture.  

 

The operation of a CM platform on this system follows a simple protocol.  First, 

the user inputs a list of rotational frequencies and a corresponding run-time for 

each frequency. The LabVIEW software then signals the servo drive to spin the 

servomotor at each indicated rotational frequency for the requested operating time. 

During rotation of the platform, a signal is sent to the strobe light and servomotor 

to trigger illumination of the platform and image acquisition every time the 

servomotor completes a full rotation (8000 steps). This signal can be adjusted to 

trigger every (8000 times y) steps to slow down the acquisition rate to once every 
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y rotations where y is an integer or every 8000 + z  steps where z is an integer to 

cycle to a different spot on the platform during every rotation. For example, a trigger 

every 9000 steps will result in the platform rotating 405 (360 + 45) degrees 

between images, which provides a convenient way to sequentially image one 

eighth of the platform at a time during a single experiment without additional user 

input.  

Images obtained from the front-lit imaging system presented a more than 

adequate contrast and sharpness for segmentation owing to the intense brightness 

of the strobe light, which allows the use of a short integration time. As such, this 

configuration was used for the initial measurements described in Chapter 3.  

A side-effect witnessed during these experiments was the disappearance of 

the imaged meniscus of a liquid aliquot at the air-liquid interface (Figure 2-5A) if 

the CM platform wasn’t precisely aligned to avoid specular reflection resulting from 

frontal illumination. Since segmentation of a liquid aliquot on an image requires a 

difference in intensity along the liquid-air interface, analysis of such images is 

impossible and requires re-imaging of the platform following manual repositioning, 

which complicates extended experiments. To optimize the acquisition process for 

the additional measurements presented in Chapter 4, additional systems were 

explored as discussed below. 
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Figure 2-5: CM platform injected with clear liquid imaged using three different imaging setups:  A) Front-lit 

imaging system, B) Backlit LED imaging system, C) Backlit strobe imaging system. 

 

2.3.2 Backlit LED Ringlight Imaging System 

To improve the imaging process, a backlit system (Figure 2-4B) was 

constructed using an LED brightfield ringlight (S80-55, Schott North America Inc., 

Southbridge, MA, USA) linked to an externally triggered digital controller (MC1500, 

Schott North America Inc., Southbridge, MA, USA). The ringlight was placed on a 

polycarbonate support base located at the base of the motor spindle, which allows 

it to directly illuminate CM platforms from underneath.  

This configuration brings three advantages. First, this allows imaging of the 

interior contents of a CM platform since the light hitting the platform from beneath 

can only pass through the coated middle DVD layer in locations where the disk 

was machined which corresponds to platform chambers. Second, the use of an 

LED-base light source allows for more reproducible lighting than a standard xenon-

based strobe light where the use of an arc introduces a small amount of variability 

in light intensity. Third, a ring-based light source provides the opportunity for 

simultaneous imaging of a full platform under uniform lighting conditions. Taking 
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advantage of the third benefit requires camera optics that possess an appropriate 

working distance for imaging of a full platform while remaining close enough to 

capture sufficient light levels. 

A series of diffusers (Figure 2-6) was mounted between the ringlight and the 

CM platform using four screws extending from the support base to create a uniform 

white imaging background. The diffusers were cut out of commercial artificial 

vellum paper with a cutting plotter and designed to match the base for easy 

modular assembly.  

 

Figure 2-6: Diffusers used in the backlit ringlight imaging system. A) Image of five diffusive layers following 

fabrication. B) Image showing the diffusive layers mounted on the imaging system.  

 

The diffusion of the ringlight was optimized by imaging a stationary CM platform 

filled with clear liquid while varying the number of mounted diffuser layers from 

none to 5  (Figure 2-7).  It was expected that an increased number of diffusers 

would provide a more uniform background with the consequence of reducing the 

average lighting intensity. This factor was experimentally confirmed and an 
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appropriate level of lighting was reached with 5 diffusers, as can be seen on Figure 

2-7F.  This figure demonstrates a crisp image of the platform’s interior with no 

visible background, achieving the desired conditions at a stationary level.  

 

 

Figure 2-7: Images of a stationary CM platform containing a clear liquid and mounted on the backlit ringlight 

setup using: A) No diffuser B) One diffuser C) Two diffusers D) Three diffusers E) Four diffusers F) Five 

diffusers. 
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To image CM platforms in motion using this system, a custom MATLAB 

R2013B (The Mathworks Inc, Natick, MA, USA) program was utilized to load 

intensity and pulse duration settings to the ringlight controller and an external 

connection was extended from the servo drive to allow synchronized triggering of 

the ringlight alongside the digital camera using the methodology described in 

Chapter 2.3.1.   

Various pulse durations were tested to balance light intensity with image 

sharpness. While the LED ringlight was capable of pulse durations down to 100 µs, 

such a setting produces insufficient light intensity for practical imaging purposes. 

A pulse duration of 200 µs shows a definite improvement while introducing a 

significant amount of blur (Figure 2-5B) when compared to the ~20 µs pulse 

duration of a xenon arc strobe light.  

While a backlit ringlight imaging system shows significant potential for CM 

platform imaging by providing highly reproducible lighting conditions and 

eliminating background elements, the LED nature of the source demonstrates 

significant issues in terms of light intensity and pulse duration. 

2.3.3 Backlit Stroboscopic Imaging System 

From preliminary attempts, it was clear that an optimal system for platform 

imaging could be constructed by combining a backlit imaging stage with a xenon 
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arc strobe light (Figure 2-4C). To achieve a backlit configuration, the polycarbonate 

support base and diffusers from Chapter 2.3.2 were retained. One of the diffusers 

was placed directly on top of the support base to provide diffuse reflection of 

incoming light. A xenon arc strobe light was then positioned close to the 

servomotor spindle base and directed at the bottom diffuser layer to provide a 

bright spot of light underneath a mounted CM platform. To restrict the wide 

illumination angle of the strobe light and eliminate front illumination of the platform, 

a sheet of cardboard covered with aluminum foil with a rectangular aperture was 

positioned next to the servomotor base. Of the five diffusers used in Chapter 2.3.2, 

only three were necessary to diffuse the incoming light and provide a uniform white 

background for imaging.   

The resulting configuration created a bright spot of light underneath the 

platform side closest to the aperture. While initial imaging was attempted directly 

above this spot, stray light in the form of specular reflection originating from the 

reflective metallic surface of the servomotor spindle resulted in poor image quality. 

This issue was accommodated by simply moving the camera to a location further 

away from the center of the light spot. Figure 2-5C displays an image acquired with 

this system of a CM platform containing a clear liquid. This figure demonstrates 

the superior characteristics for image segmentation possessed by images 
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acquired with this configuration, including a dark outline at the air-liquid interface, 

sharp edges, a lack of background signal as well as high intensity and contrast.  

The backlit strobe-based imaging system was utilized for all experiments 

described in Chapter 4 to allow the rapid acquisition of high-quality platform images 

without the constraints displayed by the system described in Chapter 2.3.1.  
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3. Volumetric Measurements by Image Segmentation: Basics and 

Characterization 

3.1 Introduction 

This chapter presents an image segmentation based method that was 

developed and characterized to perform volumetric measurements of liquids in CM 

platforms in motion. The method was designed to be as automated as possible to 

allow its applicability to the large variety of available design features that tend to 

be included on such platforms. Experiments have indicated a relative standard 

deviation (RSD) of 0.3% for replicate measurements and 1% for the same volume 

injected into different sized chambers. The versatility of the method should allow it 

to be used for a variety of applications including real time metering of volumes in 

platforms, quantitative monitoring of a design’s performance in real time and the 

elimination of metering chambers in designs.  

3.2 Basic Principles 

Images of centrifugal microfluidic platforms provide the opportunity for precise 

analysis in two dimensions (x,y). As volume measurement involves a third 

dimension, approximations regarding the platforms’ height component (z) must be 

made for volumetric data to be obtained from CM platform images. Due to the 

fabrication method utilized (Chapter 2.2.2), the height of all chambers located on 

the same platform can be assumed to be equal (Figure 3-1A).  
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Figure 3-1:  Demonstration of the assumptions enabling volume measurement by imaging A) 3-D Model of a 

liquid aliquot inside a CM platform in motion. The top and bottom layers are abstracted due to their transparent 

properties. Centrifugal force is shown flattening the meniscus. The height (z) is seen to be uniform across the 

platform. B) Model of an ideal image of a platform containing three liquid aliquots taken at 90 degrees. Black 

coating of the middle layer provides a sharp edge at the platform-liquid interface while the liquid meniscus 

provides an edge at the liquid-air interface due to change in refractive index. 

 

In addition, the camera was placed at a 90 degree angle from the platform’s 

surface, which completely eliminates the height component on images. 

(Figure 3-1B). 

To obtain an accurate calibration without the need for z knowledge, a pre-

metered aliquot injected into a calibration chamber must be employed as a 

reference.  Using this configuration, the volume of liquids located inside any of the 

platform’s chambers can be measured by considering it as approximately 

proportional to its area on images taken during the platform’s operation 
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(Figure 3-2A). Areas for all liquids present on the platform can be easily obtained 

by image segmentation as they each form a closed outline when imaged inside a 

contrast-assisted platform (Figure 3-2B). A single calibration chamber containing 

a pre-metered aliquot can then be used to obtain direct volume readouts from a 

single image by ratioing its area with the areas of the liquid aliquots of interest 

(Figure 3-2C).  

 

 

Figure 3-2: Basic principle of the volume measurement technique. A) Grayscale image of platform containing 

three liquid aliquots featured in Figure 3-1B. B) Image A segmented to locate the liquid aliquot outlines. C) 

Measurement of aliquot volumes by ratioing their area with that of a pre-metered calibration aliquot.  
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3.3 Image Processing Technique 

3.3.1 Outline 

The volumetric measurement technique can be separated into acquisition, 

enhancement, segmentation and measurement steps which are detailed in this 

section.  A summary of the method applied to ideal and real platforms can be found 

on Figure 3-2. The technique was implemented using a graphical user interface 

(GUI) in MATLAB R2013B and its associated image processing toolbox.  The 

description of this GUI can be found in Appendix A. 

3.3.2 Image Acquisition 

Experimental 24-bit colour images (Figure 3-3 A, B) were acquired with the 

front-lit stroboscopic imaging system described in Chapter 2.3.1. To keep the 

method applicable to any kind of liquid, independent of colour, the images were 

first converted from an RGB colour space to grayscale which retains only the 

luminance or brightness of the image (Figure 3-3 C, D).  

It is important to note that 24-bit colour images consist of three channels of 8-

bit information, resulting in only 8 bits of grayscale information or 256 possible 

intensity levels per pixel. This imposes limitations on edge-based segmentation  
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Figure 3-3: Overview of the steps of the volumetric measurement technique demonstrated on an ideal (A-D) 

and a real (E-H) platform. A) Raw image of an ideal platform. B) Conversion to grayscale to retain only the 

intensity information. C) Segmentation using the Laplacian-of-Gaussian operator. D) Area evaluation of user 

selected chambers after filling by morphological reconstruction. E)-H) Steps A-D performed on a real CM 

platform subsequent to injection of a 10 µL aliquot of distilled deionized water in each chamber. 
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that relies on differences in intensity. Since the intensity transitions at edges 

present on real images are not always sharp, a smaller number of bits per pixel 

can make precise localization of edges more difficult. 

3.3.3 Image Enhancement 

Several image enhancement techniques1 can assist in the segmentation of 

platform images (Chapter 1.4.2) . Acquisition of images can be potentially noisy, 

which can introduce false edges during the segmentation process. Reduction of 

noise levels is best accomplished with the use of a median filter that can remove 

small amounts of noise while leaving edges intact due to its non-linear properties. 

Sharpening of image edges can be achieved through the application of an unsharp 

filter, while contrast can be improved through intensity adjustment to scale an 

intensity range of interest to the full available range.   

Due to the high quality of the experimental images obtained by the imaging 

system, such enhancements were not deemed necessary prior to segmentation. 

However, each of the above mentioned image enhancement methods was 

implemented into the technique’s GUI as an option. 

3.3.4 Image Segmentation 

Having obtained a sharp image of a CM platform and its contents, edge-based 

image segmentation2-7 was performed to automatically partition the area occupied 

by all liquid aliquots located within the platform. Edge-based segmentation was 
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chosen due to its advantages when applied to contrast-assisted platforms 

containing a black surface layer. A liquid aliquot located inside such a platform 

presents a large change in intensity at both the liquid-platform and liquid-gas 

interfaces, regardless of platform design, rendering it ideal for edge-based 

segmentation.  

Two edge-based segmentation techniques (Chapter 1.4.3.2) were evaluated 

for application in this step. Canny’s method3, based on the first order derivative of 

the image intensity, initially provided an accurate detection of the edge along the 

liquid-platform interface. However, it often suffered from poor performance at the 

junction of the liquid-platform and liquid-air interfaces on images with non-ideal 

contrast, resulting in missing edges due to a lack of sensitivity.  

This issue was overcome by using the Laplacian-of-Gaussian (LoG)8, 9 method 

which performs edge detection based on the second derivative of the image 

intensity. The LoG operator is the convolution of a discrete approximation to a 

Laplacian filter with a Gaussian filter.  Its application first resulted in a light blurring 

of the image to reduce imaging noise and the possibility of flagging false edges.  

Since an edge is defined as a sharp transition in intensity, its first derivative will be 

shaped as a peak, and its second derivative will have a zero-crossing found at its 

location. However, given the discrete nature of pixels in an image, a real zero will 

often not be found for all edges. A decision was then made that the edge should 
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follow the negative peaks since this is the most conservative estimate. A binary 

image (Figure 3-3 E, F) of the edges was then traced by retaining only pixels with 

a second derivative value above a threshold based on the average second 

derivative value of the image. These edge pixels were flagged as 1’s in the 

segmented image, while background pixels were set to 0s;  

3.3.5 Area Measurement and Volume Readout 

Following segmentation, closed or near-closed shapes were obtained for all 

liquid aliquots located on the image. A pixel was selected within the outline of each 

aliquot. The eight closest connected objects (1’s) to this pixel were found by 

searching in both axial and diagonal directions and copied on a separate image. 

This process was followed by a bridging algorithm that connected1’s that have a 

single 0 lying in between to prevent single pixel discontinuities. This resulted in a 

closed outline for all aliquots if it was not already the case. 

The outline of each liquid aliquot was filled by morphological reconstruction10 

and all connected pixels were summed to obtain its area (Figure 3-3 D, H). The 

calibration aliquot is then selected by the user and its volume is indicated. The 

volume of each aliquot (Lvolume) could then be computed by equation 3-1: 

𝐿𝑣𝑜𝑙𝑢𝑚𝑒 =
𝐶𝑣𝑜𝑙𝑢𝑚𝑒 × 𝐿𝑎𝑟𝑒𝑎

𝐶𝑎𝑟𝑒𝑎
 

Equation 3-1: Calculation of aliquot volume. 
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Where Larea is the area of the aliquot on the image, Carea is the area of the 

calibration aliquot on the image and Cvolume is the volume of the calibration aliquot.  

3.4 Experimental 

3.4.1 Evaluation Platform Design and Fabrication 

To characterize the volume measurement technique, a five layer evaluation 

platform was constructed in polycarbonate using a subtractive rapid prototyping 

method (Chapter 2.2.2).11 This platform (Figure 3-4) consisted of eight identical 

wedges, each composed of three circular chambers (Radii of 3, 4 and 5 mm). The 

platform was designed to allow precision and accuracy measurements on 

pre-metered volumes injected into different sized chambers.  

 

 

Figure 3-4: Design of the test platform. A full platform is shown on the left while the design of one of the 

platform wedges is shown on the right. Each platform contains eight identical wedges and is contrast enhanced 

by the addition of a black paint coating applied to the middle layer before machining. 
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3.4.2 Reagents 

Distilled deionized water (DDW) was used to evaluate the technique. A clear 

liquid was utilized to demonstrate the applicability of this method to any liquid 

regardless of its colour. A small quantity of Triton-X (~0.03%) was added to 

solutions to reduce the surface tension of water, rendering the meniscus flatter and 

more reproducible. 

3.4.3 Experimental Setup  

An experimental apparatus containing a front illuminated imaging system was 

utilized as described in Chapter 2.3.1. All components of the system were 

synchronized using a custom LabVIEW interface12 to allow the acquisition of ‘still 

appearing’ images of a CM platform while rotating.  The magnification of the 

imaging system was set to be fully zoomed in on one wedge of the test platform at 

a time to give the best resolution possible. 

3.4.4 Experimental procedure 

An initial experiment was carried out to evaluate the imaging and image 

processing components of the system. An artificial “ideal” platform was constructed 

by printing a 1:1 design drawing of the test platform on paper and inserting it 

between two transparent DVDs to keep it flat. Eight wedges of the artificial platform 

were imaged five times each and the areas of each chamber were measured. An 
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RSD for area measurements between same-sized (Figure 3-5A) chambers was 

computed to determine a global imaging RSD.  

The precision figure of the technique applied to real chambers was then 

determined by injecting a 10 µL aliquot of DDW into each chamber of a test 

platform with a 10.0 µL microsyringe (701 RN SYR, Hamilton Company, Reno, NV, 

USA). Six wedges of the platform were imaged separately for five replicate images 

each and the areas corresponding to each injected aliquot were measured. RSDs 

were calculated between areas for aliquots in same-sized chambers in different 

wedges (Figure 3-5A), between areas for aliquots located on the same wedge for 

different sized chambers (Figure 3-5B) and between imaging replicates for the 

same aliquot in time (Figure 3-5C). During the precision analysis, evaluation of 

several image processing parameters was conducted for method optimization. The 

standard deviation of the Laplacian-of-Gaussian operator was varied from 

1.25 to 2 in steps of 0.25 and the effects of median filtering, image sharpening and 

contrast adjustment on method precision were assessed.  
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Figure 3-5:  Colour representation of the measurements utilized for precision characterization experiments. A 

relative standard deviation was computed between all chambers of the same colour.  A) Comparison of the 

same volume injected into same-sized chambers located on different wedges. B) Comparison of the same 

volume injected into different-sized chambers located on the same wedge. C) Comparison of the same aliquot 

between imaging replicates.  

 

Finally, an accuracy experiment was conducted with two separate platforms to 

measure a series of injected volumes by ratioing their areas against a 10 µL 

calibration aliquot. All injections in this experiment were carried out with a 50.0 µL 

microsyringe (705 RN SYR, Hamilton Company, Reno, NV, USA). A 10 µL aliquot 

of DDW was injected into the calibration chamber of every wedge on both 

platforms. On the first platform, 20 µL and 40 µL were then injected respectively 

into the 4 and 5 mm radius measurement chambers. The same process was 

repeated for the second platform using 30 and 50 µL instead. Five wedges of each 

platform were imaged separately for five replicate images each and the areas of 

all liquids were measured. The final volume measurements were obtained by 

ratioing the areas of the experimental aliquots on a wedge against that of the 

calibration liquid located on the same wedge. A relative error on accuracy was 
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computed by comparing the experimental volumes obtained against the exact 

volumes injected.  In addition, an RSD of the experimental volumes for each of the 

aliquots was calculated. 

3.5 Results and Discussion 

All precision and accuracy figures described in this section can be found in 

Table 3-1 and Table 3-2 respectively. As can be seen in Figure 3-A-D, the image 

processing technique was first applied to area measurements of the artificial 

platform. The RSD associated with the imaging and processing steps was 

computed from area measurements performed on each chamber of the platform 

and averaged over five images per chamber. This “ideal" imaging RSD was 

calculated to be 0.4% and found to be independent of chamber size at the 

magnification utilized for the experiment. 

 

Table 3-1: Precision experiment data 

Precision RSD (%) 

Ideal platform imaging 0.4 

Real platform imaging 0.3 

All chambers on a wedge 1 

3 mm radius chambers  3 

4 mm radius chambers  2 

5 mm radius chambers  3 
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Table 3-2: Accuracy experiment data 

Volume 

(µL) 

Relative error 

on accuracy 

(%) 

RSD (%) 

20 2 1 

30 2 1 

40 4 1 

50 3 4 

Mean 3 2 

 

Precision figures were obtained from measurements of 10 µL aliquots injected 

into every chamber of a test platform with an example measurement demonstrated 

in Figure 3-3 E-H. An experimental imaging RSD was initially calculated by 

evaluating the variations in area for the same liquid aliquot for five images per 

aliquot. This RSD was found to be 0.3%, which is very similar to the results 

obtained from the artificial platform experiment, demonstrating a high precision for 

the imaging and processing components of the technique.  

RSDs were then calculated to characterize the variation of aliquot areas within 

the same wedge as well as between different wedges. First, an RSD was 

calculated for areas measured from aliquots injected into different sized chambers 

located on the same wedge and averaged over five images. This RSD was found 

to be 1% and appears to be limited by the precision of the syringe used to perform 

the injections, which has a manufacturer established precision of 1% per injection 
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at 80% of the barrel capacity (i.e. roughly 0.08 µL). RSD values were then 

calculated for areas of aliquots injected into same-sized chambers in six different 

wedges and averaged over five images per wedge. These RSDs were found to be 

roughly 3% and did not appear to vary with chamber size. This variability appears 

to be caused by the irreproducibility of the strobe light illumination during platform 

operation.  This irreproducibility causes a variation of 1% in the intensity profile of 

the images of the different wedges. The precision figures obtained from this 

experiment demonstrate the need for a calibration chamber located on the same 

image as a measured aliquot to act as reference in order to obtain the best 

precision possible. While a calibration chamber occupies a small amount of 

platform real estate, only a single chamber of this type is required to obtain 

measurements of multiple aliquots located on the same image. This results in less 

platform real estate being required when compared to the multiple metering 

chambers that would be necessary for an equivalent measurement.  

Accuracy figures were computed following the measurement of pre-metered 

aliquots (20, 30, 40 and 50 µL) on two test platforms. Each wedge of the platform 

contained its own calibration chamber in which a 10 µL aliquot of DDW was 

injected as a calibration standard. The areas of the two pre-metered aliquots per 

wedge were measured, ratioed against the calibration liquid to obtain their volumes 

and averaged over five images per wedge for five wedges. The mean relative error 
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between the injected and experimental volumes was found to be on the order of 

3%. This error could be explained by a variation in the imaged appearance of the 

meniscus for liquids at different radial positions. Careful observation of the image 

of the meniscus at the air-liquid interface (Figure 3-3H) shows a variation in 

thickness most likely caused by a minute difference in alignment of the platform 

within the field of view of the camera. As the segmentation step relies on a closed 

outline, only the inner side of the meniscus is included, creating an offset in area 

that depends on the thickness of the meniscus image. A linear calibration model 

(Figure 3-6) of measured volumes against injected volumes showed excellent 

linearity (R2 = 0.9997) and a standard error of prediction of ~0.2 µL, indicating that 

such a model can easily correct this offset. In addition, measurement chambers 

can be designed that reduce this effect by decreasing the size of air-liquid 

interfaces.    
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Figure 3-6: Volume measured by the image processing technique vs volume injected with a 50 µL syringe. 

 

Optimal use of the Laplacian-of-Gaussian segmentation technique requires the 

appropriate selection of a standard deviation for the LoG operator. A larger 

standard deviation provides a greater amount of blur which results in an error in 

the localization of true edges. A smaller standard deviation results in less blur, 

which could cause missing edge pixels and an increased amount of false edges 

due to heightened noise. To empirically confirm this relationship, the influence of 

the LoG operator standard deviation was verified for optimal precision using the 

data obtained for aliquots in different-sized chambers located on the same wedge. 
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A standard deviation of 1.25 resulted in significant error (31%) due to the inability 

of the segmentation to form closed outlines on some images. For standard 

deviations of 1.5, 1.75 and 2, precision figures varied only at the third decimal: 

1.27%, 1.28% and 1.34% respectively. While it did not impact significantly on 

method performance, this decrease in precision was expected as increased 

blurring caused by a larger standard deviation has an impact on the localization of 

the true edge of the liquid meniscus, which has an adverse effect on precision. 

The effects of several enhancement techniques including median filtering, 

contrast enhancement and unsharpening of the images were explored to help 

reduce noise in the images and increase the intensity difference at edges to 

improve segmentation. It was found through the precision experiment data that the 

best precision was obtained without any enhancement. This suggests that the 

majority of the variation in measurements is caused by experimental injection error 

as there is little contribution from the processing itself.  

The use of edge-based segmentation in a grayscale colour space combined 

with contrast-assisted platforms should render this technique applicable to liquids 

of any colour and transparency, as demonstrated by the use of DDW in 

experimental measurements. This aspect is highly valuable for use on CM 

platforms given their versatility in the type of samples that can be pumped. 
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3.6 Conclusions 

An image-segmentation based volume measurement technique was 

developed and demonstrated to be an effective tool for volume measurements. 

Edge-based segmentation should make this technique applicable to a variety of 

design features as it has been shown to be unaffected by feature size. Direct 

volume measurements offer the potential for the development of CM analytical 

methods that require precise volume knowledge without the need for metering 

chambers, saving valuable real estate on CM platforms. Such measurements 

should allow the evaluation of new design features directly and quantitatively 

through real time flow monitoring.  The ability to measure volumes without relying 

on discrete introduction via metering chambers could be highly valuable for use in 

continuous-flow platforms13 where such introduction may not be desirable.  The 

demonstrated technique is versatile, flexible towards the needs of experimenters 

and does not require any additional components beyond those included on a 

typical CM experimental apparatus.  
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4. Extended Method Characterization 

4.1 Introduction 

In Chapter 3, image segmentation of platform images was demonstrated to 

produce precise and accurate volumetric measurements for distilled deionized 

water aliquots located inside CM platforms in motion. To establish the broad 

applicability of this technique, this chapter explores image segmentation’s 

precision in response to common experimental parameters. A study of edge 

localization using artificial “ideal” platforms was conducted to investigate the 

impact of optical magnification. The applicability of the technique to liquids of 

various colours was demonstrated using dyes of primary (red, yellow and blue) 

and secondary (orange, purple and green) colours. As solvents other than water 

may be of interest in many analytical applications, the precision of the technique 

was characterized following its application to aliquots of solvents with varying 

surface properties. To illustrate the versatility of the technique in regards to 

chamber shape, a study was conducted using chambers of varying aspect ratios. 

The influence of platform rotational frequency was also investigated as the ability 

to conduct volume measurement independent of rotational frequency is of great 

interest to CM experiments. The experiments presented in this chapter 

demonstrate the flexibility of the volume measurement technique and its potential 

for easy integration into CM techniques.  
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4.2 Parameter Selection 

4.2.1 Optical Magnification 

Basic imaging of CM platforms in-motion requires only a digital camera and 

stroboscopic light. These are inexpensive components present in many CM 

laboratories for visual evaluation of platform designs1. Given the wide range of 

volumes that can be handled by CM platforms, some setups may also present 

telescopic lenses or even microscopes2 for magnification and enhanced 

visualization. To ensure applicability across various experimental setups, the effect 

of optical magnification should be explored.  

4.2.2 Liquid Colour 

Analytical processes often employ spectroscopic detection techniques that 

allow for precise determinations. Such determinations have successfully been 

implemented on CM platforms3-5. As spectroscopic analyses often employ brightly 

coloured analytes, successful image-based volume measurements of such 

compounds must be flexible in regards to analyte colour. This flexibility is also 

required by bio-medical analyses that are often performed on whole blood 

samples6, 7.  Generalization of the applicability of the volume measurement 

technique to coloured samples requires an investigation of the influence of liquid 

colour on technique precision.  

 



Chapter 4 

77 

4.2.3 Liquid Surface Properties 

While many analytical procedures make use of aqueous solutions of samples, 

certain sample preparation methodologies require the use of organic solvents8, 9 

or high concentrations of detergents10. The varying surface properties of these 

liquids present an additional challenge to the volume measurement technique 

given the predominance of surface forces at the microfluidic scale11.  

As the technique relies on an edge at the air-liquid-polymer interface due to 

refractive index changes, liquid properties which influence meniscus formation and 

thickness must be investigated. Of interest in this topic are intermolecular 

interactions within the liquid as well as interactions between the liquid and the 

polymer substrate that forms the centrifugal microfluidic platform.  

The cohesiveness of liquid-liquid molecule interactions can be represented by 

the liquid’s surface tension (𝛾) measured at an interface, most commonly against 

air (𝛾𝑙𝑎). The meniscus generated at the air-liquid-polymer interface is the result of 

the balance of cohesive forces between liquid molecules and attractive forces 

between liquid molecules and the polymer surface. This interface can be 

characterized by the contact angle (θc) presented at the meniscus, which can be 

modelled by Young’s Equation (Equation 4-1)12.  

cos 𝜃𝑐 =  
𝛾𝑠𝑎 − 𝛾𝑠𝑙

𝛾𝑙𝑎
 

Equation 4-1: Contact angle of a liquid drop on an ideal solid surface 



Chapter 4 

78 

where 𝛾𝑠𝑎  is the surface tension at the solid-air interface, 𝛾𝑠𝑙 is the surface 

tension at the solid-liquid interface and 𝛾𝑙𝑎 is the surface tension at the liquid-air 

interface. As such, substitution of a liquid other than water will result in a change 

in contact angle via 𝛾𝑠𝑙  and 𝛾𝑙𝑎 , affecting meniscus shape. As 𝛾𝑙𝑎can be more 

readily measured than 𝛾𝑠𝑙, the effect of surface properties on the precision of the 

volumetric measurement technique should be evaluated using substances with 

varying air-liquid surface tensions.   

4.2.4 Aspect Ratio 

Centrifugal microfluidic features come in varying shapes and sizes depending 

on the application in question13, 14. Ideally, edge-based segmentation applied to 

contrast-enhanced centrifugal microfluidic platforms should provide a solution for 

volumetric measurements independent of design feature size or shape. While size 

independence of method precision was previously established for circular 

platforms (Chapter 3), alternative shapes must be explored. Segmentation of 

chamber outlines is readily accomplished because of the black surface coating of 

the platform’s middle layer, which suggests that the main variation in 

measurements between different chamber shapes is the length of meniscus that 

must be segmented. Rectangular shapes of constant area with varying aspect 

ratios provide an easy method for the determination of this variation.  
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4.2.5 Rotational Frequency 

Miniaturization of analytical processes into CM platforms requires precise flow 

control to ensure the completion of each unit operation before continuing to the 

next. This process is most commonly accomplished through the use of capillary 

burst valves that pin the meniscus in a channel of smaller cross sectional area until 

sufficient centrifugal force is provided to permit the liquid to expand (or burst) into 

a channel of larger cross sectional area15. The pressure required for the liquid to 

burst through such a valve (Pb) is defined by Equation 4-214. 

𝑃𝑏 =
4𝛾𝑠𝑖𝑛𝜃𝑐

𝐷ℎ
 

Equation 4-2: Burst pressure for a liquid inside a capillary burst valve 

where 𝛾 is the liquid surface tension, 𝜃𝑐  is the contact angle at the liquid/valve 

interface and 𝐷ℎis the hydraulic radius of the valve. In turn, the centrifugal pressure 

(𝑃𝜔) exerted on a liquid inside a rotating centrifugal microfluidic platform can be 

found in Equation 4-316. 

𝑃𝜔 =  𝜌�̅�∆𝑟𝜔2 

Equation 4-3: Pressure exerted on a liquid by centrifugal force  

where 𝜌 is the liquid density, �̅� is the average radial distance of the liquid, ∆𝑟 is 

the length of the liquid body and 𝜔 is the rotational frequency. Liquid flow then 

occurs when 𝑃𝜔 ≥  𝑃𝑏. A flow control scheme that utilizes capillary burst valves 

requires that each consecutive valve be more restrictive to liquid flow than the 

previous so that they may be opened sequentially through ramping of the 
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platform’s rotational frequency. In order to quantitatively monitor liquid flow during 

each unit operation, it is important that the volume measurement technique utilized 

be applicable to a wide range of rotational frequencies. As image segmentation 

based volume measurements rely on a closed outline formed by the liquid-platform 

and liquid-air interfaces, the influence of rotational frequency on the shape and 

thickness of the meniscus at the liquid-air interface must be investigated. 

4.3 Experimental 

4.3.1 Evaluation Platform Design and Fabrication 

Four evaluation platform designs (Figure 4-1) were created to conduct the 

experiments described in this chapter (Chapter 2.2.3). Each platform consisted of 

five layers that were fabricated using a subtractive rapid prototyping technique 

described in Chapter 2.2.217. A platform (Figure 4-1A) containing eight identical 

wedges of three circular chambers of varying radii (3,4 and 5 mm) was constructed 

for experiments involving the effect of coloured analytes and liquid surface 

properties. Three additional platforms were designed to evaluate the influence of 

feature shape and aspect-ratio on the precision of the volume measurement 

technique. Each of these platforms contained a set of sixteen wedges of 

rectangular chambers having areas identical to those of the circular chambers 

(28.27 mm2, 50.27 mm2, and 78.53mm2) with varying aspect ratios (1:1, 1:1.7, 
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1:2.3) (Figure 4-1 B-D). The middle layers of all platforms were spray-painted with 

a black contrast layer to assist in segmentation. 

 

 
Figure 4-1: Design of test platforms. Each platform was contrast enhanced by the addition of a black paint 

coating applied to the middle layer before machining. A) 8 wedge platform containing circular chambers of 

varying radii (3,4,5 mm). B)-D) 16 wedge platforms containing rectangular chambers of varying aspect ratios 

(1:1, 1:1.8 and 1:2.3) with same areas as chambers of platform A.  

 

4.3.2 Reagents 

Characterization of the method response to coloured analytes was conducted 

using commercial food colouring. Solutions of three primary colours (red, blue and 

yellow) were prepared in distilled deionized water (DDW) and mixed in equal 

proportions to obtain three secondary colours (orange, purple and green). 

Experiments involving feature shape and rotational frequency were conducted 

using DDW. A small amount of Triton-X (0.03%) was added to all aqueous 

solutions to make the meniscus more reproducible by reducing the surface tension 
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of water. Investigation of the effect of surface properties was conducted using pure 

hexadecane (Caledon Laboratories Ltd., Georgetown, ON, Canada), ethylene 

glycol, methanol and ethanol (Sigma-Aldrich Canada Co., Oakville, ON, Canada).  

4.3.3 Experimental Setup 

An experimental apparatus featuring a stroboscopic backlit imaging system 

described in Chapter 2.3.3 was employed to acquire still-appearing platform 

images for all experiments performed in this chapter. Each platform was imaged 

one wedge at a time to ensure the best resolution possible for platform images.   

4.3.4 Image Processing 

The volumetric measurement technique evaluated in this chapter was 

described in Chapter 3 and utilized without modification. The technique was 

implemented via a graphical user interface developed using MATLAB R2013B and 

its associated image processing toolbox.  

4.3.5 Experimental Procedure 

The dependency of image segmentation reproducibility on optical magnification 

was determined using an artificial “ideal” platform consisting of a 1:1 design 

drawing of the platform featured in Figure 4-1A. As the dial of the lens attached to 

the digital camera did not feature any markings regarding zoom level outside of 

the minimum (1X) and maximum (10X), platform images were taken at 1X, 10X 

and three intermediary settings that were calibrated using platform images. To 
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avoid disturbing the experimental setup, the camera was focused at the radial 

position of the 5 mm radius chambers when zoomed in and kept at the same 

position for all images. Eight platform wedges were imaged five times each. 

Platform images were segmented and the area for the 5 mm radius chambers was 

computed for each wedge to obtain a relative standard deviation (RSD) for each 

zoom level.  

An application of the volume measurement technique to six coloured solutions 

(red, blue, yellow, orange, purple, green) was demonstrated using a test platform 

(Figure 4-1A). A 50 µL aliquot of each coloured solution was injected into separate 

5 mm radius chambers using a 50.0 µL microsyringe. To calibrate these 

measurements, a 10 µL aliquot was injected into corresponding 3 mm radius 

chambers with a 10.0 µL. All chambers were sealed using double-sided adhesive 

film to avoid evaporation of aliquots. Figure 4-2 shows a picture of the platform 

before operation. Each coloured aliquot was imaged five times at a rotational 

frequency of 1200 RPM and processed to obtain a volume. An RSD between the 

volumes obtained for each aliquot was then computed.  
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Figure 4-2: Picture of the colours analysis platform.  

 

To explore the influence of liquid surface properties on the performance of the 

volume measurement technique, experiments were conducted using 10 µL 

aliquots of organic solvents injected into every chamber of a test platform 

(Figure 4-1A). Separate platforms were utilized for each of the tested solvents: 

ethylene glycol, hexadecane, methanol and ethanol.  Each of the eight platform 

wedges was imaged five times at a rotational frequency of 1200 RPM, immediately 

after injection into and sealing of wedge chambers to avoid solvent evaporation. 

The areas for all liquid aliquots were then measured and an RSD was calculated 

between areas for aliquots located on the same image. The process was repeated 

to obtain RSDs for each solvent. 
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The effect of design feature shape and aspect ratio on method precision was 

investigated using the three platforms shown on Figure 4-1 B-D. Aliquots of 10 µL 

of DDW were injected into every chamber of each platform. All chambers were 

sealed with double sided adhesive film immediately after injection to avoid volume 

loss due to evaporation. Figure 4-3 demonstrates the filled rectangular 1:1:8 

aspect ratio test platform prior to imaging.  Each of the sixteen wedges of a platform 

was imaged five times at a rotational frequency of 1200 RPM and areas were 

computed for every aliquot. An RSD was then calculated for aliquots located in 

different-sized chambers on the same wedge for each of the platforms to obtain 

an RSD for every aspect ratio.  

 
Figure 4-3: Picture of the 1:1.8 aspect ratio test platform following injection of 10 µL aliquots into every 

chamber.  
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The effectiveness of the volume measurement technique under varying 

rotational frequencies was evaluated using the filled rectangular 1:2.3 aspect ratio 

test platform obtained during the aspect-ratio experiments. Each of the sixteen 

wedges of this platform was imaged five times for a series of rotational frequencies 

from 200 to 1400 RPM in 200 RPM increments. Areas for all liquid aliquots were 

measured and an RSD was computed for aliquots located on the same wedge to 

obtain RSDs for every rotational frequency.   

4.4 Results and Discussion 

Artificial platform images obtained at five magnification settings were 

segmented for eight platform wedges and the area of the 5 mm radius chamber 

was computed for each wedge. An RSD was then computed for the areas obtained 

between the different wedges. The results for this magnification study can be found 

in Table 4-1. As can be seen in this table, the RSD did not present any significant 

variation with magnification. This demonstrates the robust nature of the 

segmentation process and the adaptability of the technique across various zoom 

settings. It is important to note that this study does not take into account the 

thickness change in the meniscus at low magnifications, which can render 

segmentation difficult if the background lighting is not of sufficient intensity. Care 

must be taken to ensure that adequate contrast is provided if imaging at lower 

magnification is desired.  
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Table 4-1: Magnification Experiment Data 

Magnification RSD (%) 

9.7 1 

5.7 1 

3.5 1 

1.5 2 

1 1 

 

To ensure the applicability of the volume measurement technique to coloured 

liquids, a study was performed using six solutions of food colouring dyes: red, 

yellow, blue, green, orange and purple. A 50 µL aliquot of each dye was injected 

into 5 mm radius chambers of a test platform along with a 10 µL calibration aliquot 

in corresponding 3 mm radius chambers. Each dye aliquot was imaged five times 

and segmented to obtain an average volume measurement for every colour. The 

RSD between dye volumes was computed and found to be 1%, indicating that the 

colour of the analyte did not have any impact on the volume measurement process.  

In order to accommodate darker liquid colours, an easy solution can be 

implemented by modifying the initial grayscale conversion process. Since the white 

background is uniform in all three colour channels (red, green and blue) for clear-

coloured liquids, a specific colour channel can be selected directly instead of using 

a grayscale conversion algorithm. This selection was automated following a single 

click inside the coloured liquid aliquot area by the user. A 50 by 50 pixel area was 

selected around the clicked location and the mean intensity of those pixels was 
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computed for all three colour planes. The colour channel with the maximum mean 

intensity was then retained. This ensures that the segmentation occurs on the 

intensity plane having the highest contrast with the black background which has a 

value of 0 in every colour channel. The use of a clear calibration aliquot can enable 

the simultaneous measurement of the volumes of several different coloured 

analytes in a single image.  

To evaluate the effects of surface properties on the precision of the volume 

measurement technique, an experiment was conducted using four solvents of 

varying surface tensions: ethylene glycol, hexadecane, methanol and ethanol. A 

separate test platform was allocated for each solvent. Every chamber of a platform 

was filled with a 10 µL aliquot of a selected solvent and each wedge was imaged 

five times while rotating at 1200 RPM. The areas of each aliquot were computed 

and an RSD for every solvent was calculated between the three aliquots located 

on the same image in different-sized chambers. While five imaging replicates of 

each wedge were acquired, some outliers were obtained that failed to segment 

due to lighting aberrations and were discarded while the areas obtained from the 

remaining replicates were averaged. The obtained RSDs can be found in Table 4-2 

while an example of the images obtained for each solvent can be found in 

Figure 4-4. 
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Figure 4-4: Experimental images obtained during the solvent experiment. A) Raw image of ethylene glycol 

aliquots. B) Raw image of hexadecane aliquots. C) Raw image of methanol aliquots. D) Raw image of ethanol 

aliquots. E)-H) Images A-D segmented with highlighted aliquot areas.  

 

 

 

 

 

 

 

 

Table 4-2: Solvent Experiment Data 

Solvent Surface Tension at 25°C (mN/m)18 RSD (%) 

Ethylene Glycol 47.99 1.00 

Hexadecane 27.05 5.00 

Methanol 23.23 14.00 

Ethanol 23.22 16.00 
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 As can be seen in Table 4-3, method precision was reduced with decreased 

surface tension of the solvent. The reason for this can be readily observed in the 

difference in the meniscus between the images for ethylene glycol and 

hexadecane (Figure 4-4 A-B). As surface tension of the liquid decreases, the 

contact angle of the meniscus increases. While the meniscus appears flatter in the 

horizontal domain due to the applied centrifugal force, imaged meniscus thickness 

increases with surface tension due to the increased wetting of the top and bottom 

polycarbonate layers. This effect renders segmentation easier due to the thickened 

meniscus outline. However, it also reduces the precision of area measurements 

for aliquots of same volume in different-sized chambers since the volume of liquid 

contained in the meniscus varies with chamber shape.  

The precision attained for ethylene glycol matches that of the previously 

obtained measurements for DDW containing trace amounts of surfactant. The 

precision difference for methanol and ethanol was significantly larger despite their 

surface tension being similar to hexadecane. This was most likely caused by 

interactions between ethanol/methanol and the pressure sensitive adhesive layer 

of the disk, resulting in leaks at the high RPM at which imaging occurred. The 

construction materials utilized for our centrifugal microfluidic platform construction 

severely limited the potential solvents that could be evaluated due to solvent-

polycarbonate and solvent-adhesive interactions.  
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To mitigate the impact of the surface tension of a measured liquid, careful 

choice of the substrate must be made to reduce wetting of the platform surface by 

the liquid. However, reduced wetting will result in a thinner meniscus which 

requires a higher resolution or larger magnification for successful segmentation.  

 

 

 

 

 

 

The effect of chamber shape and aspect ratio on the precision of the volume 

measurement technique was evaluated using three platforms containing 

rectangular chambers of varying aspect ratios. A 10 µL aliquot of DDW containing 

0.03% of Triton-X was injected into every chamber of a platform with each wedge 

of the platform being imaged five times. Platform images were segmented and 

areas were obtained for every aliquot. An RSD between aliquots located on the 

same image in different sized chambers was computed for every platform. The 

RSDs obtained can be found in Table 4-3 and example images of each platform 

are shown in Figure 4-5.  

Table 4-3: Aspect Ratio Experiment Data 

Chamber Aspect Ratio RSD 

1:1 2% 

1:1.8 1% 

1:2.3 1% 
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Figure 4-5:  Images obtained during the aspect ratio experiments. A) Raw image of the 1:1 aspect ratio 

platform. B) Raw image of the 1:1.8 aspect ratio platform. C) Raw image of the 1:2.3 aspect ratio platform. D)-

F) Images A-C segmented with highlighted aliquot areas. 

 

As can be seen in Table 4-3, the aspect ratio of a rectangular chamber was not 

found to have any influence on the precision of the volume measurement 

technique. This indicates that the segmentation of the liquid meniscus shows the 

same precision as the segmentation of the chamber outline and concurs with 

measurements obtained in Chapter 3.5 between different chamber sizes where we 

did not find any correlation between chamber size and RSD. As such, both studies 

demonstrate that the image segmentation-based technique provides precise 

volume measurements that can be reliably scaled to chambers of varying size and 

shape.   
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A final study was conducted to verify the impact of platform rotational frequency 

on the precision of volume measurements obtained by image segmentation. The 

1:2.3 aspect ratio platform containing 10 µL aliquots of DDW that was utilized in 

the previous experiment was imaged at various rotational frequencies and an RSD 

for every frequency was obtained for aliquots located on the same wedge in 

different sized chambers. The resulting RSDs can be found in Table 4-4 and 

example images for every frequency are shown in Figure 4-6.  

 

 

Figure 4-6: Experimental images obtained for aliquots of DDW inside a test platform rotated at A) 200 RPM 

B) 400 RPM C) 600 RPM D) 800 RPM E) 1000 RPM F) 1200 RPM and G) 1400 RPM. H)-N) Images A-G 

following segmentation with highlighted aliquot areas. 
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The results shown in Table 4-4 indicate that the precision of the obtained area 

measurements is not affected by rotational frequency. This implies that the curving 

of the aliquot meniscus on platform images obtained at low rotational frequencies 

has no effect on the ability of the segmentation process to correctly select liquid 

outlines for measurements. Flattening of the liquid meniscus at higher rotational 

frequencies did not provide any advantages in precision. These results further 

demonstrate the flexibility of the volume measurement technique as it can be 

reliably applied to platforms under varying rotational frequencies with no loss in 

precision.  

4.5 Conclusion 

Image segmentation-based volume measurements were further characterized 

and the response of the technique to several experimental parameters was 

analyzed. Experiments have demonstrated that the precision of measurements 

obtained through this technique is independent of design feature size, aspect ratio, 

Table 4-4 : Rotational Frequency 

Rotational Frequency (RPM) RSD (%) 

200 2 

400 2 

600 2 

800 2 

1000 2 

1200 1 

1400 2 
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shape and rotational frequency. A relationship between method precision and the 

surface tension of a measured liquid was also established. It suggests that solvent 

effects may be mitigated by an appropriate choice of platform substrate. The 

developed technique was shown to be a reliable tool for direct measurements of 

liquid volumes during platform operation and its flexibility for general purpose 

volume measurements was successfully demonstrated.  
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5. Conclusions and Future Work 

5.1 Conclusions 

The goal of this thesis was to establish a non-contact volume measurement 

technique for liquid aliquots located inside CM platforms in motion. This goal was 

achieved through the development of a volume measurement technique using the 

segmentation of platform images acquired in motion.    

Measurements obtained by this technique were demonstrated to be: 

 Highly reproducible with a relative standard deviation of 1% for clear 

distilled deionized water aliquots (with 0.03% Triton X). 

 Easy to calibrate using pre-metered calibration aliquots located on the 

same image.  

 Applicable to aliquots in chambers of various sizes, shapes and aspect 

ratios with no loss in precision. 

 Flexible in regards to liquid colour. 

 Scalable to images acquired at any rotational frequency. 

 Lightly affected by the surface tension of measured liquids 

 In addition, the application of this technique requires minimal user input and 

does not utilize any instrumentation other than a digital camera and stroboscope, 

components that are inexpensive and readily available in most CM laboratories 

where they are utilized for routine qualitative evaluation.  
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5.2 Summary of thesis work 

Chapter 2 presented the instrumentation utilized for the acquisition of high 

quality platform images in motion and the design and construction of contrast-

enhanced CM platforms for method evaluation. 

Chapter 3 introduced a digital image processing technique utilized to conduct 

automatic segmentation of platform images in order to obtain precise volumetric 

data with minimal user intervention.  The figures of merit of the technique were 

characterized and the potential of the technique for general purpose volume 

measurements on CM platforms was illustrated. 

Chapter 4 offered an extensive characterization of the performance of the 

volume measurement technique in response to common experimental parameters 

in order to demonstrate its flexibility towards the needs of experimenters.  

5.3 Future work 

The groundwork demonstrating the robust capabilities of the image 

segmentation-based volume measurement technique has been presented in this 

thesis.  Several potential applications of this technique have been envisioned that 

will enhance the unit operation toolbox available for CM platforms.   

The ability to acquire direct volume measurements from platforms in motion 

could first be applied to the quantitative evaluation of CM platform designs. The 
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integration of a small calibration chamber on any design should allow for 

quantitative flow monitoring during platform operation.  

The current use of metering chambers in CM platform designs complicates the 

development of several analytical techniques, which could be overcome through 

application of the volume measurement technique. A Centrifugal Liquid Addition 

Distributor (CLAD) device was previously developed in our laboratory1. This device 

allows the non-contact addition of liquids to CM platforms in motion. While capable 

of providing aliquots as small as 15 µL, the precision of delivery of this device was 

found to be of around 9% which would require the use of metering chambers for 

volume calibration. The use of such chambers during continuous liquids addition 

would then require constant monitoring and manual intervention of experimenters 

to avoid overflow. This limitation could be easily overcome by measurement of the 

distributed aliquots through the image segmentation technique. A CM platform 

utilizing the CLAD could then be developed to conduct the automated 

spectroscopic determination of several samples in parallel using the method of 

standards addition. Images obtained before and after addition of a standard aliquot 

could be used to determine the added volume of standard to each sample without 

the need for user intervention during device operation or the need for a 

measurement chamber. 
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Volumetric titration is a classic analytical technique utilized for the precise 

determination of compounds. Standard use of this technique requires large 

quantities of reagents and generates significant waste. While titrations on an 

electro-osmotic microfluidic platform2 have been successfully achieved, 

implementation of volumetric titrations has not been previously attempted on CM 

platforms due to difficulties in obtaining precise aliquots on this platform. Using the 

image segmentation-based volumetric measurement technique, a platform could 

be designed to conduct the automated volumetric titration of samples requiring 

only the initial injection of the sample, a coloured indicator and a titrant reservoir. 

Titrant aliquots would then be added using a rapid increase/decrease in rotational 

frequency and the resulting volume change could be measured through image 

segmentation. The progress of the titration could be tracked through imaging or 

spectroscopic methods with the experimenter only needing to determine the end 

frame from which the final titrated volume would be obtained.  
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Appendix A: MATLAB GUI  

 

This appendix presents a series of figures depicting the graphic user interface 

(GUI) developed to implement the volume measurement technique. The GUI was 

developed using MATLAB. As the GUI was designed to be utilized on high 

resolution monitors (1920 by 1080 pixels), resizing of figure elements to fit this 

appendix resulted in a loss of detail. To compensate for this loss, certain parts of 

the interface were zoomed in and displayed on a separate figure. 

 

 

Figure A-1: Loading and display of a set of replicate raw images into the main interface. The first image of the 

series is displayed. 
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Figure A-2: Zoomed image of the interface depicted on the right of Figure A-1 demonstrating the main menu 

of the GUI. Following loading of a set of images, conversion to grayscale must be accomplished through one 

of the methods presented above.   
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Figure A-3: Conversion and display of raw images into grayscale. The first replicate is displayed following 

conversion.   

  

 

Figure A-4: Segmentation of grayscale images. All images are segmented using the selected settings and the 

first replicate is then displayed.  
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Figure A-5: Zoomed image of the interface depicted on the right of Figure A-4 demonstrating the main menu 

of the GUI. Segmentation parameters are modified by the user for optimal segmentation. The threshold 

parameter multiplies the automatically-generated threshold by the user entered number. Here, the default 

threshold is multiplied by 3 rendering the edge-selection process more selective. The standard deviation of 

the Gaussian component of the Laplacian-of-Gaussian operator is then selected. Finally, a cleanup is 

performed for segmented objects that are below a certain pixel limit which is specified by the user.  
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Figure A-6: Selection of the calibration volume by the user. The same coordinates are applied to all replicate 

images of a set. 

 
  

Figure A-7: Selection of the aliquots to measure by the user. The same coordinates are applied to all replicate 

images of a set. The measure button is then pressed to obtain the volume measurements.  
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Figure A-8: Zoomed image of the interface depicted on the right of Figure A-7 demonstrating the main menu 

of the GUI. The volume of the calibration aliquot is entered by the user with the default being 10. The volume 

for each aliquot is then calculated and presented to the user for each file. Replicate statistics and the 

timestamp of each image are then presented for convenience.  

 


