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Populärvetenskaplig sammanfattning 
 
En av de mest framväxande potentialerna hos mikrofluidika är 
vårddiagnostik, vilket möjliggör omedelbar hälsokontroll av patienter 
även vid resursbegränsade inställningar. Ett antal framsteg har gjorts 
under det senaste decenniet inom detta område och inser det brådskande 
behovet av medicinsk diagnostik vid resursbegränsade inställningar. 
WHO har formulerat en ASSURED (Prisvärd, Känslig, Specifik, 
Användarvänlig, Snabb och Robust Utrustning- gratis och leverans till 
slutanvändare) kriterier som sådana enheter ska uppfylla. Denna 
avhandling bidrar till utveckling av integrerad mikrofluidteknik med 
fokus på att förbättra medicinsk diagnostik vid resursbegränsade 
inställningar. De tekniker och enheter som utvecklats diskuteras inom 
ramen för denna avhandling bör bidra till att plugga flera saknade luckor 
när det gäller sparsam innovation inom området för vårddiagnostik. Vårt 
tillvägagångssätt bygger på att utveckla både en teoretisk förståelse och en 
praktisk tillämpningsbaserad mikrofluidteknik baserat på två parallella 
tillvägagångssätt. De tre första artiklarna (Paper I-III) är baserade på en 
kombinerad teoretisk och experimentell förståelse av Elasto-
inertialmikrofluidika, en metod för friktionspartikel sortering, som kan 
användas i applikationer relaterade till partikel-separation och 
partikelräkningssystem, såsom en mikroflödescytometer. Papers IV-VI 
rapporterar tre integrerade mikrofluidiska applikationsdrivna 
plattformar, som alla tar upp en avgörande medicinsk diagnostisk 
applikation som inkluderar neonataldiagnostik (Paper IV), snabb 
nukleinsyrakvantificering (Paper V) och hematokritnivåmätning i blod 
(Paper VI). Sammantaget adresseras alla dessa tekniker som ett viktigt 
behov i vården av medicinsk diagnostik vid resursbegränsade 
inställningar, och bör leda till bättre enhetens noggrannhet, 
patientövervakning och enkel användning för outbildad personal. 
 
Nyckelord: ASSURED, blod, diagnostik, elasto-tröghet, hematokritnivå, 
inställningar, microfluidics, neonatal diagnostik, nukleinsyra 
kvantifiering, resursbegränsade, vårdpunkttröghet. 
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Abstract 
 
The development of point of care diagnostics using recent advances in 
microfluidics have the potential to transform health care in several ways, 
especially in resource limited settings with limited access to advanced  
health care infrastructure. However, translating a point of care device to 
reality is often a challenging task because of the complexities involved in 
integrating a number of diverse engineering concepts into an easy to use, 
accurate and portable device. This thesis focuses on miniaturization of 
crucial diagnostic laboratory tools, that can be used in a portable point of 
care format without compromising on the accuracy or performance. The 
first part of the thesis (Paper I-III) focuses on understanding and applying 
elasto-inertial microfluidics, which is a label-free and passive bio-particle 
sorting and separation method. A basic understanding of particle 
trajectories in both inertial (Paper I) and visco-elastic flows (Paper II) is 
established, followed by an investigation on the combined effects of inertia 
and elasticity (Paper III). The second part of the thesis (Paper IV-VI) 
focuses on developing integrated microfluidic platforms, each of which 
addresses different aspects of point of care diagnostic applications. The 
applications include neonatal diagnostics using a hand-driven Slipdisc 
technique (Paper IV), rapid nucleic acid quantification using a novel 
precipitate-based detection on a centrifugal microfluidics platform (Paper 
V), and hematocrit level measurement in blood using a portable lab-on-
Disc platform operated by a mobile phone (Paper VI). The proof of concept 
microfluidic tools presented in the scope of this thesis have the potential 
to replace a number of functions of standard laboratory equipment, at a 
fraction of the price and without compromising performance. Hence, the 
different methods developed should contribute towards decentralization 
of medical testing laboratories, making healthcare accessible to one and 
all.   
 
Keywords: Blood, control, cell separation, centrifugal microfluidics, 
diagnostics, elasto-inertial, hematocrit level, microfluidics, neonatal 
diagnostics, nucleic acid quantification, point of care, particle focusing, 
resource limited settings.   
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Preface 
 
My thesis was primarily carried at the Division of Nanobiotechnology at 
Science for Life Laboratory which is part of the Department of Protein 
Sciences, School of Chemical, Biological and Health Sciences at KTH 
Royal Institute of Technology. A microfluidic approach takes medical 
diagnostics close to the end user and away from standard laboratories. 
Timely diagnostics leads to timely medical treatment, and can potentially 
save many  lives that we lose every year at remote places, due to no easy 
access to state of the art laboratory testing facilities.  A key aspect of a 
working microfluidic technique at point of care, is having a robust and 
accurate technology as its skeleton. I always felt people like me with an 
engineering background can make a difference in this aspect of 
microfluidic tool development, as it demands a lot of interdisciplinary 
technical knowledge. 
This thesis is about microfluidic tool development for point of care 
diagnostics at resource limited settings, and is structured into six 
chapters. Each of the chapters explains key concepts used in 
understanding of the microfluidic techniques and the applications 
involved. Chapter 1 introduces the thesis topic, i.e. the motivation for 
microfluidic tool development aiming resource limited settings. Chapter 2 
gives a theoretical knowhow of  elasto-inertial and centrifugal 
microfluidics which builds on a crucial understanding of the physics 
involved in the microfluidic tool development. Chapter 3 gives an overview 
of nucleic acid and blood based diagnostics. Chapter 4 gives an overview 
of the Image Processing techniques used or developed in the scope of the 
thesis. Chapter 5 is about the present investigation topic of the thesis,  
while Chapter 6 is the conclusion and future outlook of the possibilities. 
During this thesis, I have worked with several collaborators and my PhD 
work was funded primarily by a four year grant from KTH-SLL. I am 
sincerely thankful to all my collaborators and the funding, for all the 
support received. 
 

Indradumna Banerjee 
Stockholm,2019. 
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“You can’t cross the sea merely by standing and staring at the water.”  
― Rabindranath Tagore  
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1. Introduction  
 
Medical diagnostics involves evaluating biological samples to identify a 
disease, the cause of the disease, monitoring the disease over time as well as to 
plan a course of treatment. While there are numerous ways in which diseases 
can be classified, one broad scheme of classification can be on the basis of 
communicable and non-communicable diseases.  
Communicable diseases caused by infectious microorganisms are currently 
responsible for more than 25% of all deaths occurring annually[1]. The Global 
Burden of Disease Study 2010 reported a total increase of 111,000 deaths 
worldwide in the last two decades, due to malaria and neglected tropical 
diseases (NTDs) with Sub-Sahara assuming a major share for most of the 
premature mortalities[2]. The reported global deaths from human 
immunodeficiency virus (HIV)/ acquired immunodeficiency syndrome (AIDS) 
was reported at 1.5 million[2]. Tuberculosis is another major contributor 
alongside HIV/AIDS, with 1.5 million deaths reported to have occurred in 
2014[3]. On the other hand, the global burden of non-communicable diseases 
was as high as 58% of all the reported deaths in 2008 according to a study[4]. 
Also known as chronic diseases, the non-communicable diseases include 
cardiovascular, diabetes, cancer and neurological amongst others[5]. The 
Global Burden of Disease Study 2013 reported about 40% of the deaths due to 
non-communicable diseases (year 2002) in developing countries due to 
ischemic and cerebrovascular diseases, while a significant 9% was due to 
cancer[6], [7]. 
According to the World Health Organization (WHO), 52% of all deaths in 
developing countries were due to a combination of infectious diseases, 
pregnancy and childbirth related conditions,  and nutritional deficiencies. In 
contrast, in the developed countries  only 7% of the deaths were due to such 
causes[8]. Another WHO factsheet shows 95% of the deaths in the developing 
countries are due to lack of medical diagnostic facilities, as there is little access 
to health care infrastructure[9].  
On a parallel note, the last few decades  has witnessed a rapid development in 
molecular biology, bringing down disease diagnosis times drastically. An 
integration of a number of  biological, chemical and physical engineering 
methods has catalyzed this development. However, much of the advances in 
this field has been restricted to laboratory settings in developed countries, and 



 
 

 
 

 
 
 

only a few  of these tests have made it to a stage that can be used by the end 
user directly. One way to extend the benefits of the advances in medical 
diagnostics  to the developing world can be through point of care (POC) tests.  
POC tests have the potential to reduce disease diagnostic times to hours and 
sometimes minutes, as compared to days needed with conventional diagnostic 
methods. This can enhance a physician’s ability to diagnose patients’ diseases 
rapidly and accurately, and deliver fast medication. This in turn will have a big 
impact in reducing many disease related deaths in resource limited settings. 
Even though point of care diagnostics is still a relatively new entrant in the field 
of personalized treatment, it is growing rapidly and in a decade or so can be a 
very accessible tool worldwide for decentralized laboratories.  
 

1.1 Microfluidics at point of care  
 
The World Health Organization has devised a list of conditions for point of care 
diagnostic device development aimed at resource limited settings. The 
conditions include (i)affordable, (ii)sensitive, (iii)specific, (iv)user friendly,(v) 
rapid and robust, (vi) equipment-free, and (vii) deliverable to end-users, 
abbreviated as “ASSURED”[10].  One technology that is emerging rapidly as a 
powerful tool to meet all of these criteria is microfluidics. Microfluidics, which 
represents devices or systems with sub millimeter dimensions, deal with 
microliter to femtoliter volume of fluids[11]. Over the last two decades, there 
has been great amount of research in microfluidics based point of care devices 
and numerous companies have been started.  
Fig.1 gives a workflow overview of a typical microfluidic system. A common 
characteristic feature in microfluidic systems is the presence of a driving force 
which is responsible for driving the fluid sample to be analyzed, to its point of 
detection. In continuous flow microfluidics, this driving force is mostly 
pressure based, pressure that is generated, for example, with an incoming flow, 
centrifugal or centripetal forces, suction forces or due to capillary forces. 
Microfluidic diagnostic devices are useful tools for analyzing a range of clinical 
samples that include blood, saliva, breath, stool and urine. A crucial aspect of 
the microfluidic workflow is visualization or detection of the result. Mobile 
phones or other portable visualization devices are often used for this purpose. 
For effective treatment, the generated data can be stored for analysis on cloud 
servers, accessible to a doctor  who prescribes appropriate medicine. One of 
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the challenges, however, is incorporating the entire microfluidic workflow in 
one compact and integrated setup.  
 

1.2 Aim of the thesis  
 
The key component to a robust and predictable microfluidic setup is the 
technology behind it. For a microfluidic tool to mimic a functional laboratory 
device, significant innovation in miniaturization is needed. The thesis focuses 
on the development of microfluidic tools that can mimic standard laboratory 
tools functionally and application wise,  for point of care diagnostics at 
resource limited settings.  
 
 

 
 
 Fig. 1.1 Workflow example of a point of care microfluidics based medical 
diagnostic system comprises of a minute amount of sample, a microfluidic chip 
and a mobile phone or portable result analyser device. The sample inserted 
into the inlet chamber is pushed to the detection chamber with a driving force 
where the image is analysed to predict meaningful results about a medical 
condition. The data can be stored in the cloud server from where a qualified 
medical professional can access it and prescribe medicine. 
 
The first three articles of the thesis builds an understanding of Elasto-inertial 
microfluidics, a passive flow technique which can be useful for a wide range of 
applications related to particle sorting, counting and manipulation. For the 
first time (Paper III), we have been able to show that particles in elasto-inertial 



 
 

 
 

 
 
 

flows do not only assume distinct positions in the cross section as previously 
believed. Instead we establish that particles positioning in elasto-inertial flows 
is tunable to any analog value, by engineering the elasticity of the fluid.  The 
last three articles report on application based microfluidic tool development. 
Three microfluidic diagnostic tools are reported in Paper IV-VI, i.e. Slipdisc, 
Lab on DVD and Mobile lab-disc respectively. Each of them address a crucial 
point of care microfluidic application. Slipdisc which is based on a clockwork 
based rotational Slipchip technology is found to be useful for neonatal 
diagnostics. The Lab on DVD establishes itself as a novel device for image 
based DNA quantification. Mobile lab-disc is a unique mobile phone operated 
centrifugal microfluidic platform. 
Structure wise, this thesis consists of six chapters. The first chapter gives an 
introduction to point of care microfluidics and how it can be a useful tool in 
resource limited settings. The second chapter explains the underlying physics 
behind inertial microfluidics and  centrifugal microfluidics. The third chapter 
gives an overview of medical diagnostics at point of care. The fourth chapter 
discusses different image processing techniques that are relevant to this thesis. 
The fifth chapter summarizes the research and results presented in a total of 
six papers and manuscripts. Finally, in the sixth chapter a conclusive summary 
and future possibilities are presented.   
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2. Theoretical concepts  
 
Flow in microfluidics is the controlled delivery of milliliter to nanoliter fluid 
volumes through sub millimeter dimension channels. Controlling the flow in 
such devices is the basis of several micro-particle manipulation strategies that 
include particle separation, fluid transport to designated sections, fluid mixing 
and fluidic reactions. Hence, understanding fluid control at the micro scale is 
key to designing effective microfluidic devices. In this section, we try to develop 
a deeper understanding of the physical processes involved in two continuous 
flow based microfluidic systems used in this thesis: elasto-inertial 
microfluidics and centrifugal microfluidics. 
 

2.1 Elasto-inertial microfluidics  

Continuous flow based applications in microfluidic channels often involve  
manipulation or counting of particles and cells. One such example is a micro-
flow cytometer that depends on sheath flow to separate cells and controllably 
deliver them for sorting and counting. Most conventional particle focusing 
methods are complicated microfluidic arrangements as they require some 
active manipulations in the form of sheath flow, electric, acoustic or magnetic 
forces[12]. Passive sheathless particle focusing can thus be a suitable 
alternative for miniaturized flow cytometry for point of care settings, on 
account of portability, low cost and ease of setup.  Elasto-inertial microfluidics 
is one example of passive particle focusing, where the fluid elasticity along with 
the flow rate is engineered in combination to achieve efficient particle focusing.  
In this section, we will gain a physical understanding of how elastic and inertial 
forces act in combination for particle focusing applications.  

2.1.1 Particle focusing and Elasto-inertial forces 

Segre and Silberberg reported for the first time in 1961 that particles in a 
laminar flow regime, tend to focus in an axisymmetric radius that is 
approximately 60% of the pipe radius[13]–[15], under tubular pinch effect. 
This phenomenon has been validated in circular cross section microfluidic 
channels[16], along with several other geometries that are easier to fabricate 
on a microfluidic format. The most commonly used geometries in the 



 
 

 
 

 
 
 

microfluidic format includes the square and rectangular cross sectional 
channels. In square channels, the particles settle down at a similar 60% of the 
hydraulic radius of the cross section[17], while, in rectangular channels the 
particles assume multiple equilibrium positions[18] as shown in fig. 2.1. On a 
parallel note, for elasticity dominant flows Leshansky et. al.[19] found that 
particles tend to focus in a single streak at a centerline position of the channel. 
Similar centerline focusing was observed in square cross-sectioned straight 
channels[12] due to a combined effect of inertia and elasticity. In rectangular 
channels, the combined effect of inertia and elasticity was seen to focus 
particles at centerline and at 0.6 times the radius for polystyrene particles, 
however deformable red blood cells were shown to focus at the centerline[20]. 
The centerline focusing in viscoelastic flow is due to an imbalanced first normal 
stress difference between the center and the walls. 
 Particles in elasto-inertial flows in a straight channel are under a combined 
effect of three primary forces: Wall lift force (FLW), Shear gradient lift 
force(FLS),  and elastic force(FE). Di Carlo[17] and others have established a 
formulation for the lift forces: 
 
Shear gradient lift force 
FLS ∝ ρU2a3/H                                                                                                   (2.1) 
	
Wall lift force 
 
FLW ∝ ρU2a6/H4                                                                                               (2.2) 
 
Where U stands for the average velocity of the fluid, ρ is the density of the fluid, 
a is the size of the particle suspended in the fluid,  and H is the characteristic 
diameter of the channel given by: 
H=2wh/(w+h)                                                                                                 (2.3) 
 
It can be seen from equations 2.1 and 2.2 that the forces scale in a different 
manner near the channel centerline(FLW) than close to the channel 
wall(FLS)[21]. The scaling differences between the walls and center suggest that 
two separate physical dynamic effects in the fluid produce an equilibrium 
position that is closer to the walls than the center. Similarly when it comes to 
elasticity driven flows the elastic forces(Fe) scales up as: 
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Fig. 2.1 Overview of particle focusing positions reported in circular, rectangular 
and square cross sectioned geometries for purely inertial (top) and elasto-
inertial flows (bottom). 

Fe ≈ a3∇N1                                                                                                        (2.4) 
 
 
where ∇N1  is the first normal stress difference that develops across the fluid 
due to elastic effects and the expression is derived from the Oldroyd-B  model 
in Poiseuille flow[19], [22]. A demonstration of how the combined forces lead 
to particle focusing in straight microchannels is demonstrated in fig. 2.2. 
 



 
 

 
 

 
 
 

2.1.2 Elasto-inertial physics 
 
Due to recent advances in inertial and elasto-inertial microfluidics, we know 
the forces affecting particles in flow in such fluids. However, there is no 
straightforward scaling of the inertial and elastic forces with each other. Hence, 
three dimensional numerical simulations are needed to understand particle 
behavior in the elasto-inertial regime. The simulations are based on underlying 
governing equations which accounts for the fluid properties as well as fluid 
particle interactions.  Particle focusing in elasto-inertial flows can be defined 
with two critical dimensionless numbers: Reynolds number and Weissenberg 
number. Reynolds number is defined as Re = ρUcH/µ, where ρ is the density 
of fluid, Uc is the centerline flow velocity, H is the characteristic length across 
the channel cross-section, and µ is the shear viscosity of fluid. Weissenberg 
number in fluid flow is defined as Wi = λUc/H, where λ denotes the fluid 
relaxation time. The ratio between Wi and Re gives the elasticity number El = 
Wi/Re. The motion of particles in Newtonian and incompressible fluid is 
governed by the Navier–Stokes equations[23]: 
 
𝜕$𝑢& + 𝜕(𝑢&𝑢( = −𝜕&𝑝 +

𝔓
-.
𝜕(𝜕(𝑢& +

/0𝔓
-.
𝜕(𝜏&( + 𝑓&,                   (2.5) 

 
𝜕&𝑢& = 0,                      (2.6) 
 
where 𝑢& is the velocity vector field, 𝑝 denotes the hydrodynamic pressure, 𝜏&(  
the polymer stress tensor, 𝑓& is the immersed boundary force which takes into 
presence of the suspended particles, 𝔓 denotes solvent viscosity to the total 
viscosity ratio and consequently depends on the polymer concentration, and 
𝑅𝑒 is the Reynolds number. 
The effect of elasticity to the carrier fluid is added with a stress tensor 𝜏&(. The 
Finite Element Non Linear Extensibility Peterlin model (FENE-P) is 
commonly used in numerical simulations of polymeric fluids[24], where  𝜏&(  is 
a function of the configuration tensor 𝐶&( defined as : 

 

 	𝜏&( =
/
8&
9

:;<

/0
=>>
?@
− ð&(B,                    (2.7) 
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Fig. 2.2 Inertial and Elastic forces acting on a particle in fluid flow in a laminar 
and incompressible fluid flow profile. The effect of the lift forces in inertial flow 
influences the particle to assume an equilibrium position that is 60% of the 
radius of a straight channel while in Elasto inertial flow centerline focusing is 
observed due to the added effect of elastic forces.  

where 𝐿 stands for dumbbell extensibility, ð&(  the Kroeneker delta and 𝑊𝑖 the 
Weissenberg number. The configuration tensor is symmetric of the second 
order, and can be equated by solving its six independent components[24]: 
 
𝜕$𝐶&( + 𝑢F𝜕F𝐶&( = 	𝐶F(𝜕F𝑢& +	𝐶&F𝜕F𝑢( − 𝜏&(.                                                   (2.8) 
 
The left-hand side of the equation denotes the advection of the configuration 
tensor, while the first two terms on the right hand side denote the stretching 
and relaxation of the polymer respectively.  
A neutrally buoyant rigid spherical particle suspended in such a fluid follows a 
trajectory dictated by the Newton-Euler equations: 
 

𝑚H I𝑼𝒄
𝒑

I$
= ∮ [−𝑝𝐼 + 𝜇(𝛻𝒖 + 𝛻𝒖T)] ∙ 𝒏	𝑑𝑆	

[\H  + Fc,                                           (2.9) 

 

𝐼H I𝜴𝒄
𝒑

I$
= ∮ 𝒓 × {[−𝑝𝐼 + 𝜇(𝛻𝒖 + 𝛻𝒖T)] ∙ 𝒏} + 𝑇𝑐	

[\H ,                                        (2.10) 

 



 
 

 
 

 
 
 

where 𝑚H and 𝐼H are the mass and moment of inertia of the particle, and 𝑼𝒄
𝒑 

and 𝛀𝒄
𝒑 are its center velocity and rotation vectors. The integrals shown in 

equation 2.9 takes into account the surface of the particles 𝜕𝑉𝑝 with a unit 
normal vector 𝒏; 𝒓 is the vector connecting the particle center to the unit 
vector. An Immersed boundary method is enforced through the body force 𝑓&  
to ensure no-slip and no-penetration boundary conditions. Fc and Tc are the 
contact force and contact torque generated from the particle wall interactions. 
 

2.2 Centrifugal microfluidics  
 
For the last two decades, there has been considerable progress in centrifugal 
microfluidics based technologies for biological detection processes. Centrifugal 
microfluidics uses forces on rotating platforms to transfer fluids within 
enclosed microfluidic networks. Such rotating platforms are typically made in 
the form of a compact disk. Integrated fluidic designs can be made on these 
platforms to carry out biological and chemical analyses that can replicate 
laboratory based biological and chemical assays. The liquid handling 
capabilities of such platforms have been coupled with optical detection, 
electrochemical, thermoelectric and impedance based methods to develop 
what is known as lab-on-a-disc (LOAD) systems[25], [26]. In this section, we 
will gain a physical understanding of the physics behind centrifugal 
microfluidics and the functions it can carry out.  

 
2.2.1 Centrifugal microfluidics physics 

 
A fluid of density ρ in an enclosed compact disc like structure that spins, can 
be considered as a liquid plug in a square cross sectioned straight channel. The 
length of the straight channel can be considered to be r, hydraulic diameter D 
and radial position from the center as r’. When a centrifugal force fw at an 
angular velocity w of the spinning disc acts on this plug of liquid (fig. 2.3), a 
parabolic flow develops that is maximum at the center of the liquid plug[25]. 
The mean velocity v of the plug of fluid is: 
 
v= (ρ/32 η) r’D2w2                                                                             (2.11) 
 
The flow rate obtained by multiplying the mean velocity with the cross 
sectional area (A∝D2)[25] is: 
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Q ∝ vD2 ∝ D4                                                                                                         (2.12) 
 
The equivalent pressure head ∆𝑃w[25]that develops in such a flow can be 
defined as: 
 
∆𝑃w = ρr∆rw2                                                                                                       (2.13) 
 

where ∆r coresponds to the changing radius from the central axis. The 
centrifugal force (density)[25] experienced by the plug of fluid is: 

𝑓w = ρrw2                                                                                                                (2.14) 
 
 
The Euler or the fictitious tangential force (density)[25] experienced by the 
fluid is directly proportional to the rate of change of angular velocity and is: 
 
𝑓e = ρrdw/dt                                                                                                          (2.15) 
 
 
The third Coriolis force (density)[25] that a fluid experiences is orthogonal to 
the direction of flow and is given by: 
 
𝑓c = 2ρwv                                                                                                            (2.16) 
 
 

2.2.2 Fluidic Functions  
 
Fluid flow in centrifugal microfluidics is controlled by varying the velocity of 
rotation of a simple and compact motor, with an efficient speed feedback. This 
minimizes the need for complicated and expensive instrumentation in 
controlling fluid manipulation. Many fluidic functions have been 
demonstrated on Lab on disc platforms. These include amongst others 
pumping the fluid, valving the fluid flow, mixing of fluids, metering, fluid 
component separation, and fluid particle separation.  
Valving of fluid flow in centrifugal microfluidics allows exact control of fluid 
movement and is critical to development of biological assays. Four common 
types of valving used in centrifugal microfluidics are capillary valves, 
hydrophobic valves, siphoning and sacrificial valves[27]. 



 
 

 
 

 
 
 

 
	

 
Fig. 2.3 Three different forces (in red, green and blue) acting on a plug of fluid 
in a centrifugal microfluidic system. The three colors denote the same plug of 
fluid that experiences centrifugal, Euler and Coriolis forces under rotational 
flow (adapted from ref. [25]) 
 
Capillary valves are based on balancing the capillary pressure (Ps) to the 
centrifugally induced pressure (Pw). The centrifugally induced pressure varies 
as the square of the frequency of rotation and as the critical or burst frequency 
is reached, it exceeds the capillary pressure[28], [29].Hydrophobic valves have 
been implemented on CDs and they depend on either constructing narrow 
channels to obstruct fluid flows till a certain speed of rotation,  or 
functionalizing hydrophobic patches in microchannels to obstruct fluid 
transport [30], [31]. One example of implementation is its use for liquid 
volume metering[32] and liquid transfer at high rotational velocities, when the 
forces due to centrifugation overpowers the capillary forces at the hydrophobic 
barriers[27]. High-pass valving as well as liquid transfer can be achieved 
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Fig. 2.4 Four types of commonly used valving systems in Centrifugal 
microfluidics. (A) Capillary valve using a hydrophilic microchannel. (B) 
Hydrophobic valving on a disc. (C) Siphon valve. (D) Sacrificial valve using 
wax that can be melted with laser.(reproduced with permission from ref. [27]) 
 
by siphoning, influenced by the effect of artificial gravity g = rω2 , that is linked 
to centrifugation[30], [33]. 
The siphon forwards the fluid  as the meniscus front has passed the crest. The 
siphoning flow stops once the liquid levels in the chamber and siphon 
equilibrates hydrostatically or if the liquid column continuity is broken [34], 
[35]. Siphon valving in centrifugal microfluidics has proved to be a useful 
solution for cases that need high rotational speeds as the first step of the 
operation (e.g., plasma separation from whole blood)[36]. The passive valves 
discussed so far are not vapor tight and there often remains a need for vapor-
proof valves for long-term onboard liquid storage using destructible barrier 
layers. Liquids stored behind such sacrificial valves[35] can be made to flow by 
a laser radiation switch or by mechanical punching of a pouch amongst other 
techniques.  
One of the common limitations in centrifugal microfluidics is that it’s possible 
to move fluid only radially inwards to outwards and not the other way round. 
Capillary priming[37] is one possibility to achieve passive pumping of fluids 
back towards the center of the disk. The surface microchannel on the disc 
should have a high amount of surface energy, for fluid transfer to be generated 
by capillary forces, and when the capillary forces are greater than the 
centrifugal forces, fluids can flow radially inwards[25]. A high enough surface 
energy is possible with hydrophilic microchannels. Usually, the materials 



 
 

 
 

 
 
 

fabricated in CDs [for example, polycarbonate (PC) and polydimethylsiloxane 
(PDMS)] are hydrophobic, resulting in a need for surface treatment to render 
them hydrophilic. Available techniques for hydrophilic treatment include 
depositing a hydrophilic layer on the hydrophobic surface or modifying the 
hydrophobic surface with chemicals or physical processes[38].It has been 
demonstrated that the CD centrifugal microfluidic platform is capable of 
minute volume control and metering of fluids. Accurate volume metering is an 
absolute necessity in many analytical sample processing techniques. 
Mixing is carried out in many diagnostic applications for sample 
homogenization or to mix two or more reagents for analysis purposes[39]–
[41]. However, mixing is difficult to be carried in microscale, where there is no 
convective mixing but only diffusive mixing. Several techniques have been 
introduced to overcome this obstacle. One such technique uses fast oscillations 
of the disc to allow rapid mixing in microscale (low Reynolds number flow or 
laminar flow) regimes[42]. The inertia of flow and opposing viscous drag leads 
to quick mixing in larger fluid chambers.  
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3. Diagnostics at point of care 
 
Diagnosis is the primary criteria in treating a medical condition. Point of care 
(POC) diagnostic tests strives to translate the same effectiveness of advanced 
laboratory testing. POC tests are typically simple, low-cost and robust 
diagnostic tests, and can diagnose diseases early to ensure timely treatment. 
They can save many lives in resource limited settings, where this is little access 
to laboratory testing facilities.   The WHO has devised seven criteria for a POC 
diagnostic test: (i) affordable, (ii) sensitive, (iii) specific, (iv) user-friendly, (v) 
rapid and robust, (vi) equipment-free, and (vii) delivered to those who need it, 
leading  to the acronym “ASSURED”[10]. This chapter focuses on two broad 
categories of POC diagnostic tests, which are also the most common type of 
diagnostic tests available in resource limited settings: nucleic acid diagnostics 
and blood based diagnostics. 
 

3.1 Nucleic acid diagnostics 
  
The central dogma of biology provides a basic understanding of how genetic 
information flows from deoxyribonucleic acid (DNA), to be transcribed into 
ribonucleic acid (RNA), and translated into proteins[43]. These three 
molecules together are considered the most crucial components of cellular life. 
In this thesis, our focus will be restricted to the first one, i.e, DNA, and its 
detection and quantification technologies. DNA is a double helical coiled 
structure molecule composed of two chains, and is known to carry genetic 
information that are vital to development and reproduction of all known living 
organisms. Each of these chains is composed of four nucleotide bases: Adenine 
(A), Thymine(T), Guanine(G) and Cytosine(C). Typically, the nucleotide bases 
pair up as A-T or G-C that forms the basis of the linked double helical structure 
of DNA.  
 

3.1.1 Nucleic acid detection 
 
As each and every pathogen have their own signature nucleic acid, so detecting 
a particular sequence of nucleic acid can be vital to finding the presence of that 
organism in a sample. Fortunately, there exists highly accurate Nucleic 



 
 

 
 

 
 
 

amplification tests (NAATs) developed over the last few decades, which enable 
precise detection of a targeted nucleic acid sequence. Molecular biologists have 
come a long way in designing single stranded probes or primer molecules that 
target single stranded sequences of a pathogenic DNA or RNA. As DNA is 
essentially double stranded the first step in most NAATs is decoiling of double 
stranded DNA into its single strand, achieved by breaking the hydrogen bonds 
between complementary bases, through a step known as denaturization.  
One of the first steps in the advancement of nucleic acid amplification tests was 
the discovery of Polymerase Chain reaction, which still today remains the gold 
standard in nucleic acid amplification[44]. The principle of the PCR is based 
on a three-step cycling process. The first step is denaturation of double-
stranded DNA, followed by annealing of primers, and finally primer extension. 
PCR  can also amplify an RNA sequence. This process involves synthesizing a 
DNA copy (cDNA) using reverse transcriptase before PCR, and this is known 
as RT-PCR. A typical PCR cycle takes somewhere between 3 to 5 minutes and 
the cycle is repeated 20 to 40 times [38]–[43]. Even though PCR is a preferred 
form of DNA target amplification due to its high specificity, it is often difficult 
to achieve in resource limited settings due to the necessity of several rapid 
temperature cycling steps which is quite difficult to achieve without a highly 
accurate thermocycler. To this end, a number of isothermal temperature  based 
nucleic acid amplification techniques have thus become popular, specially 
targeting resource limited settings. A few examples of isothermal amplification 
techniques include Loop-mediated isothermal amplification (LAMP), Strand 
displacement amplification (SDA), Helicase-dependent amplification (HDA), 
Nicking enzyme amplification reaction (NEAR) and Rolling cycle amplification 
(RCA). LAMP assay is based on 4 to 6 primers targeting 6 to 8 unique regions 
of the template DNA to be amplified. A polymerase enzyme displaces DNA 
strands and initiates synthesis with forward and backward primers to form 
loop structures. After several subsequent amplification steps in a very short 
amount of time, the magnesium pyrophosphate generated during the reaction 
can be observed with the naked eye[51]–[54]. LAMP is a rapid and sensitive 
assay and produces a large amount of amplification products making it very 
suitable for point of care diagnostics. Strand displacement amplification (SDA) 
also utilizes a strand-displacing DNA polymerase, like Bst DNA Polymerase, 
large Fragment or Klenow Fragment (3’-5’ exo–). The initiation mechanism 
here is nicking at a primer site  by a strand-limited restriction endonuclease or 
nicking enzyme. The exponential amplification is achieved through 
regenerating the site of nicking with every polymerase displacement step[55]–
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[58]. Helicase-dependent amplification (HDA) is based on separating double 
strands of DNA with a helicase enzyme, allowing primer annealing and 
extension with DNA polymerase. The assay uses only two primers and has been 
useful in many FDA-approved tests[59], [60].Nicking enzyme amplification 
reaction (NEAR) is somewhat similar to the strand displacement amplification 
as it employs a nicking enzyme to create a nick and then the strand is displaced 
by DNA polymerase[61]–[63]. It produces several short nucleic acid segments 
from the DNA template to be amplified and facilitates rapid detection of small 
target amounts. Rolling-circle amplification (RCA) is another isothermal 
amplification reaction driven by DNA polymerase, which can reproduce 
circular oligonucleotide probes. It is facilitated by two hybridizing primers, one 
to the positive strand, and the other, to the negative strand of DNA followed by  
strand displacement. Within 90 minutes, 109 or more copies are generated 
facilitating point mutation detection in genomic DNA[64]–[66]. 
 

3.1.2  Nucleic acid quantification  
 
A quantification step is necessary after detection of amplified DNA to estimate 
the amount of pathogen in a given sample. Quantification methods are often 
based on turbidity [67], fluorescence producing specific dyes [68] or 
absorbance measurements[69]. Thus, currently there are three main 
categories of commercial DNA quantification instruments: turbidity based 
(e.g. Illumigene),[67] absorbance based (e.g. Nanodrop),[70] and fluorescence 
based (plate readers[71] and Qubit fluorometer[72]).  However, each of these 
methods comes with its own set of limitations  even though they are highly 
accurate in terms of DNA quantitation.  In absorbance measurement based 
DNA quantification of amplified DNA, there is a bias[73] present due to 
isothermal amplification buffer , dNTPs and other reagents in the solution. 
Each of these reagents in the amplification premix has an absorbance reading 
close to 260 nm, leading to elevated readings than actual quantity of DNA. 
Hence, if we have to quantify DNA produced in NAATs, an extra DNA 
purification step is necessary, which in turn might lead to loss of the amplified 
DNA to be measured.  Additionally, we also have to consider an added cost of 
the purification kit for DNA purification. Fluorescence measurement based 
methods mainly involve fluorescent dyes which might be hazardous and 



 
 

 
 

 
 
 

carcinogenic[74]. Also, using fluorescent dyes for quantitation methods also 
includes lengthy labelling and washing steps.  
 
 

3.2 Blood diagnostics 
 
Blood contains a whole lot of information about an individual’s well- being that 
includes gene expression, protein quantity, epigenetic patterns, microRNAs, as 
well as several biomarkers[75], [76]. These analytes point to a number of 
abnormalities in the human body that include amongst others traumatic brain 
injuries[77], cancer diagnostics[78], cardiovascular diseases[79], HIV 
infection[80] and neonatal diseases[81]. Microfluidics methods, with the 
ability to rapidly diagnose medical conditions from minute volumes of blood 
can transform healthcare at point of care, and can save many lives with timely 
treatment. 
 

3.2.1  Blood plasma separation  

 
The whole blood is primarily made of blood cells and plasma. Hematocrit 
constitute approximately 45% of blood volume, where red blood cells (RBCs) 
constitute more 99% of the hematocrit[82]. Blood plasma constitutes 
remaining 55% of whole blood and is composed of 95% water and various 
analytes like nucleic acids, proteins, pathogens, and metabolites[83], [84]. 
These constituents of blood plasma are of great significance in disease 
diagnostics[85]. Hence, the total separation of plasma from whole blood lays 
the foundation for analyzing the plasma components  [86]. 
Currently, many solutions exist at the macroscale for plasma extraction such 
as blood transfusion and analytic venous sample where the volume ranges 
from 1 to 500mL. Transfusion equipment is typically large and heavy, costly 
and needs complex fluid handling, but is very efficient and cleans plasma 
before reinjection into patient[87], [88]. Most conventional blood based 
analytic tests based venous blood sampling uses standard centrifugation (5min 
at 1500g)[88], followed by pipetting out the plasma as the hematocrit settles 
down at the bottom of the sample preparation tube. 
Several lab on chip advances over the last two decades have enabled carrying 
out blood plasma extraction at the microfluidic level. Microfluidic level blood 
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handling is specially advantageous as we are dealing with microliter volumes 
of blood that can be obtained with something as simple as a finger prick. 
Currently there have been three kinds of microfluidic devices used primarily 
for blood plasma separation: inertial microfluidic devices [89]–[91], 
centrifugal microfluidic devices[37], [92], [93], and paper microfluidic 
devices[94]–[96]. A fourth elegant solution can be the paperfuge, a 
combination of centrifugal microfluidics on paper devices, mimicking a hand 
held whirling toy[97]. 
 Of these the centrifugal microfluidic platform is particularly attractive because 
of the inbuilt centrifuge, good sensitivity compared to paper, increased 
compactness compared to inertial microfluidics, as well as better control of 
speed for multiple fluidic operations as compared to the paperfuge. One 
particular drawback when it comes to centrifugal microfluidics is the inability 
to process volumes of blood close to 1mL or more which can still be considered 
microscale volumes, even though there has been one elegant solution 
addressing this problem [98].   

 
Fig. 3.1 Centrifugal microfluidic separation of blood plasma. Spinning disk: 
The heavier red blood cells settle in one chamber, while the plasma is 
automatically metered out to an adjacent chamber.  Disk stopped: A primed 
capillary duct pulls the plasma inwards towards the center of the disc for 
further on-disc analysis. Reproduced with permission from [99]. 
 
Fig. 3.1 shows an example of blood plasma separation on a centrifugal 
microfluidic disc, where several steps such as density based separation of 



 
 

 
 

 
 
 

plasma from blood cells, metering, and capillary priming  are synchronized 
together for automatic analysis of the separated plasma.  
 

3.2.2  Analytes in blood plasma 

 
Plasma hosts several analytes that can be useful for crucial diagnostics that 
includes but not restricted to proteins, metabolites, microbial organisms and 
nucleic acids.  Changes in levels of plasma proteins have been associated with 
detection of cancer tumors at an early stage, as well as monitoring its 
progression and development of the disease over time[100], [101].  
Plasma proteins such as aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) have been regularly used to understand liver 
functioning[102], [103]. Also plasma proteins have been found to be very 
useful in monitoring pregnancy of expecting mothers by monitoring a 
hormone known as Human Chorionic Gonadotrophin (hCG)[104]. 
Blood plasma consists of a different kinds of metabolites that are low molecular 
weight compounds present in different concentrations and stabilities, existing 
in a non-covalently bound form with proteins[105]. These metabolites include 
amino acids, sugars and fats and some of the most commonly found 
metabolites in serum include glucose, cholesterol, melanin, urea and 
adenosine triphosphate (ATP)[88]. Analysis of multiple metabolites is often 
considered a crucial primary step in assessing the health status of an 
individual. Another crucial circulating agent in the blood stream are the 
infectious agents like bacteria and viruses that are a leading cause of mortality 
across the world[106]. They are responsible for prolonged times of stay in 
hospitals and increased health care expenditure. One of the most difficult to 
deal are the antibiotic-resistant organisms, where a mutated microbe becomes 
resistant to the effect of administered drugs. The conventional mode of 
detection of microbial organisms is still blood culture based which takes more 
than 24 hours to complete.  Rapid diagnostic means such as point of care lab 
on chip technologies to identify blood stream infectious agents can go a long 
way towards saving several lives and reducing hospital related expenditure.  
Finally, blood plasma also has circulating nucleic acids which can be crucial 
biomarkers pointing to several conditions such as malignant tumors[107], 
malaria[108] as well as non-invasive diagnostic testing method to sample fetal 
material for prenatal diagnosis[109]. 
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One crucial application area of blood plasma based diagnostics explored in the 
realms of this thesis is in neonatal diagnostics. Neonatal diagnostics refers to 
the study of medical diagnostics in newborn babies, typically up to the time 
they cannot express themselves. Neonatal diagnostics is a critical need in 
resource limited settings as it can save millions of newborn lives every year. 
However, detecting disease symptoms in newborn babies (neonates) is not an 
easy task as babies do not speak. One commonly used approach is detecting a 
general biomarker in a blood sample of a neonate which can give indication of 
a number of diseases. Lactose dehydrogenase(LDH) is an example of one such 
biomarker present in blood plasma, offering clinical benefits for several 
respiratory and metabolic conditions in newborns that include intensive care 
[110], transient tachypnea[111], necrotizing enterocolitis (NEC)[112], and 
asphyxia[113].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
 
 

4. Digital Image Processing  
 

Digital image processing involves using computer algorithms for analyzing and 
extracting useful information from digital images. There is often a pre 
processing step in digital image processing which involves improving the 
signal to noise ratio[114]. An improvement in the signal to noise ratio reduces 
imperfections in the images generated during acquisition and makes the 
feature of interest in the image more prominent compared to the image 
background. Some  commonly used methods for image pre-processing are 
increasing edge information, image smoothing, image filtering to reduce noise, 
background deduction and image alignment[115]. 
After initial pre-processing, depending on the application, the image is 
subjected to several processing steps such as segmentation, binary 
thresholding, edge detection, histogram generation and filtering. Each of these 
concepts is discussed in the following sections. The demonstrations are carried 
out using the Image processing toolbox(IPT) in MATLAB[116].  

 
4.1 Grayscale conversion 

 
A digital image in a bioassay contains useful information which needs to be 
extracted to monitor the development of the bioassay. The useful information 
is often called the feature of interest, that is observed over time. One of the first 
steps in image pre-processing, in the scope of this thesis, is converting an 
image to its grayscale version. A color to grayscale image conversion is based 
on the perception of luminance. According to guidelines developed by the 
709th International Commission on Illumination(CIE)[117], the color images 
can be converted using the following formula[115]: 
 
𝑌 = 𝑔ray=0.2125*red + 0.7154*green + 0.0721*blue                                     (4.1) 
 
A color image is easily converted to grayscale in MATLAB using the inbuilt 
command in the IPT: I = rgb2gray(RGB), where RGB is the name of the color 
image and I is the generated grayscale image as shown in fig. 4.1. The original 
image shown in fig.4.1a  is generated  by a photodiode array from the laser scan 
of a modified DVD player. 
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Fig. 4.1 Demonstration of the Image pre-processing steps for a DVD generated 
image where it is converted from it’s a) original version to b) grayscale image. 
 

4.2 Background correction 

Once a grayscale image is generated, the next step in preprocessing is 
correcting the background of the image by improving the signal to noise 
ratio(fig 4.2a, fig.4.2b). In the IPT, this is done by the command  strel, 
representing a flat morphological structuring element, that is necessary for 
showing the true pixels that is part of the morphological computation of an 
image, and eliminating the disturbances. The structuring element has a center 
pixel, the origin, that recognises the pixel in the image. Strel function works 
with both binary and grayscale images[118][119]. The following code snippet 
in MATLAB shows a method of  background subtraction of blood hematocrit 
from its neighborhood stray marks. 

 

I = imread('Image1.png'); 
I1 = rgb2gray(I) 
imshow(I1) 
se = strel('disk',100) 
background = imopen(I1,se); 
imshow(background) 
[pixelCount, grayLevels] = imhist(background); 
plot(pixelCount, grayLevels); 
bar(pixelCount); 
title('Histogram of original image', 'FontSize', 
captionFontSize); 
xlim([0 grayLevels(end)]); 
grid on; 



 
 

 
 

 
 
 

 

 
 
Fig. 4.2 Background correction of a mobile-lab disc image. a) Original image 
of blood plasma separation b) background correction with strel function in 
MATLAB c) Generated histogram with imhist function in MATLAB.  
 

4.3 Image segmentation 
 
Segmentation in imaging processing involves separating the features of 
interest in an image from its background. A simple but popular method for 
image segmentation is thresholding the image, on the basis of relative 
intensities in the background corrected image. This typically separates the 
features of interest in the image from its background to form a binary image 
that has only the feature of interest. One such example is shown for the 
precipitation images in DVD (fig 4.3)  and the MATLAB code snippet for binary 
image generation is as follows: 
I = imread('Image1.jpg'); 
level = graythresh(I); 
BW = imbinarize(I,level);figure; 
imshowpair(I,BW,'montage') 
 

 
Fig. 4.3 Binary thresholding of grayscale image based on the level of threshold 
calculated, to generate a binary image of the precipitate formed. The image is 
generated as a pair 
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Another powerful tool for image segmentation is edge detection[120] using 
techniques such as Sobel edge detection[121], Canny edge detection[122], 
Watershed algorithm[123] and Hough transform[124]. Sobel edge detection 
when applied to grayscale images calculates the gradient of the brightness 
intensity of each pixel. It gives a direction of the increase in pixel intensity from 
black to white, as well as calculates the amount of increase in the 
direction[125]. The Sobel edge detector uses convolution masks that is a pair 
of 3×3 masking matrices, one that estimates the x gradient (columns) and the 
other estimates the y gradient (rows). These masking matrices are shown as 
shown as operators Sobelx and Sobely in the equation below[126]: 
 
 

𝑆𝑜𝑏𝑒𝑙𝑥 =	 u
−1 0 1
−2 0 2
−1 0 1

w                                                                              (4.2) 

 

𝑆𝑜𝑏𝑒𝑙𝑦 = 	 u
1 2 1
0 0 0
−1 −2 −1

w                                                                                 (4.3) 

 
For 𝐼 as the source image, the horizontal and vertical derivative 
approximations  𝑔𝑥 and 𝑔𝑦 gives rise to a convoluted image[127]: 
 
	𝑔𝑥 = 𝑆𝑜𝑏𝑒𝑙𝑥 ∗ 𝐼                         (4.4) 
 
𝑔𝑦 = 𝑆𝑜𝑏𝑒𝑙𝑦 ∗ 𝐼                          (4.5) 
 
The magnitude of the gradient g[121] is then calculated as:  
 
𝑔 =		√(𝑔𝑥{ + 	𝑔𝑦{)	                          (4.6) 
 
The Canny algorithm is based on smoothening the image based on the first 
derivative of Gaussian function, for optimal edge detection. It uses a two 
dimensional gaussian function G(x,y) to smooth image and get rid of the noise: 
 

𝐺(𝑥, 𝑦) = exp �− ��@��@�
{�@

� /2𝜋𝜎^2                                     (4.7) 



 
 

 
 

 
 
 

 
where 𝜎	is the parameter of Gauss filter. The second step is calculating the 
magnitude and  direction of image gradient, similar to the Sobel algorithm. 
However, unlike the Sobel algorithm here the matrix is a 2x2 limited difference 
of the neighboring area[122]. The magnitude image generated is then 
subjected  to non-maximum suppression (NMS) on the image to  accurately 
position edges. In this case, the outline for the original image(fig.4.4a)  is 
somewhat more clear with the Sobel Algorithm.  The background correction 
step is applied first  to generate a binary version of the original image (fig.4.4b). 
Fig 4.4c and fig.4.4d shows the results generated with both the Sobel and 
Canny algorithms, respectively. The MATLAB code snippet for using the two 
algorithms are as follows: 
 
I = imread('Image1.png'); 
I1 = rgb2gray(I) 
imshow(I1) 
se = strel('disk',100) 
background = imopen(I1,se); 
imshow(background) 
BW1 = edge(I1,'sobel'); 
BW2 = edge(I1,'canny'); 
figure; 
imshowpair(BW1,BW2,'montage') 
 
 

 
Fig 4.4 Blood plasma separation on mobile lab disc image a) original image b) 
background corrected grayscale image c) Sobel algorithm on background 
corrected image d) Canny algorithm on background corrected image. 
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 The Watershed algorithm is very useful for cases where there is non uniform 
intensity inside the detected edges of a shape. We will not go into details on the 
topic as it is outside the scope of this thesis but the interested reader can refer 
to [128] for a better understanding. Hough transform can be used to detect a 
variety of well-defined shapes such as lines[129] and circles[130] and can be 
another very useful tool in  edge detection after the initial preprocessing of the 
image. After segmentation various algorithms can be applied on an image for 
extracting the feature of interest as well as tracking it over time, especially in 
video frames. One such application of segmentation that we implemented in 
this thesis was quantifying the amount of DNA precipitate from the images 
captured on a disc. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

 
 

 
 
 

5. Present investigation 
 
This thesis focuses on  point of care microfluidic tool development, with an aim 
to address critical applications that can improve medical diagnostics at 
resource limited settings.  The discussion is built on six articles which are 
summarised as follows: 
 
Paper I: In this study, we develop an understanding of particle migration 
trajectories in purely inertial flows. Several  factors such as size of the particle, 
cross section of the channel and particle to channel aspect ratio are taken into 
consideration. 
 
Paper II: In this study, label-free passive bacteria separation in flow through 
straight channels using elasto-inertial microfluidics is presented for sepsis 
diagnostics. The study also explains with COMSOL based numerical 
simulations the physics behind centreline focussing in moderate to strongly 
elasto- inertial flows. 
 
Paper III: In this study, we study a new regime of elasto-inertial flow where 
it is possible to control the effects of both inertia and elasticity. The report 
includes experimental results that demonstrate analogue tuning of particle 
positions in elasto-inertial flows. The existence of multiple stable equilibrium 
positions in weakly elasto-inertial flow is further confirmed by three 
dimensional direct numerical simulations.  
 
Paper IV: In this study, a clockwork and Slip technology based microfluidic 
platform. Slipdisc is reported which can  detect and quantify Lactose 
dehydrogenase enzyme (LDH). LDH is a crucial biomarker in blood plasma 
that indicates many abnormal medical conditions in new-born babies. The 
simple platform that detects LDH can improve neonatal diagnostics at 
resource limited settings. 
 
Paper V: In this study, a microfluidic centrifugation assisted precipitation 
method is shown to visually detect as well as quantify amplified DNA from 
nucleic acid diagnostic tests. The formation of the precipitate occurs when 
GelRed, an intercalating dye comes in contact with DNA, followed by a short 
centrifugation. 
 
Paper VI: In this study, a unique mobile phone powered centrifugal 
microfluidic platform is developed. We evaluate the platform for centrifugal 
microfluidic applications such as blood plasma separation, precise volume 
metering as well as mixing assays. 
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Paper I : Inertial migration of spherical and oblate particles in straight 
ducts  

Inertial microfluidics has shown a lot of promise as a label-free particle 
manipulation technique where particles can simply be separated based on their 
size.  Lateral motion of particles was first reported by Segre and Silberberg[15], 
[131] in a circular pipe where particles were observed to take up focused 
equilibrium positions at 0.6 times the radius of the pipe. Even though this 
behaviour was observed in macroscopic particles, decades later this effect was 
effectively utilised in the microscopic scale to separate particles based on their 
size or deformation[17], [21], [132], [133]. On the other hand,  in elastic 
microfluidic flows it was seen that particles take up centreline focussing 
positions under conditions of negligible inertia[19]. The combined effects of 
inertia and elasticity have given rise to a new field of Elasto-inertial 
microfluidics where particles have been shown to be separated based on their 
size[12] or deformation[134]. The principles of Elasto-inertial microfluidics 
have been effectively used by our own group in developing a portable micro-
flow cytometer[16], that can indeed be an extremely useful point of care device 
for several biological applications involving flow cytometry. However, the 
conditions of flow that lead to effective single line focussing of particles is still 
poorly understood. Hence, one part of the thesis (Papers I-III) is directed 
towards understanding particle migration in Elasto-inertial microfluidics.  
 

 

Fig. 5.1 Flow setup evaluating trajectories of spherical and oblate particles in 
a straight duct for rectangular and square cross sectioned channels. 



 
 

 
 

 
 
 

Paper I provides an improved understanding of inertial microfluidics (no 
elasticity component) in terms of particle migration trajectories as the particles 
reach the equilibrium from randomly introduced positions in the duct cross 
section. Fig.1 shows particle migration in a duct setup for investigating inertial 
microfluidic flows in square and rectangular cross sections for particle shapes 
that are either circular or oblate. The lateral motion of the particles in a square 
duct was computed on the basis of lift force formulation introduced by 
Asmolov in 1999 [135]. Briefly, the lift coefficient on a spherical particle can be 
expressed as: 

CL = FL/r(dg/dt)2a4                                                                                                 (5.1) 

where FL is the lateral force acting opposite to particle cross- flow velocity, r 
denotes fluid density, dg/dt indicates the shear rate and a denotes the particle 
radius. 
The lift coefficients for some particle trajectories are shown in fig. 5.2a(inset), 
along the flow direction. The red, green, sky blue and blue trajectories 
demonstrate different starting positions for particles and their respective 
trajectories to the equilibrium position for a channel height to particle 
diameter ratio (H/Ds=5). Its observed that the particle is exposed to the 
greatest lift forces at the beginning of its lateral motion, when it starts close to 
the diagonal symmetry line; i.e. the red trajectory. In fig. 5.2b we show the 
focusing length needed for a particle to reach equilibrium position, versus the 
distance from the vertical duct symmetry line. The colors red, green, sky blue 
and blue denote the same particle positions as in fig. 5.2a and its seen that if 
the particle is initially located close to the diagonal symmetry line, the focusing 
length is  significantly longer.  Additionally, two spheres with channel height 
to particle diameter ratio H/Ds = 3.5 and 10 are also simulated from the blue 
starting position , and its seen focusing length is significantly longer for the 
smallest particle (approximately 250 times the channel height). This 
characteristics of the particles is essential for microfluidic system designs that 
can separate different sized particles [136], [137]. 
We also examine how Reynolds number influences the equilibrium position of 
spherical particles in a straight duct. It is seen that the final equilibrium 
position of the particle gets closer to the wall (>0.6 times hydraulic radius of 
channel) which has been attributed to a narrowing wake behind the particle, 
such that this wake somewhat reduces the wall lift forces acting on the particle 
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[138], [139]. We show particle trajectories  versus increasing Reynolds number 
(Reb)in fig. 5.2c, and observe a non-monotonic focussing behavior. It is seen 
that on increasing the bulk Reynolds number up to 200, the particle keeps 
moving closer to the wall  

 

Fig. 5.2 a) Upper half: shows particle trajectories for three cases in symmetrical 
one-eighth of a square duct at Reb = 100 at a duct height to particle diameter 
is H/Ds = 5. Open circles and triangles show the starting and ending points of 
the lateral trajectories. Inset: lift coefficients for some particle trajectories. 
Lower half: size effect on trajectory and the equilibrium position of a single 
sphere in square duct at Reb = 100. b)  Focusing length for different particle 
trajectories (same as in (a)) (c) Reynolds number dependence of the 
equilibrium position of a spherical particle with size ratio H/Ds = 5.  

but on further increase (Reb > 300) starts moving closer to the center. This 
effect was also observed experimentally by Ciftlik, Ettori and Gijs [140] 
We next study a single spherical particle trajectory in a rectangular duct with 
aspect ratio of 2 with an aim to study how shear and lift force asymmetry 
influence the inertial migration. Fig. 5.3a shows the initial position, trajectory 
and final position of particles when introduced at different positions within 
symmetric one-quarter of the channel cross-section for H/Ds = 5.  A two stage 
motion of the particle is observed, where it first tends to move laterally toward 



 
 

 
 

 
 
 

the long wall to reach a symmetry line(equilibrium manifold). This is followed 
by slow migration towards the face center along the symmetry line.   When the 
particle is situated close enough to the axis of the face center it focusses directly 
to the face center (light green line in fig. 5.3a) without going through the two 
step migration model[141]. 
We also report the focusing length for particles in a rectangular duct is 
significantly longer than the square duct scenario for the same starting 
position, i.e. fig. 5.3b. The  reason is a lower average shear rate in the 
rectangular case which leads to weaker lateral forces on the particle.  We have 
further explored particle trajectories for oblate shaped particles for square and 
rectangular cross sections and the interested reader is referred to Paper I of 
this manuscript for a more detailed understanding. To summarize, we try to 
understand single rigid particle trajectories in straight square and rectangular 
ducts in inertial microfluidic flows, through three dimensional direct 
numerical simulations. 

 

Fig. 5.3 (a) Lateral trajectories of a spherical rigid particle over one- quarter of 
a rectangular duct for different starting positions (in duct cross section) of 
particles. The light blue dashed line indicates the equilibrium manifold for the 
two step migration model. The black dashed line that is symmetric to the centre 
segregates the particle position in two different zones. A zone enclosed by the 
black dashed line ensures the particle takes up the equilibrium position 
enclosed by the black line, as otherwise the particle traverses to the face center 
of the long wall (b) Focusing length for different points of introduction of 
particles. The dashed lines show short wall (z=2.5) or long wall (x=5) duct 
symmetry line.  
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The results from the paper reports novel insights into the entire migration 
characteristics of a sphere in both square and rectangular cross sectioned 
channels under inertial flow conditions. It also compares the migration 
characteristics of a sphere with that of a single oblate particles (resembling 
deformable cells flowing in blood stream). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 
 
 

Paper II: Elasto-inertial microfluidics for bacteria separation from whole 
blood for sepsis diagnostics  

While particle trajectories in inertial microfluidic flows is well explained in 
Paper I, my contribution in Paper II focusses on the another scenario, i.e., a 
combination of strongly elastic flows with non-negligible but low inertial 
effects, and the physics behind it. We first examine theoretically the effects of 
elastic forces in weakly inertial flows as seen in fig. 5.4a, where the particles at 
very low Reynolds number takes up five equilibrium positions. However, on 
increasing the inertia slightly such that the inertial effects become non-
negligible, the particles move to a centerline focusing position, as 
demonstrated schematically in fig. 5.4a. 
 
 
  

 
 

Fig. 5.4 a) Schematic illustration of elasto-inertial effects on suspended 
particles in fluid flow and mechanism of separation based on size in such flows. 
A mixture of red (small) and blue (large) particles entered the channel from the 
sidewalls and a non-Newtonian sheath flows from the centre channel. The net 
elasto inertial forces affect the large particles to move to the middle of channel 
while small particles maintain their position along the wall. b) COMSOL 
simulations shows gradual development of first normal stress difference in a 
non-Newtonian fluid flow through straight microchannel. The flow rate is varied 
from 6 μl/h (Re = 0.017) to 390 μl/h (Re = 1.082) at Weissenberg number (Wi): 
0.2, 3.5, 5.2 and 7 respectively, for a microchannel of dimensions 50 𝜇m by 65 
𝜇m (aspect ratio 1:1). 
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Two dimensionless numbers: Reynolds number (Re) and Weissenberg number 
(Wi), are used for evaluating the lift forces(FL) and elastic forces (Fe)  acting 
on a particle. While Re is defined as the ratio of inertial force to viscous force 
acting on a fluid, Wi denotes the magnitude ratio of elastic force to viscous 
force.  We used COMSOL Multiphysics for modelling the development of first 
normal stress difference corresponding from very low flow rates (Re = 
0.02,Wi=0.2) at creeping flow condition up to the elasto-inertial combined 
regime (Re = 1.08,Wi=7) (elasto-inertial combined regime).  As seen in fig. 
5.4b, there is no significant perturbation under creeping flow conditions due 
to insufficient elastic and inertial forces and the developed first normal stress 
difference is not sufficient to affect particle position. However, an increase in 
flow rate leads to a developed shear stress on the non-Newtonian fluid, and a 
shear thinning behavior. The shear thinning initially gives rise to regions of 
higher and lower first normal stress differences, with the minimum stress 
distribution across the cross section seen at the center and four corners (at  
Wi = 7). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
 
 

Paper III: Analog particle position tuning in Elasto-inertial microfluidic 
flows 

While Paper I lays a foundation for understanding particle migration in purely 
inertial flows, Paper II focusses on flows with major elastic effects and low 
inertia. As we had mentioned earlier, the aim of Papers I-III is to build a better 
understanding of elasto-inertial microfluidics that can be used for building a 
robust and portable particle focusing or counting system that can be used for 
various applications in resource limited settings. Experimental observations 
with a micro-flow cytometer developed in our lab[16] showed that an 
engineered elasto-inertial fluid with PEO concentration as low as 500 ppm, 
was still able to achieve single line focusing of particles in flow. When the ppm 
concentration of PEO was further increased above 500 ppm, the focusing 
behavior was much better even at low flow rates due to more dominant elastic 
forces that is PEO concentration dependent. However, the throughput or flow 
rates achieved with purely inertial flows reduced drastically with increasing 
elasticity of the fluid. Thus in a high throughput particle counting application 
such as flow cytometry, it is important not to lose out much on the inertial 
effects (i.e. high flow rates) and yet achieve centerline focusing for counting 
particles. For engineering such a flow cytometer, a better understanding of 
elasto-inertial physics at low ppm concentrations of elasticity additives is 
needed. Currently, the reported effects for viscoelastic flows is up to an 
elasticity given by additives, that is more than 0.01% weight by volume 
(100	𝑝𝑝𝑚). In Paper III, we explored particle behavior in a previously 
unreported domain of elasticity ranging from 1	𝑝𝑝𝑚 till 50	𝑝𝑝𝑚, and observed 
for the first time that particle focusing in circular microcapillaries is an analog 
transition process. One possible reason this domain of Elasto-inertial 
microfluidics was never explored before is because at such low ppm 
concentrations, the elastic effects are not prominent at lower Reynolds 
numbers. However, at such low ppm concentrations for Reynolds number 
approaching 100, the Weissenberg number (symbolizing elastic effects) 
becomes prominent as well and starts to affect particle migration. As it can be 
seen in fig. 5.5 a)-e), the particle assumes multiple equilibrium positions that 
is determined by a competition between inertia and elasticity. The multiple 
equilibrium positions lie between the inertial equilibrium positions (0.6D) and 
centerline focusing position. This particle behavior has not been reported 
before to the best of our knowledge, and it leads to a totally new understanding 
of elasto-inertial microfluidics. Paper III describes particle focusing in strongly 
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inertial and weakly elastic flows with the help of two dimensionless numbers: 
the Reynolds number, symbolizing inertial effects and Weissenberg number, 
symbolizing elastic effects in fluid flow. The Reynolds number is defined as 
𝑅𝑒	 = 	𝜌𝑈𝑐𝐻/𝜇, where 𝜌 is the fluid density, 𝑈𝑐 is the centerline flow velocity, 
H is the characteristic length across the channel cross-section, and µ is the 
shear viscosity of fluid. The Weissenberg number in fluid flow is defined as 
𝑊𝑖	 = 	𝜆𝑈𝑐/𝐻, where λ is the relaxation time of the polymer additives. The ratio 
between these two parameters gives the elasticity number 𝐸𝑙	 = 	𝑊𝑖/𝑅𝑒. The 
focusing bandwidth of the streak of particles is defined by F. 
 
 

 
 
Fig 5.5 Experimental observations (microscope top view of capillary a)-d))  
demonstrating multiple particle equilibrium positions for low ppm 
concentrations of PEO solution (0	𝑝𝑝𝑚 to 500	𝑝𝑝𝑚), for flow rates ranging from 
5	𝜇𝑙/𝑚𝑖𝑛 till 180	𝜇𝑙/𝑚𝑖𝑛. a) Newtonian fluid particle equilibrium position at 0.6𝑅 
from the center with focusing bandwidth 𝐹 = 0.6𝐷, flow rate at 180	𝜇𝑙/𝑚𝑖𝑛. b) 
𝐹 = 0.5𝐷, Non-Newtonian fluid at 10	𝑝𝑝𝑚, flow rate at 180	𝜇𝑙/𝑚𝑖𝑛. c) 𝐹 = 0.4𝐷 
for Non-Newtonian fluid at 50	𝑝𝑝𝑚, flow	rate	at	180	𝜇𝑙/𝑚𝑖𝑛. d) Centerline 
focusing 𝐹 = 0 case for Non-Newtonian fluid at 500	𝑝𝑝𝑚, (𝑅𝑒 < 1, flow	rate	 at 
20	𝜇𝑙/𝑚𝑖𝑛). e) Outlet cross sectional view of a)-d). f) Decoupled effect of the 
Weissenberg number (𝑊𝑖) on particle focussing at four different Reynolds 
numbers  g) Decoupled effect of  (Re) on particle focusing at six different 𝑊𝑖. 
 



 
 

 
 

 
 
 

 
 

 
 
 

Fig.5.6 Growing distortion of First normal stress difference with 
increasing 𝑊𝑖 for a) 𝑊𝑖 = 1 b) 𝑊𝑖 = 2 c) 𝑊𝑖 = 3. d) Particle trajectories 
at 𝑅𝑒 = 300 shows an equilibrium position closer to the center as 𝑊𝑖 
increases. e) Particles introduced from different points in the simulation 
reach the same final equilibrium position for both the Newtonian (𝑊𝑖 =
0) and Non-Newtonian fluid (𝑊𝑖 = 1) demonstrates the robustness of the 
code.  
 
The decoupled effects of 𝑊𝑖 and 𝑅𝑒 are shown in fig.5.5f and fig.5.5g 
respectively. We carried out high resolution three-dimensional direct 
numerical simulations of a rigid spherical particle in a polymeric flow based on 
the FENE-P model, as it can be seen in fig. 5.6. From the simulations, we see 
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the existence of a growing stretching effect around the particle with increasing 
Weissenberg number (fig. 5.6a-c) similar to those of a rubber band. This leads 
to particle displacement (in an oscillatory manner)  closer to the center, where 
the first normal stress difference is low. We also study the entire particles 
trajectory as it reaches the equilibrium position (fig. 5.6d), from an initial 
position where the particle is introduced (0.3𝑅) to its final equilibrium 
position, for a fixed Reynolds number 𝑅𝑒 = 300	and different Wi.  
The robustness of the code is also demonstrated in fig. 5.6e, where the particle 
is introduced from two different positions (0.3𝑅 and 0.7𝑅) for both the 
Newtonian and Non- Newtonian case and traverse to the same equilibrium 
position for both conditions respectively. These experimental and numerical 
results demonstrate that particle focusing bandwidth(F) in elasto-inertial 
flows can assume any analogue value between 0.6D and the center (F=0). This 
is an addition to the previous reports on Elasto-inertial microfluidics, where 
particles were assumed to focus in only distinct well defined positions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
 
 

Paper IV: Slipdisc: a versatile sample preparation platform for point of 
care diagnostics 

While Papers I-III is about developing a better understanding of Elasto-inertial 
microfluidics for controlling particle manipulation based portable systems 
more efficiently, a parallel aim of the thesis is developing standalone integrated 
devices for point- of- care diagnostics, demonstrated in Papers IV-VI. Paper IV 
reports an integrated clockwork based rotational microfluidic device, that is 
based on the Slipchip [142], [143] technology, and is designed for applications 
such as neonatal diagnostics in point of care settings. The working principle of 
Slipdisc, as explained in fig. 5.7, consists of top and bottom plexiglass holders 
holding two patterned circular microfluidic discs in between. The  bottom 
plexiglass holder consists of mini-grooves , where clock springs are initially 
engaged in a semi locking position. Unlocking the clockwork is executed by 
applying a twisting force to the top holder until the spring in the top holder 
finds the next groove.   
 

 

Fig. 5.7 Schematic representation of assembly and mechanism of operation of 
the Slipdisc. Slipdisc comprises a top and a bottom plexiglass holder with 
embedded grooves on the bottom holder and two patterned rotational discs in 
between. Step1 and Step 2 is a cyclic locking and releasing mechanism to time 
the steps of a bioassay.  

The Slipdisc platform was first characterized with food dyes, to evaluate its  
capability to carry out rotational slip based bioassays with colorimetric 
detection. The two food dyes form continuous paths as shown in fig. 5.8a which 
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is established by a series of alternating wells embedded on the top and bottom 
discs. A rotational slip movement positions the samples carried over by the top 
wells is positioned vertically over the reagents contained on the bottom well. 
Fig. 5.8b shows the Slipdisc being loaded with LDH spiked plasma samples, 
with an aim of developing a colorimetric assay for neonatal diagnostics. With 
the same principle of operation as demonstrated, when a LDH spiked plasma 
sample is loaded and slipped to come in contact with nicotinamide-adenine 
dinucleotide (NAD+) on the bottom wells. The concentration of LDH 
determines the intensity of the purple color that develops over time as shown 
in fig. 5.8c.  Five minutes was found to be the optimal time limit after which 
any colorimetric changes in the reaction were not observed.  

 
 

Fig. 5.8 a) Schematic representation of two step food dye based 
characterization of Slipdisc. b) The plasma sample spiked with LDH is loaded 
with a pipette in a continuous channel carved out of the bottom and top wells  
on Slipdisc and NAD+ reagents are spotted and dried on the wells machined 
into the bottom Slipdisc. The figure shows two different concentrations of LDH 
in plasma producing two different shades of color. c) Different shades of purple 
color developed on slipping after 10 minutes at six different concentrations of 
LDH in plasma.  

 

 

 



 
 

 
 

 
 
 

Paper V: Microfluidic Centrifugation Assisted Precipitation for DNA 
Quantification on a Lab-on-DVD platform 
 
Low cost microfluidic based diagnostic methods that can be used in resource 
limited settings can be a potentially life-saving diagnostic solution, for 
administering timely and appropriate medication. Paper V demonstrates one 
such rapid and unique diagnostic test that is based on microfluidic 
centrifugation assisted precipitation (µCAP), for nucleic acid quantification. 
The µCAP method involves a simple mixing of nucleic acid in a sample and an 
intercalating dye, GelRed, followed by centrifugation to form a precipitate that 
is visible to the naked eye.  
GelRed is a bis-intercalating dye and its chemical formula[144] is  structurally 
similar to a hairpin, as shown in fig. 5.9. On contact with double stranded DNA, 
GelRed forms an elongated complex occupying 3.7 DNA base pairs [145]. The 
unique precipitation can be explained on the assumption that DNA forms an 
asymmetrical molecular structure on intercalation with GelRed (fig.5.9S1) 
[146]. This asymmetrical molecule structure comprises of local dipoles, which 
on coming in close proximity leads to aggregation in the form of flake like 
structures(fig.5.9S2),  due to developed London forces between the 
dipoles[147]–[149]. The mini “flake” like aggregates first are quite stable in 
solution. The dipoles of one flake are not neutralized completely, but exist only 
in an intermediate stable state, after the initial aggregation step. Added 
centrifugal forces reactivates the London forces, and leads to further 
aggregation with formation of a visible and quantifiable precipitate (fig.5.9S3).  
The µCAP method also serves as a simple visual diagnostic tool for larger 
volumes of samples containing DNA such as in an Eppendorf tube (fig. 5.10a). 
Fig. 5.10b shows an image of the visible precipitate with a camera having a 
standard CMOS sensor. A MATLAB based script was developed to estimate the 
quantity of the precipitate from the CMOS sensor captured images. Fig. 5.10c 
shows an original image captured with the CMOS sensor which is then adjusted 
in the script. The adjusted image(5.10d) saturates the top and bottom 45% 
pixel intensities of the image to generate a distinguishable precipitate from the 
rest of the image. This is followed by segmenting the image as a binary image, 
such that the white part of the image is the precipitate while the rest of the 
image is black (fig. 510e). Fig. 5.10f shows an image histogram of the original 
image while the inset of the image shows the histogram of the adjusted image. 
The x axis of the histogram is the grayscale intensity value denoted by  
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Fig.5.9 Mechanism of precipitation. GelRed is a bis-intercalating dye with a 
hairpin structure. The precipitation in a microfluidic disc occurs in three steps 
S1 to S3. On interaction with a DNA molecule, GelRed forms a complex 
asymmetric molecule with local dipoles (S1). The dipoles on coming in close 
proximity in solution at a sufficiently high concentration of GelRed, forms flake 
like aggregates which are in a stable state in solution(S2). On centrifugation 
these dipoles come closer again as they try to reach the outer edge of the 
microfluidic compartment, and form a visible precipitate(S3).  



 
 

 
 

 
 
 

Fig.5.10 a) Visible precipitate in an Eppendorf tube containing DNA vs control. 
b) Camera image of visible precipitate in microfluidic disc after centrifugation. 
c) MATLAB processing of the original image. Scale bar: 1mm d) highly 
adjusted version of the original image. e) Binary image of the adjusted image. 
f) Image histogram of the original and adjusted image.  
 
gray levels. The y axis of the image captures the number of pixels at a particular 
grayscale intensity such that a higher quantity of precipitate will have a higher 
pixel count. The term Precipitation level is a volumetric measurement of the 
quantity of precipitate, as it’s a product of pixel count (area measurement of 
precipitate) and gray levels(intensity).  
The MATLAB code was tested for two different optical systems: the CMOS 
camera, and a modified DVD drive (Lab on DVD), which images as a laser 
scanning microscope. Different concentrations of PCR purified DNA were 
imaged with the two systems to generate a calibration curve. Fig. 5.11a shows 
camera images of precipitate on a microfluidic disc for concentrations ranging 
from 129 ng/µl till 45 ng/µl which was the detection limit. Fig. 5.11b shows a 
fairly linear calibration curve for the concentrations with a coefficient of 
determination of 0.93. The same concentrations when imaged with laser 
scanning Lab on DVD system reported an improved sensitivity of detection at  
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Fig.5.11 Calibration curve with camera and Lab on DVD system. a) Camera 
images for a range of DNA concentration from 129 ng/µl to 45 ng/µl. 
Scalebar:1mm.  b) A linear calibration curve for the CMOS sensor images is 
generated c) Lab on DVD generated images for a range of DNA concentration 
from 129 ng/µl to 10 ng/µl. Scalebar:1mm. d) A linear calibration curve for the 
CMOS sensor images is generated with a better coefficient of correlation.   
 
10 ng/µl (fig. 5.11c). The calibration curve for the Lab on DVD generated 
images showed a better coefficient of determination of 0.99 (fig. 5.11d). In 
summary, the Lab on DVD serves as a compact integrated and highly sensitive 
DNA quantification instrument. One big advantage of using µCAP as a DNA 
visualization and quantification tool is that it does not require any purification 
or labelling of the sample DNA, which is otherwise needed in current state of 
the art absorbance or fluorescence based methods. 
 
 
 
 
 

 



 
 

 
 

 
 
 

Paper VI: Mobile-Lab Disc for Point-of-Care Diagnostics  

Paper VI reports an integrated sample in result out microfluidic systems. The 
uniqueness of the Mobile-Lab disc is it is self-powered by the mobile phone:   
This makes it suitable for point of care diagnostics at resource-limited settings, 
where electricity is a scarcity. The entire assembly is enclosed in a palm-held 
disposable and rigid casing made of cardboard. The integrated platform 
comprises a rotor, wiring and other accessories. We could spin a microfluidic-
disc to rotational speeds as high as 5500 rpm, sufficient for most functionality 
in a centrifugal microfluidic bioassay. Fig 5.12a shows the component assembly 
and working principle of the Mobile lab-disc(MLD). MLD comprises of a 
smartphone, a potentiometer that can control the speed of the motor and the 
cardboard casing housing the microfluidics rotating discs mounted on a rotor. 
The relationship between the voltage produced by the a smartphone and the 
spinning speed of MLD is shown in fig. 5.12b, with the maximum voltage 
generated by the smartphone being 3.8V as compared to 4.8V generated by a 
conventional PC. 

 

Figure 5.12 a) A smartphone used as an electrical power source, coupled with 
a potentiometer to control a centrifugal microfluidic disc, to form a compact 
palm held integrated microfluidic device. b) electrical power from mobile phone 
vs the rotational speed of MLD, where 3.6 V and 4.8v is the maximum voltage 
produced by mobile phones and pc/laptops USB ports, respectively.  

We used the MLD for measuring blood hematocrit level, using a siphoning 
structure for precise volume metering. Fig. 5.13a shows the filling up of blood 
in a centrifugal microfluidic disc that is used with MLD and fig. 5.13b shows 
precise metering of the loaded sample using centrifugation, followed by blood 
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plasma separation on disc. The generated images from the smartphone were 
analyzed with a custom written MATLAB code that separates blood 
hematocrits in the image from the background by choosing a suitable binary 
threshold in a histogram, as shown in fig. 5.13c. A time based analysis of the 
hematocrit level is also carried out to see when it stabilizes and as seen in 
fig.5.13d the time needed for entire blood plasma separation with the Mobile 
Lab disc is about 270 seconds.  While the blood hematocrit measurement is a 
proof of concept demonstration with the MLD, it can potentially be used for 
any bioassay that involves centrifugal microfluidics as a standalone integrated 
diagnostic system. 

 

Figure 5.13 a) Blood loading in MLD b)  Precise metering of loaded blood to 
defined volume, followed by blood plasma separation for hematocrit 
measurement. c) Binary threshold histogram for quantifying the hematocrit 
concentration of blood d) time based analysis of the separation of hematocrit 
from blood plasma.   

 
 



 
 

 
 

 
 
 

6. Conclusion and Outlook 
 
This thesis is focused on the development of integrated point of care 
microfluidic solutions that can be used for biomedical applications in resource 
limited settings. Three different microfluidic techniques are explored in the 
realm of this thesis. These include Elasto-inertial microfluidics, Centrifugal 
microfluidics and Slipchip. Each of these techniques have been effectively 
exploited leading to development of innovative standalone biomedical 
diagnostic solutions and an improved theoretical understanding towards 
building portable microfluidics based diagnostic devices.  
The work involving Elasto-inertial microfluidics was both experimental and 
theoretical with an aim of building a robust point of care micro-flow cytometer. 
The three papers I-III builds a theoretical understanding needed for 
developing such a point of micro-flow cytometer. The same insights will also 
guide other applications that can exploit Elasto-inertial microfluidics. 
Paper I lays the foundation for explaining particle migration based on shape in 
inertial microfluidic flows without elastic effects. Paper II explains particle 
migration with COMSOL Multiphysics modelling based simulations in flows 
with strong elastic effects and validates the understanding developed over the 
last decade about viscous effects in microfluidic flows. Paper III builds on the 
foundation laid forth in Paper I and reports both experimentally and 
numerically the effects of addition of small amounts of elasticity on 
predominantly inertial flows. It is observed that in a weakly Elasto-inertial 
regime, the inertial and elastic effects are comparable to each other. This 
observations are in contrast to previous observations where in an Elasto-
inertial regime, either elasticity or inertia dominated completely and the 
particles assumed distinct positions. Our observations demonstrate analogue 
tuning of particle focusing bandwidth in Elasto-inertial flows, such that the 
particles can be made to focus in multiple positions between 0.6 times the 
radius of the channel and the centre of the channel. We validate our 
experimental findings with highly resolved three dimensional numerical 
simulations.  
This thesis also reports innovative standalone integrated point of care 
diagnostic solutions for resource limited settings. Two human sample based 
tests that carry a lot of information are blood or nucleic acid diagnostics. In 
this thesis, three technical innovations have been presented targeting blood 
and nucleic acid diagnostics. The first device presented in Paper IV is Slipdisc, 
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which is a rotate and react device based on the Slipchip technology, that has 
been demonstrated to be effective for a neonatal diagnostics assay. Paper V 
reports a new technique, microfluidic centrifugation assisted precipitation 
(µCAP), an extremely fast test for nucleic acid detection and quantification.   
We also extended µCAP to CMOS sensor and Lab on DVD based optical 
detection systems to quantify the amount of DNA in a sample. The sensitivity 
achieved with the Lab on DVD is comparable to  available absorbance or 
fluorescence based quantification devices, but the biggest advantage of µCAP 
is it does not need any extra nucleic acid purification or labelling step. In Paper 
VI an integrated centrifugal device, Mobile-Lab disc is presented that can be 
operated with the 5V output supply of a mobile phone. We demonstrated its 
effectiveness in blood based diagnostics by measuring haematocrit level from 
several patient samples.  
Overall, the work done in the scope of this thesis should lead to an 
advancement in the field of point of care diagnostics for setting up 
decentralized medical diagnostic facilities. The theoretical understanding of 
inertial microfluidics should aid in development of portable point of care 
particle imaging and counting devices, something that is missing currently. 
The three point of care integrated platforms address some crucial applications 
which can improve medical diagnostics at resource limited settings.  One 
limitation in the scope of this thesis is the amount of work done with real 
patient samples, and this is something on which a lot of future work can be 
carried out to make these technologies which have been quite effective in 
laboratory settings, to work in clinical settings.   
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