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Abstract

Microfluidics has progressed tremendously as a field over the last two decades.
Various areas of microfluidics developed in fully-fledged domains of their own such
as organ-on-a-chip, digital and paper microfluidics. Nevertheless, the technologi-
cal advancement of microfluidics as a field has not yet reached end-users such as
chemists and biologists for independent use. A modular automated platform is en-
visioned to provide the stacking and modularity required to lower the knowledge
barrier for end-users; hence, microfluidics will simply be considered as a tool for the
application-focused researchers. The numerous advantages of droplet microfluidics–
self-contained reactions, shorter reaction times, lower reagent consumption–will be
leveraged by non-microfluidic researchers. However, the technological and knowledge
gaps between the current state of the field and the modular automated platform is
prohibitively large. This thesis aims to significantly advance the automated tech-
nology and to target key issues restricting droplet microfluidic accessibility. The
main advancements are separated into two categories: technological and knowledge-
focused. The technology-focused advancements (semi-automated droplet control,
open-source pressure pump, critical system overview) are necessary stepping stones
towards the development of a fully automated modular microfluidic platform. The
knowledge-focused contribution (air tubing dynamics, droplet resistance, microflu-
idic chip compliance) enable the smarter development of the technology; better un-
derstanding and modelling the system is of special importance for active control.
Furthermore, a deeper understanding of the system can be leveraged for other active
platforms and passive microfluidic devices.

The semi-automated droplet manipulations are implemented in an additional
layer of the control algorithm. The functionality enables a user to set the droplet
length or split ratio before automatically performing the manipulation. The droplet
generation accuracy is ± 10 % of the length and a monodispersity of ± 1.3 % for 500-
�m-long droplets. The splitting ratio resolution is limited by the channel width for
the daughter droplet length; the accuracy is ± 4 % of the initial length. The droplets
are merged on-demand. Finally, the effective mixing of the droplet is demonstrated.
The manipulations are leveraged in a qualitative drug screening assay that showcases
the potential of the platform.

�Pump is an open-source pressure pump that targets microfluidic users. Re-
searchers focusing on either passive or active microfluidics can benefit from this
system. A similar application performance (i.e. consistency in droplet volume) is
achieved for a lesser price tag than comparable commercial systems. Furthermore,
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the open-source nature of the system enables a better understanding of the actuation
limitation and the communication protocol.

The air tubing connecting the pressure pump outlet to the reservoir holder is
generally neglected. The dynamics of the tubing are investigated. For 1/16” inner
diameter, the dynamic effects are negligible for a length up to 60 cm and a pressure
resolution of 2 mbar. For the 1 mm inner diameter tubing, the dynamic effects
are significant. The dynamics are modelled as a first-order system. The performance
difference between the nonlinear and linear first-order model is found to be negligible.
Therefore, a simple first-order model with a time constant depending on tubing length
is deemed adequate. Passive and active microfluidic devices benefit from a better
understanding of the air tubing dynamics.

Droplet resistance affects the micro-channel network behaviour as they move
through the channels. The uncertainties of their impact lengthen the iterative design
process. Numerous studies investigated droplet resistance. However, a consensus is
still pending. Most methods rely on passive principles. Oppositely, the method
herein introduced relies on the active droplet control platform and grey-box system
identification. The preliminary results are promising and in agreement with the
literature. Process improvement is envisioned to better the resolution and to enable
apply the technique to many more conditions such as non-Newtonian fluids.

The model of the microfluidic chip compliance is improved and justified using ex-
perimental results. The better understanding of the dynamics is especially impactful
for active microfluidics but also for passive microfluidics. A fitting parameter (�) is
required to adjust for the difference in geometry and viscosity. The capacitance is
on the order of 10�15. The previous formula predicted values around 10�20 whereas
the other formula (without considering the fitting parameter) predicts around 10�16.
Moreover, the relationship of the fitting parameter is unintuitively stronger with re-
spect to the height-to-length ratio than with the width-to-length ratio. The length
is related to the flow rate. Shorter lengths mean larger flow rates, and consequently,
larger volume per unit pressure (i.e. capacitance).

The path towards an automated modular platform that can easily be adopted by
end-users as a tool relies on a shift towards a standalone system. The most important
components to focus on are the actuation, feedback system, and the automation
algorithm. The actuation through the current pressure pump is limiting due to its
dependence on a pressured airline. The bulky and expensive microscope prohibits
users from easily adopting the platform. Finally, the algorithm must be further
developed to handle the procedure automatically such that minimal user input is
required.
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Chapter 1

Introduction

1.1 Background and motivation 1

As a �eld, micro
uidics evolved and progressed over the decades of research supported
by contributors from around the globe and from varied backgrounds. The state of
the �eld with respect to its overarching vision is herein considered through the lens
of active micro
uidic platforms that are used as a tool for applications in other �elds.

Although multiple early studies undoubtedly contributed to the emergence of the
micro
uidics �eld, most articles trace back the infancy of micro
uidics to the 1990s
[203, 147]. The initial micro
uidics studies leveraged the mature manufacturing
processes from the semiconductor industry (i.e. lithography) [292]. The vision was
to miniaturize the Total Analysis System (TAS) into a single miniature device that
takes the sample in and provides the answer [203]. The evolution of such innovative
vision is still ongoing. As per one of the former presidents of Bell Labs, Mervin Kelly,
innovation progresses from fundamental scienti�c discovery to product development
before reaching the market [95]. Many studies established strong fundamentals both
through theoretical [309] and experimental [147] work. The focus of the publications
is now increasingly on product development for various applications. However, the
translation from academic studies to market products is challenging; fundraising
many millions and spending years are necessary to bring a micro
uidic product to
market for the end-users [325].

1Excerpt from submitted manuscript: Marie H�ebert , Jan P. Huissoon, and Carolyn L. Ren.
\A perspective of active micro
uidic platforms as an enabling tool for applications in other �elds."
(2020).

1



The initial vision of � TAS persists through the more recent micro
uidic devel-
opments; the �eld nevertheless expanded into multiple branches with diversi�ed ob-
jectives and scopes. The ambitious goal of achieving� TAS involves processing a
sample to perform a series of chemical analyses from preparation to detection; a gen-
erally more manageable scope is to only consider one or a few steps at a time using
a Lab-On-a-Chip (LOC). Some LOC micro
uidic devices are not only developed in
academic laboratories [200] but also as commercially viable products. There are nu-
merous companies with products in the market, but due to the cost and operational
training required, the bene�ts of switching from standard protocols to a micro
uidic
approach do not often outweigh the hurdles [294]. Hence, the impact of micro
uidic
products in other �elds such as chemistry and biology is still somewhat limited. Ide-
ally, end-users such as biologists and chemists would view micro
uidics simply as a
tool [306].

The path to achieving the vision of micro
uidic as a tool is unclear, but Prof.
Whitesides proposed progress similar to that of our modern-day computers [305].
The key feature is stacking; the basic building blocks are reliable, predictable, and
repeatable. The analogy of how� TAS relates to the component level aspects relates
to how people use websites. The user does not need to understand how the Internet
works, or how the di�erent components of their computer interact, or how integrated
circuits (IC) operate, or how transistors constitute the di�erent ICs. The building
blocks of each previous level are reliable, predictable, and repeatable enough to allow
stacking. Hence, the users do not need a thorough electronics understanding to obtain
the results of a Google search. Another analogy is how a chemist or a biologist can
disregard the inner workings of an electronic balance when they wish to weigh a
sample. They simply place their sample and the weight is displayed: sample in,
answer out. A similar development in micro
uidics would allow application-focused
researchers to use these stackable blocks to build systems with new capabilities and
fully leverage the potential of micro
uidics.

Micro
uidics-focused studies typically motivate their device through applications
in numerous �elds such as water treatment [235], life biology [33], and material
synthesis [198, 262]; however, the impact of application-focused studies has mainly
been restricted within the micro
uidics community. Thus, the �eld is still searching
for pivotal applications that will propel micro
uidics from academic development
research to end-users' applications. Micro
uidic tools have the potential to get at
the forefront of impactful discoveries in related �elds.
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1.2 Research focus

The previous section put into perspective the background and motivation for mi-
cro
uidic systems as tools for end-users. But how can this be achieved? When
considering the di�erent options, one must keep in mind the stacking principle. The
selected path should enable the user to work with the micro
uidic platform without
requiring an in-depth understanding of the underlying principles.

The �rst layer of the categorization of micro
uidic devices, and thus, the �rst
separation of the solution is passive versus active micro
uidic devices. Passive mi-
cro
uidic is characterized by a constant driving mechanism or actuation; the ge-
ometry dictates the 
ow behaviour. Passive devices inherently rely on the user's
micro
uidic expertise to adjust for the operational and manufacturing uncertainties.
Moreover, the design process tailors the device for the speci�c application. Thus,
re-design is required for di�erent applications. In contrast, active micro
uidics uses
non-constant actuation that often introduces an external force to the system. Active
devices enable the user to set parameters without necessarily understanding micro
u-
idic physics to its full extent. The active layer interfaces between the micro
uidic
device and the user such that the knowledge required to use the devices is lessened.
Oppositely, passive micro
uidic devices do not provide the user with such an inter-
face; the user must directly understand and interact with the micro
uidic principles.
Consequently, the active micro
uidic approach is deemed more appropriate to move
towards micro
uidic tools that are more accessible for end-users. The added control
provided by the active method relies either on external forces or on a 
uctuating
driving force. Forces that are external to the micro
uidic channel typically require a
more complex manufacturing process. For example, electrodes and surface acoustic
waves (SAW) necessitate a layer close to the micro-channel with a conductive ma-
terial. A passivation layer is required to prevent contamination. Therefore, device
fabrication requires multiple layers and di�erent materials. The multi-layer device
approach is simpler by only requiring one 
exible polymer. For example, a control
layer actuated with air is superimposed on top of the micro-channels. A thin layer
separating the two creates valves. However, this approach still requires relatively
complex device fabrication in addition to external equipment for the control layer.
Another option is for the control valves to be in-line, but this raises issues with
contamination and control capabilities.

Active methods enable the user to interface with the micro
uidic device using less
knowledge. However, the simple device fabrication and required hardware should
be maintained to promote accessibility. Therefore, a combined passive and active
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approach is privileged. The added control is provided by visual feedback that is non-
intrusive and that does not require any complex device fabrication. The interface
with the user is provided through the software and a controller. The controller
adjusts the driving forces provided by the pressure pump. This is envisioned to be the
most promising approach that minimizes the user burden of micro
uidic knowledge,
fabrication, and hardware. The following two research questions are used to guide our
research within the context of the combined active and passive micro
uidic platform:

� How can we make droplet micro
uidics more accessible to end-users?

� What are the issues restricting the accessibility and better control of droplet
micro
uidics?

1.3 Thesis overview

Our approach to making micro
uidic more accessible as a tool for end-users is sepa-
rated into di�erent projects. As shown in Figure 1.1, there are two main categories
of projects: working \towards a modular platform" that are more technology-based,
and \better understanding the system" that are more knowledge-based. The con-
tribution of this work is bene�cial for both passive and active micro
uidic devices.
For example, the open-source pressure pump is suitable for pressure-drive approach
whether passive or active. Furthermore, the knowledge-based projects develop a bet-
ter understanding of the dynamics of the system. Passive and active micro
uidic have
di�erent trade o�s. Nevertheless, the knowledge and modelling enable to optimize
for di�erent objectives; for example, the tubing dynamics should be minimized for
active approaches whereas the damping e�ect is bene�cial for the actuation stability
of passive micro
uidic systems.

The automation of droplet manipulations (Chapter 4) aims to perform more
accurate and repeatable procedures independently of the user's skills. The added
algorithm layer further separates the user from the micro
uidic knowledge to make
micro
uidic devices more accessible to end-users such as chemists and biologists.
The open-source pressure pump� Pump (Chapter 5) lowers the �nancial burden
associated with micro
uidic-speci�c equipment. Moreover, an open-source system
provides more customizability and control. The tubing dynamics (Chapter 6) is a
previously neglected part of the model. Experimentally quantifying the air tubing
dynamics enables us to build a more complete model to better understand droplets
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Figure 1.1: Schematic overview of the relationship between the chapters of the thesis.

in microchannels. The droplet resistance (Chapter 7) is another part of the sys-
tem that must be better understood. The uncertainties in the droplet resistance
cause reliability and robustness issues that inhibit accessibility. The active droplet
control platform enables a new approach that leverages system identi�cation tech-
niques. The compliance of the micro
uidic chip (Chapter 8) is another part of the
system{similarly to the air tubing dynamics{that must be better understood through
experiments. Finally, a critical system overview (Chapter 9) informs the next steps to
continue the work for accessible micro
uidics. Each chapter targets a di�erent part
of the micro
uidic system to make it more accessible for end-users either through
technological and knowledge-based progress.
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Chapter 2

Literature review and background

The literature review will �rst cover the fundamentals of micro
uidics; then, it will
continue with the di�erent manipulations achieved using various methods and the
platform technologies implementing multiple of these manipulations. The modelling
of the micro
uidic system will bridge the micro
uidics to the control systems back-
ground. Finally, the relevant topics brie
y covering state-feedback, observer, and
Kalman Filter (KF) will be presented.

2.1 Fundamentals of micro
uidics

2.1.1 Dimensionless numbers

Dimensionless numbers are used to represent the relative importance of forces ac-
cording to the suitable variables. The most important characteristic of micro
uidic
systems with respect to dimensionless numbers is the characteristic length that is on
the order of � 10� 6 m. Consequently, any quantities scaled by the length (at any
power other than zero) will be disproportionally large or small. This is re
ected by
the relative importance column in Table 2.1. The Capillary number is used to char-
acterize micro
uidic 
ow, which is laminar since the Reynolds number is much less
than 1. Other forces such as inertia, gravity, and buoyancy are generally neglected
as justi�ed by the small values of the corresponding dimensionless numbers, namely
the Weber, Bond, and Grasho� numbers, respectively.
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Table 2.1: Dimensionless number de�nition and relative importance [162].

Dimensionless
number

Qualitative
description

Quantitative
description

Relative
importance

Capillary viscous
interfacial Ca = �U


 / l0 1st

(most important)
Reynolds inertia

viscous Re = �Ul
� / l1 2nd

Weber inertia
interfacial We = �U 2 l


 / l1 2nd

Bond gravitational
interfacial Bo = l2 (� 1 � � 2 )g


 / l2 3rd

Grasho� buoyancy
viscous Gr = l3 � 2 � � T

� 2 / l3 4th

(least important)

where/ is the symbol for proportional to, � is dynamic viscosity [Pa�s], U
is characteristic velocity [m=s], 
 is interfacial tension [N=m], � is density
[kg=m3], l is characteristic length [m], g is the gravitational acceleration
[m=s2], � is coe�cient of thermal expansion [1=K ], � T is temperature
di�erence [K ].

2.1.2 Interfacial tension: Fluid-
uid interface

For the two-phase 
ow of immiscible 
uids, the interfacial tension (
 ) is the force
acting at the interface between the two 
uids. Typically, the dispersed phase is
an aqueous solution while the continuous phase is oil. The existence of a surface
inherently requires energy due to the molecules closest to the surface not forming as
many bounds with the neighbouring molecules. Consequently, the surface molecules
have more energy than the bulk molecules [31].

The interfacial tension between the two phases is modi�ed by adding surfac-
tants; these chemicals are \surface-active agents" [250] that have di�erent groups
of molecules with di�erent a�nities with the immiscible phases (i.e. amphiphilic
molecules). The groups composing the surfactant and hence, the surfactant itself
must be selected to match the pair of immiscible 
uids [162]. Surfactant dynamics
are complex due to the coupling between the interface and the bulk 
ow as well as
other e�ects such as Marangoni stresses simultaneously occurring [18]. Nevertheless,
the main e�ect of surfactant leveraged is the reduction of droplet merging that is
particularly useful in the study with long storage time with a biological focus. The
commercial availability of surfactants is limited as the �eld is still evolving and un-
dergoing major developments. Examples of commercially available surfactants are
Triton X-100, Span80, and Tween 20/80[18].
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2.1.3 Surface wetting: Surface-
uid interface

For typical droplet micro
uidics systems, there are three components: the dispersed
phase (usually an aqueous solution), the continuous phase (usually oil), and the solid
surface composing the wall of the channels (usually polydimethylsiloxane (PDMS)).
In such systems, the continuous phase should preferably wet the wall for droplet for-
mation; the dispersed phase is then contained within the droplet without contacting
the wall. The competition between the interfacial tension of the three components
is summarized by Equation 2.1 where the two components between which the in-
terfacial tension applies are described in the subscripts [162]. The corresponding
schematic is shown in Figure 2.1.


 solid � continuous = 
 solid � dispersed + 
 dispersed� continuous cos(� ) (2.1)

Figure 2.1: Surface wetting of the droplet, continuous phase, and solid substrate.
Reproduced from Ref. [162] with permission from Wiley & Sons.

Within the context of micro
uidics, the dispersed aqueous phase must not wet
the wall. Such a situation occurs for
 solid � dispersed larger than 
 solid � continuous and

 dispersed� continuous . Consequently, the surface property of the wall should be hy-
drophobic such that the continuous phase preferably wets the surface. Moreover,
the interaction between the 
uids and the solid is limited to the surface; surface
treatment is performed to alter the properties as desired [310].

2.1.4 Droplet 
ow in microchannels

Thin �lm and gutter region

For droplets contained and 
owing in the continuous phase, there exist di�erent
regimes characterized by the space occupied by the droplet compared to the size of
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the channel. The regime of interest throughout is the squeezing regime for which
the droplet is bigger than the channel width; consequently, the droplet cannot form
a circular or disk shape and rather adopts a slug shape as shown in Figure 2.2.

Figure 2.2: Squeezing regime 
ow in circular and rectangular channels. The thin �lm
between the dispersed phase and the wall is indicated by (e). The gutter region is in-
dicated by dashed-line arrows for the rectangular cross-section channel. Reproduced
from Ref. [21] with permission from The Royal Society of Chemistry.

The thin �lm separating the dispersed phase from the container wall has a thick-
ness scaling withCa2=3 for a small Capillary number (Ca < 0:01). Thus, the �lm
thickness corresponds approximately to 1-5% of the half channel height [21]. For the
rectangular cross-section, the thin �lm is not constant along the droplet length as
the continuous phase enters and leaves the �lm surrounding the droplet [309].

Fluid 
ow and vortices

For a dispersed phase much less viscous than the continuous phase (e.g. water in oil),
the 
ow �eld is represented schematically as shown in Figure 2.3. The 
ow �eld is a
complex function of many factors: the viscosity ratio, the geometry of the channel,
and the channel aspect ratio. Other studies have considered the 3D 
ow �eld in
rectangular microchannels both experimentally [107, 156] and through simulations
[254, 63]. One important feature of the 
ow �eld is the symmetric vortices about
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the 
ow direction that prohibit convective mixing across the two droplet halves.
Consequently, achieving mixing within droplets in microchannels is not trivial.

Figure 2.3: Schematic of 
uid 
ow for a low dispersed phase relative viscosity. Flow
pattern for all viscosity ratios in [116]. Reproduced from Ref. [21] with permission
from The Royal Society of Chemistry.

2.1.5 Chip fabrication

Photolithography for micro-fabrication has its roots in the semiconductor industry
for electronic component manufacturing [218]. Although initially used in biochemical
applications [83], the disadvantages of the technique led to the development of the
more appropriate soft-lithography procedure with faster production and reduced cost
[245]. Although lithography is still used to manufacture glass micro
uidic chips
as provided by Dolomites (T-junction glass chip: Part number 3000453), the fast
prototyping of polydimethylsiloxane (PDMS) chips is more appropriate for multiple
quick design iterations.

Other alternative manufacturing approaches for micro
uidic chips include ther-
moplastics (e.g. polycarbonate [231], PMMA [117]) and 3D printing [115]. However,
these methods generally do not allow resolutions as small as PDMS soft-lithography
techniques can achieve.

2.2 Droplet manipulations

Droplet manipulations such as: generation, merging, mixing, splitting, and sorting,
are classi�ed by the function achieved and the means used. The techniques are
generally separated between passive (relying on 
ow and channel geometry) and
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active methods (utilizing an external force through electrodes for instance) [341].
Table 2.2 presents an overview of the diverse ways of achieving the manipulations
listed above. The row categorization by manipulation is intended to act as a shopping
list if one function is desired while the column categorization focuses on the method
used such as the external energy provided.

Generally, passive methods are designed to perform one manipulation well at
high-throughput. For example, highly-monodispersed droplet generation is achieved
with a coe�cient of variation (CV) of 0.2% [141]. However, integrating multiple
manipulations in series on a chip is challenging due to the 
ow �eld coupling e�ects,
and the small margin of design and operational errors. On the other hand, active
methods require more complex manufacturing [333, 76, 216] due to the necessary
electrodes (microwave, surface acoustic wave), complex optical alignment (laser),
the use of particles not compatible with biological applications (magnetic), or is
limited to the tuning of only one function (visual feedback).
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2.3 Enabling platform technologies 1

Generally, the development of enabling platform technologies focus on using mi-
cro
uidic principles for applications in other �elds such as cells, biochemistry, ma-
terial science, and environmental factor monitoring. The applications motivate the
design choices of the platform. Hence, it is useful to understand the various applica-
tions to better comprehend the objective of micro
uidic devices.

2.3.1 Applications in many �elds

A few categories of applications are selected to highlight the potential of micro
u-
idics for end-users, namely: cells, biochemistry, materials, and environmental factor
monitoring. Furthermore, impactful studies are singled out in a separate section;
their impact is not quanti�ed through publishing analytic but rather by providing
unique capabilities impossible without micro
uidic methods.

The early motivation arising from the total analysis system vision focuses on ob-
taining answers from samples through chemical analysis. Micro
uidics is applied to
many di�erent �elds with di�erent objectives. The purpose of each application is
generally classi�ed as either information-focused or production-focused. The small
volume involved in micro
uidic reactions provides key advantages [64] for reagent
consumption and reaction time to information-focused applications. Nonetheless,
production-focused applications provide valuable contributions through e�orts of
parallelization to increase yield and synthesis of high-value-added compounds.

Cells

The similar scale of micro
uidic devices and single-cells are leveraged in many studies
[204, 237, 242, 122, 171, 188, 253]. For example, circulating tumour cells (CTC) are
localized in the height direction of a channel using dielectrophoresis electrodes; the
CTCs pass through a localized lethal zone that eliminates them without a�ecting
the healthy blood cells [155].

On a multi-cell scale, organs-on-a-chip is a collection of cells mimicking whole
organs or organ systems to modelin vitro processes [240]. For example, a model of

1 Excerpt from submitted manuscript: Marie H�ebert , Jan P. Huissoon, and Carolyn L. Ren.
\A perspective of active micro
uidic platforms as an enabling tool for applications in other �elds."
(2020).
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the transport of sodium-coupled glucose of the renal proximal tubule is studied using
a micro
uidic device to understand the e�ects of administrating a sodium-transport
inhibiting drug [291]. The micro
uidic in vitro models are not restricted to humans;
the long-term 
ow through human intestinal organoids [266] and the �sh intestinal
barrier [71] are studied using organs-on-a-chip. Micro-tumours are another multi-
cell environment; 
ow conditions control di�usive and conductive mass transport of
anti-cancer drug delivery to perform drug screening studies [119].

On an even larger scale, whole organisms are studied using micro
uidic devices.
Caenorhabditis elegansorganisms o�er a platform for in vivo drug screening that is
physiologically relevant to humans [142, 53]. Their adult size of 1.3 mm is larger than
the micrometre scale, but micro
uidic devices provide added control and throughput
to study Parkinson's disease for example [327].

A conspicuous challenge of biology-focus� TAS is the non-Newtonian behaviour
of whole blood and other biological 
uids with its misunderstood impact for 
ow in
micro
uidic devices [283]. Blood is a signi�cant source of information for biological
assays and is a key sample to process through� TAS. In addition to its non-Newtonian
behaviour, blood coagulation causes issues. Remediation strategies include chemical
or pharmaceutical approaches but the depletion of the active components and the
potential for interference cause problems. Dielectrophoresis is explored as a potential
solution, but there is still no widely accepted and used solution [154]. There are
nevertheless promising advances in the micro
uidics �eld that can handle whole
blood through the enrichment of extracellular vesicles by using a magnetic bead-
based approach [38]. Furthermore, a digital micro
uidic platform incorporated a
blood-plasma separation membrane; the blood sample is easily obtained from a �nger
and the device avoids any sample pre-processing by �ltering to deal only with the
plasma [66]. More fundamental work is necessary to establish a solid understanding of
the complex behaviour of non-Newtonian 
uids in microchannels. This is especially
important for whole blood considering the dependence of its behaviour on its content
among other factors.

Biochemistry

Chemical reactions for biochemistry purposes do not necessarily involve cells; drug
screening and protein crystallization are two examples. The micro
uidic devices are
information-focused. The combination of the di�erent samples and the analysis of
their response is the output.

The small volume involved in the reaction at the micro-scale saves reagent. The
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impact is particularly signi�cant for sparse samples such as the cerebrospinal 
uid
from mice [210] or expensive samples such as those used for drug screening assays
[224]. Multiple droplet manipulations are required for drug screening assays; droplets
containing each solution are generated in parallel, then, they are trapped, merged
and monitored [51, 37]. Although the complex manipulations are achieved passively,
translating the micro
uidic device to a commercial product or device suitable for
end-user independent use is a complex endeavour. The structure of micro
uidic also
enables greater control over the drug delivery mechanisms [338].

The rapidity and lower consumption of reagents are advantageous to probe vast
parameter spaces. The search for chemical conditions for the crystallization of pro-
teins enables the study of their structure mainly for medicinal purposes. Micro
uidic
tools enable the crystallization of otherwise recalcitrant proteins when subjected to
traditional larger-scale approaches [181, 80, 190, 185].

Materials

Complex emulsions and nanoparticle synthesis are achieved using micro
uidic de-
vices. The capabilities of manipulating 
uid at such a small scale with better uni-
formity than bulk methods are promising [126, 206, 74, 197, 92, 223, 322]. However,
achieving signi�cant yield with micro
uidic devices is challenging. Thus, most appli-
cations focus on using micro
uidics as an analytical tool to provide information rather
than to yield a product. Nevertheless, micro
uidics is leveraged to achieve a narrower
size distribution through better control of nanoprecipitation using an acoustically-
driven micromixer for example [247]. As for complex emulsions, micro
uidic devices
allow a higher level of control over the number, size, and type of internal droplets
that is not achievable with non-micro
uidic approaches [72, 293, 183].

Environmental factors monitoring

The application of micro
uidic tools to monitor environmental factors is focused on
gathering information that is critical for safety. Various approaches involve micro
u-
idic tools for their small sample volume required, fast response, and low cost. The
small size of micro
uidic platforms enables portability and point-of-care decentralized
testing. Selectivity is important to target the desired compound within the complex
chemical pro�le of water samples. Sensitivity is essential to detect low concentrations
of harmful chemicals that are detrimental to health and the environment.
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The distinct approaches developed have di�erent requirements and performance.
Mercury and arsenic are among the species of interest that are detected. Mercury ions
are sensed with concentrations from 2 to 12 mM and only require a 2.8� L sample
[144]. Another electromechanical method enables the detection of arsenic in the
range of 1 to 150� g/L concentration [98]. Although another study requires a larger
sample of 40� L, its operating principle does not involve valves and is thus compact
and portable [271]. A simple approach that does not require moving parts is paper-
based micro
uidics that is used to target copper ions for example [106]. Speci�city is
challenged for certain platforms. Detecting di�erent ions is impactful and is achieved
visually for mercury, lead and copper using DNA-nanoparticle probes; the detection
limit for all three ions is on the order of 1 nM [193]. Furthermore, certain micro-
organisms present in water are detrimental similarly to heavy metal ions, and the
detection of the micro-organisms is thus also important [232].

Focused review articles provide a targeted point of view about environmental fac-
tor monitoring. The combination of micro
uidics with a smartphone is particularly
potent for portable solutions [319]. Furthermore, image-based colourimetric sensing
techniques are ideal for portability and low-cost [130]. As for electro-mechanical
techniques, nanomaterial-based modi�cation of the electrodes increases the perfor-
mance through enhanced speci�city and sensitivity for di�erent metal ions [184, 296].
Finally, samples are targeted at various points in the water cycle such as wastewater
monitoring with biosensors [75] and various approaches to detect metal cations in
drinking water [60].

Impactful applications

The most impactful applications of micro
uidic devices are the ones providing key
advantages and possibilities compared to bulk methods. The high-throughput, low
reagent consumption, short reaction times, and reaction compartmentalization are
interesting advantages. However, they do not always justify the switch from a more
familiar method to micro
uidics. Micro
uidic devices are more easily adopted when
providing new capabilities or de�nitive advantages [326, 73].

The laminar nature of 
ow at the micron scale is challenging to thoroughly mix
the sample. Nonetheless, it is also leveraged to control the di�usion. Hence, using
a simple approach with a syringe pump, denaturalized proteins and the bu�er are
passed through a chip side by side. The resulting refolding of the proteins is more
e�ective and does not require a post-processing puri�cation step compared to other
non-micro
uidic-based approaches [317].
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The strength of micro
uidics more commonly lies in the information it provides
rather than the yield it produces. High-value products such as drugs can nevertheless
be pertinent applications. Parallelization of micro-reactors yields higher throughput
by increasing the production 25 fold to achieve 31 g/hr [5]. The miniaturization and
implementation of the instrumentation on the micro
uidic device enable in-situ mea-
surement. These are particularly useful for transient measurements. For example,
a by-product of the oil industry is deposited on porous media and its temperature
properties are examined [36]. Micro
uidics enables extensive control over the ar-
rangement and the complexity of the microstructure. Researchers leverage these
capabilities and the small scale of micro
uidic tools to work towards the genera-
tion of arti�cial cells [207]. Micro-droplets provide a platform with better frequency
control of Belousov-Zhabotinsky reactions. Thus, further insights enable a better
understanding of the phenomenon [108].

2.3.2 Modular platforms

Framework overview

The development of micro
uidic tools that are easy to use in other �elds requires
reliable, predictable, and repeatable building blocks as formulated by Prof. White-
sides [305]. The stacking principle enables the usage of higher-level functionalities
without requiring an understanding of the lower-level building blocks. For micro
u-
idic devices more speci�cally, stacking signi�es that end-users perform manipulations
without requiring an in-depth understanding of 
uid mechanics at the micro-scale.
As illustrated in Figure 2.4, vertically, the building blocks must exhibit reliabil-
ity, predictability, and repeatability{that is stackability{for the users to depend on
them. Horizontally, the modules must operate independently to avoid in
uencing
each other, but appropriate exchange channels must be established between them.
In the envisioned modular system, each module is responsible for one droplet manip-
ulation that corresponds to one step of the assay. The operation of the modules is
controlled by the supervisory control layer that interprets the user input as instruc-
tions for each module. Moreover, progress in the natural language processing �eld
has the potential to simplify user input. A potentially cumbersome user interface is
replaced by the direct interpretation of a user's directives [339].

The value of modular design has already been leveraged in several studies. How-
ever, generally, the lack of either independence or stackability of the modules com-
promises the potential of the platform. Thus, the literature covers various aspects
required to achieve an impactful modular platform but separately.
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Figure 2.4: Stackable modular platform structure and vision for easy control of indi-
vidual droplets by end-users. Structure of a stackable modular platform. The vertical
arrow shows the stacking while the horizontal arrow shows modularity. Each ma-
nipulation is a module that leverages stacking such that only high-level information
from the user is required.

Modules

Certain studies focus on developing modules that the user assembles for their speci�c
use; the approach involves either single-phase or droplet 
ow. Single-phase 
ow
modules behave more independently from each other than droplet 
ow modules. The
dynamic e�ects of droplets travelling through channels that are coupled through the
pressure �eld easily compromise the independence of each module [8].

Therefore, in
uence between the modules is circumvented by using single-phase

ow for an automated modular approach [257, 273]. However, droplet micro
uidics
provides key advantages such as compartmentalization that are essential to many
applications. A critical issue that modular micro
uidic systems must address is the
connection of the di�erent modules. The focus on the mechanical assembly of the
di�erent modules is essential but usually fails to address the issue of dependability
[329, 236, 268, 44, 238, 202, 39, 195]. The coupling of adjacent modules through
the pressure �eld can result in undesirable dynamics compromising the operation of
the device. Nevertheless, a reliable connection between the modules is primordial to
the success of modular systems. The component with the 
ow-driving capabilities
is a prime candidate for modularity [332]. However, without applying the principles
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to the rest of the micro
uidic system, the independent usage by end-users is still
compromised. Similarly, a heat-exchange module embodies the modularity principle
but is limited to the component rather than the whole micro
uidic system [340]. The
handling of single-cells is automated using a vision-based system. However, the cells
are transferred to passive micro
uidic channels, and thus, the system is modular and
adheres to the stacking principle only for the cell-handling module [286].

Stacking components

Generally, the studies proposing the stacking of components either focus on periph-
eral components to the chip or the chip itself but not both simultaneously. The
modularity of the peripheral equipment to the micro
uidic chip is essential to the
versatility of the whole system; the stacking of the micro
uidic chip function is
deemed a critical factor that should also be addressed, but that usually is not. For
example, a suspended-microchannel-resonator-focused study demonstrates the po-
tential of modular equipment, but the application as a general micro
uidic platform
is limited [202]. Similarly, modularity is also demonstrated but is limited to the
actuation [179].

The devices that allow the sample as the input and provides the answer as the
output embody the principle of stacking. The user of the device does not need to
thoroughly understand how the device works. However, the devices are sometimes
overly tailored to speci�c applications, for example, detection and quanti�cation of
infectious pathogens using dRPA [318].

2.3.3 Active control platforms

The historical perspective and key applications of micro
uidic devices motivate the
vision and need for an automated active micro
uidic platform that is used as a
tool. A sub-�eld of micro
uidics that concentrates on achieving such objectives are
active control platforms. Diverse avenues to achieve the envisioned� TAS are herein
included.

The two main objectives achieved are: (1) the integration of chemical and phys-
ical sensors for continuous monitoring, and (2) logic and feedback algorithms for
automated screening, process control, and optimization [208]. The challenges iden-
ti�ed by McMullen et al. extend beyond the scope of their article that is focused on
analytical chemistry but are nevertheless pertinent to this day.
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{ Translating the thinking and decision-making skills of a researcher into an
automated tool.

{ Detecting failures such as clogging to avoid introducing erroneous data into the
results.

{ Handling the complications that compound as the microchannel network grows.

{ Developing algorithms that provide stability, and fast dynamics.

{ Collaborating between multiple experts in chemistry, engineering, micro-fabrication,
and software development.

The integration of chemical and physical sensors are crucial to monitor the pa-
rameters of interest. The two main categories of studies are: (1) screening a vast
parameter space for various reactions [91, 104, 103, 157, 272, 270], and (2) real-time
optimization and change through online feedback [161, 209]. Implementing sensors
for the varied parameters that are monitored on the micro
uidic chip is complex and
focused review articles provide more details [269, 296, 187]. This section will concen-
trate on the logic and feedback for process control. The active control is categorized
into single-manipulation, single-application, and platform studies.

Single-manipulation focus for droplets

The automation of droplet manipulations is achieved using various methods typi-
cally introducing an external force. The common connection between the studies is
their objective to automate one single manipulation of droplets. Examples of target
manipulations are generation, merging, mixing and sorting. The single manipula-
tion focus signi�es that these studies are not platform technologies that would be
promising for the � TAS system vision. The main inhibition in developing a platform
from these techniques is the localized e�ect that cannot easily be extended or mul-
tiplexed for multiple manipulations. Nonetheless, the variety of external forces used
to control the droplet shows the assortment of approaches.

Although an external force is introduced, and thus, the method is active, the
studies focusing on a single-manipulation typically layer the external force on top
of passive methods. Most commonly, a passive generation of droplets is the �rst
step of these active single-manipulations. Thus, although the active control enables
stacking to some extend, the dependence of the approach on passive micro
uidic
severely inhibits modularity potential.
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Generation Certain review articles focus speci�cally on the di�erent external
forces introduced to actively control the droplet generation process [41]. The in-
troduction of a force such as an alternative current using on-chip electrodes enables
the tuning of the droplet size. The generated droplets contain a sodium chloride
solution. Moreover, the study demonstrated a negligible di�erence in the actively
controlled generation process using a non-Newtonian 
uid, more speci�cally, xanthan
gum [279].

An alternative to introducing an additional external force is to adjust the 
ow-
driving mechanism based on feedback. An approach only requiring the typical equip-
ment without any additional components uses the pressure pump or syringe pump as
the force, and a camera to acquire the appropriate feedback. Thus, parameters (e.g
length-to-width ratio) are tuned using a controller (e.g. PID controller) to adjust
the 
ow rate of the syringe pump to achieve the desired outcome [331, 55].

Droplet-on-demand implements active methods without the high-throughput and
lack of modularity of layering the external force on top of passive droplet generation
[330, 105, 118, 277, 251, 99]. Although the droplets are generated one at a time,
they typically enter a passive network. Thus, the control is increased over single
droplets rather than multiple droplets. However, the active control is localized at
the generation site. Thus, the modularity potential of this approach is limited sim-
ilar to the active droplet generation techniques that are layered on top of passive
generation. The reliance on the passive network is troublesome for users without
in-depth knowledge to adjust for operational and manufacturing uncertainties.

Merging and mixing Micro
uidic applications involving multiple on-chip reagents
require merging and mixing. Review articles provide an overview of the di�erent ap-
proaches as well as techniques to achieve merging [79] and mixing [173, 4] passively
and actively. For example, an on-chip microwave sensor enables the selective heating
of the aqueous droplets; the non-uniform heating pattern causes e�ective mixing be-
tween the two droplet halves [324]. A mixing module is integrated on-chip with Tesla
valves to thoroughly mix samples; the concentration is digitally controlled [169]. The
intermittent pulse-width-modulated signal is leveraged to control the concentration
of up to 6 di�erent reagents using multi-layer valves [312]. Moreover, complex 
ow
pro�les are achieved, real-time control is enabled for potential feedback mechanisms,
and the necessary design �les are provided to replicate the apparatus.

Sorting Sorting droplets inherently requires an active component to deviate the
droplets between at least two paths. Moreover, a sensing method must be imple-
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mented to detect which droplet to deviate. The need for sorting emerged from
leveraging high-throughput encapsulation using micro
uidic devices with heteroge-
neous cell populations. Fluorescence-activated cell sorters (FACS) is an established
tool in the biochemistry �eld [158, 221]; the 
uorescent probes enables the sorting
of the cells according to targeted characteristics. The feedback system is generally
vision-based such as for 
uorescent signals of FACS systems. The study object is
not restricted to cells and can be organisms such asC. Elegans[69]. More complex
identi�cation techniques leverage deep learning to identify the element to actively
sort using a pulse [227, 6, 128]. Alternatively, the sorting elements span a wider
area of unrestricted 
ow controlled through dielectrophoresis for example [102]. Di-
electrophoresis is also leveraged to form a sequentially addressable dielectrophoretic
array (SADA) to achieve large-droplet sorting [129].

Single application: Point-of-care platforms

Point-of-care (POC) platforms are prime examples of the potential impact of mi-
cro
uidics in other �elds, often linked to medical applications. Multiple functions
are integrated on a micro
uidic device to achieve a speci�cally targeted application
[290]. However, the developed micro
uidic solutions are highly speci�c to the tar-
get application and lack versatility. Consequently, the end-users cannot adapt the
platform to their various need without prior micro
uidic knowledge to adapt the
design. Nevertheless, the application focus they ful�ll demonstrates the potential of
micro
uidic platforms as tools in other �elds.

Paper-based devices are particularly suitable for POC due to their simple op-
eration, compactness, and low-cost. Although the core of paper-based micro
uidics
relies on passive 
ow [230], certain active approaches are developed such as thermally
activated gates [86].

More generally, point-of-care devices cover a wide range of applications. For
example, HIV is detected from whole blood samples [239]. Micro
uidic tools are
developed and used for iron de�ciency anemia [320] and other diagnostics [134, 150,
174]. The detection of micro-organisms is also achieved using micro
uidic approaches
[222].

The great advantage of point-of-care micro
uidic devices is their ability to take
the sample as the input, and then, provide the answer as the output [114]. The
stacking principle is leveraged such that the user does not need to understand the
inner workings of the micro
uidic device. However, the researchers developing such
devices are certainly required to understand micro
uidics.
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The potential for automation and great versatility of the platform led to many
applications regrouped in pertinent review articles [20, 213]. For example, a com-
mercially available digital micro
uidic device is used to e�ciently prepare samples
for liquid chromatography-mass spectroscopy [177]. Previously, sample losses and
manual manipulations challenged the measurement of low cell number samples.

The high automation and modularity potential are key advantages of EWOD
platforms. Multiple companies developed products for main application areas: liquid
lenses, re
ective displays, and biomedical assays [180]. The potential of the platform
is demonstrated for sample preparation. A procedure requiring 4 to 5 hours of
manual labour is achieved in about 30 minutes using an automated EWOD platform.
Nonetheless, typical drawbacks of digital micro
uidics include sample evaporation,
degradation of the samples from the electric �eld, and detrimental large droplet
volume for single-cell analysis. Moreover, non-adherent surface coating properties are
essential when using particularly sticky components such as proteins that easily cross-
contaminate. In brief, the digital micro
uidic technology is promising in terms of its
modularity and automation potential, but inherent drawbacks inhibit its independent
use by end-users. The continued development of commercial platforms is nevertheless
promising. Any reliability issues must however be �rst resolved.

Another approach that relies on electrodes is surface acoustic waves (SAW). The
principle is fundamentally di�erent; an overview is provided in this review article
[65]. A platform for selective cell encapsulation, lysis, and pico-injection was recently
developed [219]. The platform also achieves various droplet diameters based on the
pulse length and power level.

Multi-layer devices for parallel control channels

Working principle The micro-channel network containing the samples are en-
closed within one layer; there is at least one other layer that is used for control
purposes. On-o� valves commanded by a computer provide control over the sam-
ple 
ow within the micro-channel network. Figure 2.5 schematically illustrates the
working principle.

Quake's valves The pioneer of this novel approach{often accordingly labelled as
\Quake's valves"{developed the idea in the early 2000s when micro
uidics was still
in its infancy [285]. The soft nature of polydimethylsiloxane (PDMS) that has been
commonly used for rapid prototyping of micro
uidic devices is leveraged to create
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Figure 2.5: Working principle of multi-layer devices with a sample and a control layer.
The zone at the intersection between the two layers acts as an on-chip solenoid valve.

on-chip valves. A thin membrane between the sample and control channel is ex-
panded to block 
ow in the sample channel using pressurized air. The valves create
micro-reactors containing the samples similarly to droplets, although the approach
fundamentally operates using single-phase 
ow.

High-throughput applications require numerous on-chip valves to isolate and to
control each micro-reactor. A multiplexing technique reduces the number of o�-chip
solenoid valves to lessen the burden of the external hardware [282]. Although the
micro
uidic device footprint is small, the required supporting hardware is substantial.
Another drawback is the required more complex fabrication of multi-layer devices
that is more demanding than simpler single-layer chips. Finally, single-phase 
ow
is susceptible to cross-contamination; accordingly, special care must be taken to
avoid undermining the results. Even considering the aforementioned drawbacks,
the Quake's valve platform and similar devices with an air control layer have been
applied to numerous studies focusing on applications. They are too numerous to
comprehensively list here [172, 9, 170, 178, 121, 233, 321, 328, 192, 120].

Although end-users cannot purchase an o�-the-shelf commercial product, numer-
ous journal articles detail the chip fabrication process. The multi-layer micro
uidic
chip fabrication is detailed both for a regular procedure [167] and a 3D-printer-based
procedure [175]. Moreover, the supporting hardware required to operate the multiple
solenoid valves is accessible through an open-source project [29].

The multi-layer platform is promising due to its demonstrated capabilities with
numerous applications and the overall high impact of this research direction within
the micro
uidic community. Nevertheless, the independent use of the platform by
end-users is still not widespread due to the challenges in using the platform and the
knowledge barrier; the numerous articles about the process help lower the barrier, but
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the stacking capabilities are not yet developed enough to the level of a commercial
product. The air control layer approach nonetheless occupies an important and
promising direction of active micro
uidic platforms.

Other approaches Quake's valves speci�cally leverage the softness of PDMS to
deform and block the sample channels using pressurized air. Similar approaches
with the parallel multi-layer control layer relying on di�erent principles have been
investigated to integrate valves in micro
uidic devices. An electroactive polymer-
based valve is triggered by applying a 50 V/� m electric �eld [276]. The valve provides
enough displacement to close the sample channel and is compact. However, the
pressure is limited to 4.0 kPa (40 mbar). The response time is about 0.7 seconds.

Alternatively, certain valves are pH activated [17]. The power consumption is low
and the thermal risk for the bio-samples is avoided. The valves are hydrogel-based
and respond to speci�c pH solutions to expand and close the channel. The response
time is about 10 seconds. The pH-enabled hydrogel valve footprint is about 500� m.

Wax valves are melted using heat applied at the desired time [300]. The valves
are integrated on a centrifugal disk platform to allow better control of the 
ow
and introduce an active control component. The deformable polymer valves are also
integrated within a centrifugal disk platform to control the capillary 
ow using on-o�
solenoid valves to an external pressure source [48].

The common objective of adding valves as another layer to micro
uidic devices
is to supplement the micro
ow with an active control component. Active control in-
herently has the potential for stacking of the components. However, a more targeted
design solution would enable end-users to more easily and independently leverage
the powerful tool that multi-layer micro
uidic devices present.

In-line solenoid valves

Similar to Quake's valve approach, Garstecki's research group developed an active
control method using solenoid valves but in-line as opposed to in parallel [59]. The
valves are directly integrated in series with the 
ow source as shown in Figure 2.6.
Hence, the complex multi-layer chip fabrication is avoided. Furthermore, the mi-
cro
ow involved is two-phase 
ow (i.e. droplet micro
uidics) instead of single-phase

ow.

The control capabilities are greatly increased without sacri�cing manufacturing
simplicity and robustness. Moreover, droplet micro
uidics has many advantages over
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Figure 2.6: Working principle of in-line solenoid valve. The rotating solenoid valve
aligns and blocks the gate pathway for the sample to 
ow.

single-phase micro
uidics. The reactions are compartmentalized and thus, largely
minimize cross-contamination. Multi-phase 
ow enables high-throughput without
compromising uniformity. However, the in-line solenoid valve system still requires
involved user interaction to operate the system, and micro
uidics knowledge to setup
and operate the actuation pressure behind each of the solenoid valves [46]. A combi-
nation of this platform with passive traps allowed for more robust operation without
knowledge [241]. Nonetheless, the possible manipulations were limited and required
more complex micro
uidic chip fabrication.

Overall, the in-line solenoid valve o�ers added control without extensively com-
plicating the manufacturing process. Thus, modularity potential is high. However,
the current control approach heavily relies on knowledge of micro
uidics and conse-
quently, would require further development to achieve signi�cant stacking capabili-
ties.
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Combining passive and active principles

The control of individual droplets is achieved without introducing an additional force
or hardware; the pressure actuation is adjusted based on visual feedback [308, 311,
111, 307]. The controller enables the droplets to be manipulated similarly to passive
approaches but with a much greater control directly associated with the varying
pressure. Thus, this method combines principles both from passive{the use of the
geometry to achieve manipulations{and active{varying forces{methods to control
individual droplets.

The working principle of the active droplet control platform is illustrated in Figure
2.7. The computer hosts the controller that is at the core of the control of the
individual droplets. The communication with the other components of the system
is also established through the computer. The pressure pump individually applies
pressure to the inlets of the micro
uidic chip. The image analysis is also hosted on
the computer to provide feedback to the controller in the form of a droplet location.

Figure 2.7: Working principle of the combined active and passive platform. The con-
troller calculates the required pressure to apply at each micro
uidic chip inlet based
on the feedback provided by the microscope, camera, and on-line image processing.

A similar approach that uses visual feedback to locate 
ow has been implemented
in the past [297]. However, the controlled localization is not of a droplet, but an
interface. Thus, the potential for applications is much less signi�cant. Another
similar approach that incorporates visual feedback and droplet micro
uidics is closer
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to the platform schematically illustrated in Figure 2.7 from Wonget al.. However,
the control is over multiple droplets as opposed to single droplets [55]. Consequently,
the rest of the micro
uidic device relies on passive droplet manipulations that cannot
easily be used by end-users.

The simple manufacturing processes and standard micro
uidic equipment re-
quired for this platform enhances its potential for independent use by end-users.
Moreover, stacking is enabled by the controller which removes the micro
ow knowl-
edge from end-users. Modularity is not addressed yet but is envisioned to have high
potential because of the more simple components required.

Future outlook

The impact of micro
uidic devices depends on their usage by end-users. The devel-
opments that are envisioned to be impactful target the knowledge barrier and the
�nancial cost.

The controller at the core of the active platform should balance simplicity and
performance. A simpler approach promotes better accessibility for end-users without
signi�cantly sacri�cing performance.

Commercial pressure pumps provide a turnkey solution. However, their cost
can be prohibitive and limit their accessibility to some researchers. An open-source
pressure system provides more 
exibility through customization of the di�erent parts.
Moreover, the lower cost enables greater accessibility. A minimum understanding of
the system is required to properly assemble and maintain the system. Open-source
approaches such as� Pump [90] provide guidance to lessen the burden of a custom
system and reduces cost.

The reliance of micro
uidic platforms on microscopes and cameras poses a chal-
lenge both for accessibility and versatility. The acquisition of high-performance vi-
sualization equipment is expensive. Simpler and less expensive imaging solutions are
important to develop less costly systems. Moreover, the dependence of micro
uidic
platforms on bulky systems such as microscopes limits the portability of the devices.

2.3.4 Summary

Micro
uidics has tremendous potential to miniaturize total analysis systems (� TAS)
for impactful applications. Applications in the �elds of cell studies, biochemistry,
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materials, and environmental factors monitoring motivated the development of nu-
merous micro
uidic platforms. However, the adoption of micro
uidic tools outside of
the developers' �eld by end-users is limited. A modular platform is envisioned to en-
able end-users to consider micro
uidic as a tool to achieve their goal. Active control
removes the micro
uidic 
ow knowledge required of the user. Thus, the knowledge
barrier is lower by the stacking of reliable, predictable, and repeatable components.

Certain micro
uidic platforms demonstrate stacking capabilities while others fo-
cus more on modularity. However, both are needed to achieve a platform that can
be used independently by end-users. Similarly, many di�erent active approaches to
micro
uidics enable the user to by-pass the knowledge barrier typically required by
passive micro
uidic devices. Therefore, many elements of the envisioned platform
are present in various studies. However, they need to be regrouped and optimized
in one platform that end users can independently leverage in studies in the various
�elds bene�ting from the advantages provided by micro
uidics.

2.4 Modelling for micro
uidic systems

The fundamentals of micro
uidics, its ability to manipulate droplets, and the physics
of the system were discussed up to this point. In order to design the controller and
simulate the system, a model of the physical system must be de�ned, albeit based
on assumptions. This modelling approach was previously developed and used in
[311, 307].

2.4.1 Assumptions

The model must rely on assumptions to be simple enough to be useful in controller
design and system simulations.

Linearity

The system is assumed to behave linearly and is described using a set of �rst order
di�erential equations. A generic example of such �rst order di�erential equation is
shown in Equation 2.2.

_x = a � x + b� u (2.2)
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wherea is a system property a�ecting how the system behaves (e.g. mass, sti�-
ness/compliance, damping/viscosity), andb is a system property relating the e�ect
of the input u on the system (e.g. gear ratio, inductance).

The state-space representation formats the system of �rst-order linear di�erential
equations in a compact arrangement; the matrices (A, B, C, D) describe the physical
properties of the system such as mass and damping, while the state-vector (x) char-
acterizes the status of the system through position and velocity for instance. The
linearity assumption allows the use of the state-space representation. The di�erent
components (tube, channels) are simply connected in series or parallel according to
the channel network con�guration. The e�ect of the transition between the tube
connected to the chip and going to the channel is neglected as the geometry, and
hence the 
ow is too complex.

Channel properties

The model is based on the channel material properties and on whether the channel
contains the dispersed or continuous phase. However, during manipulations and as
droplets are generated, the channel composition changes and does not remain static.
The changes are assumed to be small enough such that the controller performance is
not signi�cantly a�ected. Similarly, all physical properties of the 
uids and materials
used are taken nominally without an in-depth analysis of the channel deformation
under the applied pressure for instance.

Actuation

The applied pressure is measured at the pump outlet and it is assumed equal to
the pressure at the entrance of the tubing containing the 
uid in the vial. Any
dynamic response from the air tubes, biases from the vial hydrodynamic pressure,
and Laplace pressure are disregarded for this model. The e�ects are nonetheless
compensated using a Kalman Filter (details are included further) to estimate the
static o�set for each pressure input.

Droplet behaviour

The droplets are assumed to be generated in the squeezing regime. Consequently, the
discrepancy between the droplet and the continuous phase speed is assumed insignif-
icant. Moreover, the surface properties of the chip enabling the preferable wetting
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of the wall by the continuous phase are assumed uniform and constant through time
for proper operation of the micro
uidic chip. Finally, although the bulk 
uid and
droplet do not move exactly at the same velocity, the di�erence is assumed negligible
for the performance of the controller.

2.4.2 Electric circuit analogy

The physics-based approach to modelling is preferred to provide information for
a variety of system con�gurations. Various micro-channel network con�gurations
(with varying lengths and varying 
uid viscosity in di�erent channels) are used. A
physics-based approach to the model enables the quick and simple adjustment of the
parameters from their nominal values. Oppositely, a system identi�cation approach
would be cumbersome and time-consuming to de�ne the model for each case. Finally,
the physics-based approach is proven in previous work by David Wong to provide
adequate control performance.

The electric circuit analogy is built by drawing links between analogous physical
phenomenon and electric circuit elements [308, 84]. The driving force for the 
ow
is pressure and correspondingly, voltage drives the current. The 
ow rate, which
is taken equivalently to the droplet velocity for a constant cross-section, is then
analogous to current. It follows that the droplet position is analogous to charge.
Correspondingly, the resistance (R), inductance (L), and capacitance (C) elements
describe the system's physical properties.

Resistance

In the electric circuit analogy, resistance accounts for viscous forces as per Equation
2.3.

R =
32�l
d2

h

(2.3)

where� is the dynamic viscosity [kg=m� s], l is the channel length [m], and dh is the
hydraulic diameter [m]

Inductance

The inductance encapsulates inertia e�ects in Equation 2.4.
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L = �l (2.4)

where� is density [kg=m3] and l is channel length [m]

Capacitance

The material compliance and the 
uid compressibility acts like springs in the physical
system and are represented by the capacitance in the electric circuit analogy as
described by Equation 2.5.

C =
A
�

+
l
�

(2.5)

whereA is the cross sectional area [m2], � is the substrate sti�ness [Pa � m], l is the
channel length [m], and � is the adiabatic bulk modulus [Pa].

2.4.3 Modular system for building the channel network

The assumed linear behaviour of the system enables the connection of the building
blocks in di�erent con�gurations corresponding to the channel network.

Building blocks

Each element of the network is represented by a block with the corresponding RLC
elements. A di�erent block is required if any of the following is varied: channel
dimensions, material or 
uid physical properties. The resistance and inductance
values are split in half on either side of the capacitor to maintain the symmetry of
the response as shown in Figure 2.8. The symmetry in each element stems from
the behaviour of the droplet that is symmetric for the travel direction within the
channel. A droplet travelling towards or away from the pressure inlet of any channel
should behave identically as per the assumptions previously stated. Analogously, the
block response should be the same for current going from input to output or from
output to input. A simpler asymmetric building block regroups the resistance and
inductance on the left side of the capacitance.
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Figure 2.8: Building block of the electric circuit analogy with symmetric RLC com-
ponents.

Assembly

From the assumed linearity of the system, the tubes and channels are similarly
connected in series and joined as they are in the physical system. For instance, a
simple T junction chip with 3 channels and the corresponding 3 tubes and inlets
is shown in Figure 2.9. The state-space model describing the system is obtained
automatically through Matlab functions. Although the 3 pressure inputs to the
system are designated as inlets, they e�ectively are a combination of sources and
sinks depending on the 
ow direction in each channel to respect the conservation of
mass principle.

2.5 Control system theory

The methods and techniques described in this section are provided as background
information. David Wong implemented and reported on using these techniques;
he used visual feedback and pressure actuation to form the closed-loop LQR-based
controller WongThesis, wong2020robodrop.
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(a) Schematic representation of the physical system.

(b) Simulink blocks connected according to the physical system channel
con�guration.

Figure 2.9: Simple T junction assembled building block with 3 channels, 3 tubes,
and 3 inlets.
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where _X 2 Rn� 1 is the derivative of the state vector, X 2 Rn� 1 is the state vector,
U 2 Rm� 1 is the input vector, Y 2 Rp� 1 is the output vector, and A 2 Rn� n , B 2 Rn� m ,
C 2 Rp� n characterises the system response. Notice that the initial conditions are not
speci�ed and assumed to be zero (or negligible) for all statesx i (0) = 0 ; i = 1 ; :::; n.

2.5.1 Single-input-single-output (SISO) versus multi-input-
multi-output (MIMO)

Feedback systems are generally classi�ed into two categories: single-input-single-
output (SISO) or multi-input-multi-output (MIMO) systems. The MIMO approach
is not simply an arrangement of SISO systems in parallel; the complex nature of
the multi-variable system is taken into account, including the interrelationship (or
coupling) between the di�erent parts [70]. The state-space representation is adequate
for MIMO system representation and controller design. The structure is based on
stacking into a matrix form the �rst-order ordinary di�erential equations (ODE)
describing the system. Then, the states (x) are used to represent the status of
the system while the A matrix describes the system's intrinsic behaviour, the B
matrix relates the input to the states, and the C matrix encapsulates the relationship
between the states and the outputs of the system. An overview is shown in Equation
2.6 for the system: _X = A � X + B � U; Y = C � X .
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2.5.2 State feedback

Control law and system response

State feedback commonly uses pole-placement to design the response of the closed-
loop system; in other words, the gainK S is selected such that the behaviour of the
system with the control law U = � K SX , where U is the control input and X is the
state vector, is satisfactory. By replacing the control law in the system equations
(Equation 2.6), the closed-loop system behaviour is characterised as per Equation
2.7.

_X = A � X + B �

Uz }| {
(� K SX ) ! _X = ( A � B � K S)X (2.7)

The behaviour of the closed loop system represented by Equation 2.7 is charac-
terized by the location of the poles (i.e. the roots of the characteristic equation) in
the s-plane (horizontal axis: R, vertical axis: C). The poles (si 2 C)are the roots of
the characteristic equation de�ned using the determinant as per Equation 2.8. The
system response is stable only for poles with negative real parts (Re(si ) < 0 8 i ).
Note that the state feedback controller leads to the states eventually converging to
zero (for stable closed-loop cases) as shown in Figure 2.10.

det(sI � (A � BK S)) = 0 (2.8)

Controllability

The closed-loop system response is determined by the location of the poles as per
Equation 2.8. Considering that the control gainK S is arbitrarily selected, then
the response of the system is tuned according to the desired performance. However,
whether the poles can be placed arbitrarily on the s-plane relies on the controllability
of the system. There are multiple equivalent ways of determining whether a linear
time-invariant system (A, B) is controllable or not. The selected method is shown
in Equation 2.9 where� i represents each eigenvalue ofA.

8 � i ; i = 1; :::; n : rank ([� i I � AjB ]) = n (2.9)
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Figure 2.10: Homogeneous system response according to pole location (shown with
triangles) in the s-plane [70]. The desirable pole location is in the negative real plane
(i.e. left-hand side) for an exponential decay envelope.

Pole-placement and optimal pole-placement using LQR

Given that a system is controllable, the poles of the closed-loop system are arbitrarily
placed in the s-plane according to the desired performance. This is done by equating
the characteristic equation (Equation 2.8) to the desired characteristic equation built
from the desired poles as the roots. Then, the values of the components of the state
feedback gain are algebraically solved. Note that the number of poles to be placed
corresponds to the order of the system (i.e.n).

The simple and widespread PID controller is not preferred for this system. Al-
though a PID controller can achieve stable closed-loop control of droplets, the LQR
approach is preferable. The system is inherently coupled from the pressure �eld
across the di�erent channels. Therefore, a MIMO approach enables the considera-
tion of the impact of one channel on another channel. Moreover, as outlined below,
the tuning of the controller parameters is more intuitive for LQR than for PID con-
trollers.

For a large system, the number of poles to place is large; the relationship be-
tween each pole location and the performance of the system is not as intuitive as for
smaller order systems. Consequently, the tuning of the control gains for the satis-
factory performance of the closed-loop system is challenging. The optimal control
technique Linear Quadratic Regulator (LQR) allows for tuning of the response using
the weighting matricesQ and R [70]. The calculations are executed through the
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Matlab lqr command; the details will only be outlined. The algorithm minimizes
the performance indexJ given by Equation 2.10. The �rst part of the equation
applies the weighting matrixQ to the statesx thus penalizing the value of the states
before they converge to zero. The second part associating the weighting matrixR
with the inputs U penalizes the e�ort required to push the states to zero.

J =
Z 1

0
(xT Q x + uT R u)dt; Q 2 Rn� n ; R 2 Rm� m (2.10)

Note that because the algorithm objective is to minimize the performance index,
the absolute value of the weighting matrix entries is not important; the relative
magnitude between the entries is the key tuning parameter. The performance index
is minimized for K S according to Equation 2.11 for whichP satis�es the so-called
Riccati equation as per Equation 2.12.

K S = R� 1B T P (2.11)

AT P + PA � PBR � 1B T P + Q = 0 (2.12)

Integral state-feedback

The state-feedback controller previously described is used to maintain stability (even
of some unstable systems) by driving all the states to zero. However, the tracking of a
particular reference point is desirable in many situations. The addition of the integral
term eliminates steady-state error for better tracking. The equations describing the
system are augmented and the control design procedure is similarly applied to the
new augmented system. The calculated gain through the LQR algorithm is then
split between the di�erent parts of the controller for implementation.

2.5.3 State observer

Governing equations

The state-feedback control approach described above requires the value of the states
to calculate the control input. However, not all states of a system are generally
available for measurement; only a subset is measured as per the output equations
and the appropriate C matrix. Consequently, a state estimate vector ^x is used in
the control law instead. The estimation of the states is governed by the gainL in
the �rst order ODEs shown in Equation 2.13.

_̂x = Ax̂ + Bu + L(y � Cx̂); L 2 Rn� p (2.13)
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Observability

Similarly to the controllability property of the system previously described, the sys-
tem must be observable for the state estimates to be reconstructed from the output.
The test to determine whether a linear time-invariant system (A, C) is observable is
given by Equation 2.14 where� i represents each eigenvalue ofA.

8 � i i = 1; :::; n : rank

 "
� i I � A

C

# !

= n (2.14)

Observer pole-placement and behaviour

The duality of the controllable and observable properties of a system (not shown
herein, see [280]) implies that for a controllable system (AT , CT ), the poles are
arbitrarily placed using the gainLT from Equation 2.13. Thus, the LQR algorithm
can similarly be used to tune the response of the closed-loop system for the observer;
the location of the poles will determine how fast the state estimates converge to the
actual state value, or alternatively, how the error between state values and estimates
converge to zero.

2.5.4 Principle of separation

The principle of separation guarantees that for a controllable (A, B) and observable
(A, C) system, the poles of the state-feedback and observer are placed independently
of each other. The matrix describing both the system behaviour (including feedback
control), and the error between the actual value and estimate of the states are shown
to be upper triangular. Therefore, the eigenvalues of the full matrix are the union
of the eigenvalues of the submatrices on the diagonal. The �rst matrix eigenvalues
are from the state-feedback design while the second matrix eigenvalues are from the
observer design. The two sets of eigenvalues are designed independently usingK S

and L respectively.

As a rule of thumb, the poles of the observer should be faster (> 5-10 times) than
the poles of the state-feedback to allow the estimates to converge to the actual value
rapidly.
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2.5.5 Kalman Filter

The Kalman Filter is used as a state observer taking into account the characteris-
tics of the noise present in the system similarly to the state observer described in
Section 2.5.3. The Kalman Filter in its simplest form is herein presented without
the extensive theoretical framework that can be consulted as required [94, 54]. The
typical assumption is made that all noise follows a white Gaussian distribution (i.e.
v � N (� = 0; � 2 = R)).

Disturbance estimation

An additional state is added to the discrete system to model a static o�set distur-
bance. The state is also assumed to have white noise as shown in Equation 2.15.

d(k + 1) = d(k) + wk ; where wk � N (0; Rw) (2.15)

Noise characterization

The output noise (Rv) is characterized by the hardware while the system state noise
(Rw) is used as a tuning knob. The resolution of the output, which is from the
localization of the interface with � 0.5 pixel precision, provides the uncertainties in
the measurement at the hardware level. By assuming a constant probability across
the � 0.5 pixel interval where the true value lies, the output noise is characterized
using the corresponding variance of (�px)2=12.

Algorithm overview

The discrete equations describing the Kalman �lter implementations are shown in
Table 2.3 starting with an initial arbitrary P0j0 and calculating from state prediction
to state estimation at each time step.
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Table 2.3: Kalman Filter algorithm for disturbance estimation.

P
re

di
ct

io
n 1. State prediction x̂kjk� 1 = Ax̂k� 1jk� 1 + Buk� 1

2. Output prediction ŷkjk� 1 = Cx̂kjk� 1

3. Error ek = yk � ŷkjk� 1

4. State prediction error covariance Pkjk� 1 = APk� 1jk� 1AT + WRwW T

E
st

im
at

io
n 5. Kalman gain K k = Pkjk� 1CT (CPkjk� 1CT + Rv)� 1

6. State estimation covariance Pkjk = ( I � K kC)Pkjk� 1

7. State estimation x̂kjk = x̂kjk� 1 + K kek

The estimated states ^xkjk will be x̂k� 1jk� 1 for the next sample.
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Chapter 3

Methodology

The methodology chapter is separated into two main sections: micro
uidics and
control systems. The content of this chapter generally applies to all projects, and
details pertaining to speci�c projects are described in the appropriate corresponding
subsection in subsequent chapters.

3.1 Micro
uidics

3.1.1 Chip fabrication

The chip fabrication follows a standard soft photolithography procedure [245]. The
two main parts of the fabrication procedure are: the master and the polydimethyl-
siloxane (PDMS) chip.

The master is used to mould many instances of the same design. Heating the
silicone wafer at 170oC for at least 10 minutes reduces moisture and promotes adher-
ence of the SU8 on the surface. An initial� 5 m layer of negative photoresist (SU-8
2005, MicroChem) is spin-coated on the silicon wafer to enhance the adherence of
the second SU-8 layer. Exposure to UV light is used to cross-link the whole surface.
The second layer of photoresist is spin-coated at the appropriate speed to obtain
the desired layer thickness corresponding to the microchannel height (typically 50
� m using SU-8 2025, MicroChem). The photoresist is then selectively exposed using
a photomask of the desired channel network design. Finally, the excess unexposed
SU-8 is removed using a photo-developer.
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The PDMS chip is fabricated by pouring a 10:1 mixture of the elastomer base and
curing agent (Sylgard 184) onto the silicon wafer. The curing is performed at 95oC
for 1 hour. After careful demolding of the PDMS from the silicon wafer, the channels
are formed by bonding the mould to a PDMS coated glass chip using oxygen plasma.
The chip must be heated for at least 24 hours at 150oC to retrieve its hydrophobic
surface property. The overview of the procedure to fabricate PDMS chips from the
silicon wafer master is shown in Figure 3.1.

Figure 3.1: Soft lithography fabrication procedure for PDMS chips (cross-sectional
view).
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3.1.2 Active control platform setup

The active control platform is partitioned into 5 main subsystems: the pressure
pump, the micro
uidic chip, the microscope, the camera, and the computer. The
schematic overview of the 
ow of information is shown in Figure 3.2.

Figure 3.2: Schematic overview of the system with 
ow of information indicated by
the arrow direction. (a) Pressure pump (Fluigent MFCS-EZ) (b) PDMS micro
uidic
chip (typical single T junction design) (c) Microscope (Nikon Eclipse Ti-E) with 4X
objective (d) Camera (Andor Zyla 5.5 sCMOS) (e) Desktop computer.

Actuation { Pressure pump

Generally, the pressure pump used is the Fluigent MFCS-EZ pump [82, 149]. The
4 outlets provide independent pressures applied at the microchannel inlets through
the reservoir holder and a connecting per
uoroalkoxy (PFA) tube. The reservoir
holder interfacing between the pressurized air and the 
uid contained in the vials
enables 
uids with di�erent physical properties to be driven without calibration or
adjustment of the pump. The schematic of the reservoir holder is shown in Figure
3.3. The response time is much faster than a syringe pump. Furthermore, using a
pressure pump does not require complex chip manufacturing such as electrodes or
multiple layers.

System { Chip with microchannel network

The fabrication procedure for the micro
uidic chip using PDMS is described in Sec-
tion 3.1.1. The soft-lithography fabrication of PDMS chips is well established, rela-
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Figure 3.3: Schematic of the reservoir holder used to interface between the pressurized
air and the 
uid contained in the vials.

tively fast to prototype new designs, and a comparatively low-cost solution. These
advantages are prioritized in a research setting when multiple iterations are required
for the same design. However, the drawback is the tendency of the chip channels to
get obstructed by PDMS debris and the unstable surface property over time.

The transparent property of PDMS and glass to visible light is essential to the
imaging that provides the feedback for the controller.

Magni�cation { Inverted microscope

Considering the small scale of the microchannels used (usually, on the order of� 100
� m), a microscope is required for the imaging at the proper resolution. The Nikon
Eclipse Ti-E inverted microscope is equipped with a 4X magni�cation objective [226].
The �eld of view must be stationary for image processing. Consequently, the im-
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portant section of the channel network where the T junction(s) is located must be
fully visible within the �eld of view. Higher magni�cation objectives provide better
micron per pixel resolution at the expense of the �eld of view size.

Imaging { Camera

The microscope is equipped with a camera attached to a C-mount (Andor Zyla 5.5
sCMOS [7]). The �eld of view previously discussed is also a function of the sensor
size that determines the area where light is sensed. The resolution (i.e. the number
of pixels in one image) is limited by the sensor size; if pixels get too small, this
leads to a problem with light di�raction. Consequently, the current camera setup is
optimized for the microscope aperture size with respect to the camera sensor size.
The data from the camera is transferred to the computer at a maximum rate of 40
frames per second through a USB 3.0 connection.

Processing { Desktop computer

The desktop computer provides the interface between the di�erent subsystems as
well as the computational power required by the controller and the Graphical User
Interface (GUI). The custom system is developed in C++ on Windows 7 using the
open-source libraries Qt for the GUI and OpenCV for image processing. The com-
munication with the pressure pump and the camera is established using the software
development kits (SDK) provided by Fluigent and Andor respectively.

3.1.3 Flow sensors

The 
ow sensors are not required for the operation of the active control platform.
Nonetheless, measurements of the 
ow are useful for certain experiments.

Sensirion's 
ow sensors accurately measure small 
ows using heat transfer prin-
ciples. A small heating element warms the 
uid through the inner capillary wall.
Further down the capillary, a temperature measurement is used to determine the

ow.

Calibration

A variety of 
ow sensors fromSensirion are used; they are all aimed for micro
uidic
applications. Thus, the measurement of small from rates{nL/min to� L/min{is

46



precise. However, the factory calibration for water is not accurate enough. Moreover,
other 
uids with other thermal properties are used. Hence, a calibration curve for
each 
uid must be determined. The overall procedure is outlined below, but a more
detailed document is included in Appendix A.

The 
ow sensor allows us to record the raw data in bits; di�erent sampling rates
enable di�erent bit resolution. The smallest resolution is desired to measure the
constant 
ow rate; thus, a slow sample rate is selected. The syringe pump provides
a 
ow rate based on the inner diameter of a glass syringe. However, inherent os-
cillations in the syringe pump output require numerous data points to average the
uncertainties. Another important factor to reduce the oscillations is to ensure no air
bubble is present within the syringe and the tubing when recording data. The 
ow
must stabilize for 5 minutes before recording. Then, the raw 
ow sensor output in
bits is recorded for 1 minute for each selected 
ow rate of the syringe pump. More-
over, three repetitions of all set points are collected: one in increasing order, one in
decreasing order, and one randomly. Note that care must be taken when re�lling the
syringe to limit and to evacuate to the waste air bubbles before starting to record
the data; the oscillations will be reduced. Sometimes, air bubbles stick to the piston
of the syringe. Filling the syringe and �rmly emptying it with the tip still submerged
in the liquid will help evacuate the unwanted bubbles. Re�lling the syringe should
then be without any bubble.

Micro-channel height measurement

The nominal height of the channels on the master is determined based on the SU8 vis-
cosity and the rotation speed of the spin coater. However, the swelling of the PDMS
chip leads to signi�cant changes in channel dimensions. Therefore, experimentally
determining the channel height is required.

The resistance of a channel network is retrieved by applying constant pressure
at one inlet and measuring the 
ow rate. The resistance is then the ratio of both
measurements averaged over a few minutes, and for a rectangular cross-section, the
expression is given as per Equation 3.1 [31]. For a network of channels, an equivalent
resistance expression is built in combination with a numerical tool to �nd function
zeroes, and solve implicitly for the channel height (h).

Rhyd =
� P
Q

=
12�L
w � h3

h
1 � 0:63(h=w)

i � 1
(3.1)
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whereRhyd is the hydraulic resistance [Pa�s=m3], � P is the pressure di�erence [Pa],
Q is the 
ow rate [m3=s], � is the dynamic viscosity [Pa� s], L is the channel length
[m], h is the channel height [m] and w is the channel width [m].

The PDMS swelling is a dynamic process that requires time to achieve steady-
state. Consequently, a chip priming period is required to ensure the dimensions stay
the same during and after the channel height measurement. Moreover, the resis-
tance of the system components{except the micro
uidic chip{must be considered
and compensated for from the global resistance. The �rst option is to use the nomi-
nal dimensions as per the manufacturer's speci�cations and calculate the resistance
of the tubing and 
ow sensor. Although this method is relatively accurate and su�-
cient in some cases, experimentally determining the resistance of the components is
more accurate. Hence, the second option requires experimental measurements of the
pressure and 
ow rate without a micro
uidic chip. A simple solution to replace the
micro
uidic chip and use the same tubing is a #10-32 to #10-32 union with minimal
dead volume in lieu of the chip.

3.2 Control system

3.2.1 Image processing

The feedback to the control system is provided through the location of the interface
between the two phases. The identi�cation is performed using the camera in bright
�eld view; the glass slide and PDMS chip are transparent to visible light. After the
initial setup �xing the background and identifying the channels, the �eld of view
must remain static to properly identify the interface within the channels. Therefore,
the workspace available to manipulate the droplets is limited to the �eld of view
as dictated by the objective magni�cation and camera speci�cations. The image
processing steps are outlined in Figure 3.4. The raw image is �rst acquired at each
sampling period (step 1). The background is subtracted to remove the channel
outline; a threshold is applied to identify the edges of the objects (step 2). The
centre channel mask prepared during the setup phase is then applied to identify
the interfaces within the channels (step 3). The markers are the output used by
the controller. The droplets must be identi�ed; in other words, that is determining
whether two markers are connected by the dispersed phase. The 
ood�ll function
isolates the inside of the shapes (step 4). The edges and the internal are combined
to create droplets (step 5). Finally, the full channel mask is applied to exclude any
background noise, and obtain the full droplets (step 6).
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Figure 3.4: Image processing work
ow overview. Reproduced with permission from
Ref. [311].

3.2.2 C++ implementation

The implementation of the system is in C++ using Visual Studio. The open-libraries
Qt and OpenCV are used for the graphical user interface (GUI) and image processing
respectively. This allows us to operate the system independently of licensed software
such as Matlab and Labview. The software development kits (SDK) are available for
both the Fluigent pressure pump and the Andor camera to control via custom C++
code. The implementation of the controller using C++ is digital and consequently,
takes into account the 100 ms sampling in converting the continuous-time equations
to discrete-time.

3.2.3 Modelling modularity

The model of the channel network is used for controller design and simulations. The
state-space model characterizing the physical system is built using modular blocks
representing the tubing or the channels; the properties of each block is assigned
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based on its dimensions, the materials, and the nominal properties of the dispersed
or continuous phase as described in Section 2.4. The modularity allows di�erent
channel networks to be built quickly by using Simulink to retrieve the state-space
(A, B, C) equations. The state-space representation and MIMO approach is used to
capture the coupling between the channels through the pressure �eld.

3.2.4 Controller topology

The overall topology of the controller is shown in Figure 3.5 and the details of
the di�erent components are explained in the following subsections. This controller
topology was initially designed and implemented by David Wong (a previous member
of the research group) [308, 311, 307]. The corresponding control law to the controller
topology is given in Equation 3.2.

u = � K P zP � K I zI � K sx̂ (3.2)

Figure 3.5: Controller topology overview with the integral state feedback (z), the
state observer (^x), and the Kalman Filter (KF ) for disturbance cancelation.
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Integral state feedback

The state feedback (K S) is used to drive the states to zero (e.g. the velocity of each
channel) while the integral (K I ) and proportional (K P ) gains are used for tracking
purposes with respect to the reference signal (r ). Considering the size of the system
with at least 14 poles (for the simple single T junction), the poles are located op-
timally using the Matlab Linear Quadratic Regulator (LQR) algorithm rather than
manual pole placement.

State observer

The states of the system are composed of a combination of current (analogous to ve-
locity) both in the tubes and in the channels, and of voltage (analogous to pressure).
Most states are not measured by the system; the only output available is the posi-
tion when an interface is present within a channel. Consequently, a state observer
is necessary in order to estimate the states and implement the state feedback as per
Equation 3.3.

_̂x = Ax̂ + Bu + L(y � Cx̂) (3.3)

Kalman �lter

The physical system is expected to include constant o�sets due to the applied pressure
from the pressure pump not being equal to the pressure at the PFA tube inlet, and
because of the Laplace pressure across the water-oil interface. The Kalman Filter is
used to estimate the disturbance, and then, accordingly modify the input to cancel
it. Moreover, any uncertainties and noise present in the system are also compensated
for. Hence, the performance of the system is improved, and robustness is increased.
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Chapter 4

Semi-automated droplet control

The work included in this chapter is published:M. H�ebert , M. Courtney, and C.
L. Ren, Semi-automated on-demand control of individual droplets with a sample
application to a drug screening assay, Lab on a Chip, 19 (2019), pp. 1490-1501 [111].

DOI: 10.1039/C9LC00128J

M. Courtney (Ph.D. candidate in the Waterloo Micro
uidic Laboratory(WML)
at the University of Waterloo) provided expertise for the drug screening assay. Their
contribution is included assistance for the laboratory experiments, and editing of the
pertinent sections of the manuscript.

M. H�ebert designed and performed the experiments in addition to writing and
editing the manuscript.

David Wong published work related to the technological advancement reported in
this chapter. Wong designed and implemented the closed-loop LQR-based controller
based on the circuit element analogy [308, 311, 307] (Section 4.3.1). My contribution
from this chapter is the additional algorithm for the so-called semi-automated droplet
manipulations (Section 4.3.2).

4.1 Overview

Automated control of individual droplets in micro
uidic channels o�ers tremendous
potential for applications requiring high accuracy and minimal user involvement. The
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feasibility of active droplet control has been previously demonstrated with pressure-
driven 
ow control and visual feedback, but the manual operation required to per-
form droplet manipulations limited the accuracy, repeatability, and throughput. The
present study improves upon the aforementioned challenges with a higher-level algo-
rithm capturing the dynamics of droplet motion for a semi-automated control system.
With a simple T junction geometry, droplets can now be automatically and precisely
controlled on-demand. Speci�cally, there is� 10% accuracy for droplet generation,
� 1.3% monodispersity for 500 m long droplets and� 4% accuracy for splitting ratios.
On-demand merging, mixing, and sorting are also demonstrated as well as the ap-
plication of a drug screening assay related to neurodegenerative disorders. Overall,
this system serves as a foundation for a fully automated system that does not require
valves, embedded electrodes, or complex multi-layer fabrication.

4.2 Introduction

Droplet micro
uidics has been envisioned as an enabling technology for quantitative
analysis using monodispersed picoliter- to nanoliter-sized droplets as reaction vesi-
cles; they can be generated by injecting one 
uid (i.e. water) into another immiscible

uid (i.e. oil) within a network of microchannels. Applications range across various
�elds including biological assays [337, 23], material synthesis [265, 143], water quality
assessment [176] and many more. The key advantages of using droplet micro
uidics
lie in the low reagent consumption, shorter reaction time, and isolation of individual
reactions from each other.

From a mechanical engineering perspective, the di�erent needs of various appli-
cations can be simpli�ed to a series of droplet manipulations performed in a desired
order using droplet micro
uidics as a platform. The manipulations include but are
not limited to: generating, splitting, merging, trapping, mixing, and sorting droplets.
The approaches to performing them can be categorized into passive or active meth-
ods. Notwithstanding the method selected, the challenge hindering most applications
pertains to the robust integration of the various functions on a unique platform.

4.2.1 Passive droplet manipulation

The extensive literature about passive droplet manipulations relies on the channel
geometry and inherent physical properties of two-phase 
ow (e.g. interfacial tension)
[336]. Manipulations such as generation [93], splitting [189] [113], merging [228],
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trapping[15], and sorting [109] have been reported but with minimal integration of
multiple functions sequentially on the same chip. Attempts at integrating multiple
steps on a passive platform have been successfully achieved but incorporate only a
limited number of functionalities [37, 125].

Although passive methods are widely used and studied, their robustness is chal-
lenged by manufacturing variations and defects, coupled dynamics, and operational
uncertainties that require extensive experience in the micro
uidic �eld to mitigate.
Consequently, the passive micro
uidic platforms are cumbersome to use for end-users
in the biological or chemical engineering �eld for instance. Furthermore, the design
of a microchannel network is application speci�c; thus, each change in the applica-
tion (such as changes in droplet volumes or channel width) requires a revision of the
design.

4.2.2 Active droplet manipulation

In contrast to passive methods, active methods allow more control over droplets.
While some methods focus on tuning the size of droplets generated passively for in-
stance [151, 35], other techniques allow gaining control over individual droplets, for
example, generating them on-demand [234, 140]. Splitting has also been achieved
through active methods such as those using magnetic force, but the platform deals
with relatively large volume on the order of microliters [127], or using surface acoustic
waves (SAW), which requires more di�cult manufacturing techniques for electrodes;
although, Park et al. successfully demonstrated a reusable SAW substrate [234].
The ability to actively manipulate individual droplets is appealing to many appli-
cations, especially single particle or single cell analysis [11]. More control enables
on-demand encapsulation of single cell or particle into individual droplets, removal
of wastes after reactions by splitting droplets, perfusion of droplets with fresh media
for continuous reactions by merging droplets, and long reaction time by trapping and
storing droplets at the desired location. Such control can be achieved through the
implementation of feedback control.

Controllers using feedback have been implemented in the context of micro
uidics
before to regulate: the size of the droplet generated [212]; [331], droplet sorting [201],
hydrodynamic trapping [264], and particle steering [10] amongst other applications.
Nevertheless, direct control of droplets is more sparingly studied. Electrowetting-
on-dielectric (EWOD) allows dispensing, mixing, and splitting [78]. The limitations
associated with this platform include: direct contact between droplets and air making
them susceptible to evaporation; potential cross-contamination from path crossing;
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relatively large droplet volume ill-suited for single-cell analysis due to the consequent
low concentration; and limited applied voltage to prevent damage from the electric
�eld to the biological compounds for certain applications [316].

Active control of individual reaction vesicles has also been achieved using Quake's
valves by controlling 
uid 
ows in microchannel networks. This technique, however,
requires more complex multilayer chip fabrication and bulky external equipment for
the numerous solenoid valves [282]. Garstecki's group also used solenoid valves to
generate droplets on-demand; the size of the input reagents can be independently
tuned [47]; [46]. In their study, only one function (i.e. generation) is actively and
precisely implemented while other functions such as merging rely on passive tech-
niques. Improved control over multiple step processes such as dilution is achieved
with high precision [241] as well as multiple manipulations [132]. However, the use of
external valves is deemed more complicated and unnecessary with their fundamen-
tally di�erent approach. Hence, the approach with direct modulation of the inlet
pressure (without additional hardware) is used.

4.2.3 Active control of individual droplet through pressure-
driven 
ow using visual feedback

To ensure robust performance without compromising functionality, an ideal system
should employ a simple channel network design and already-in-use hardware compo-
nents to multiplex performance. Such a proof-of-concept platform has been demon-
strated using a simple T junction to perform an unrestrictedly long sequence of
manipulations by leveraging the transparent properties of the chip materials with
the quick pressure pump response. By using visual feedback to identify droplet loca-
tion, the pressure can be adjusted to manipulate the droplets according to the user
input as implemented in real-time using the computer mouse [308]. This strategy
does not require complex multilayers, surface properties or electrode implementation.
The geometry can be tuned to accommodate the speci�cations of a particular ap-
plication; the number of inlets providing the di�erent reagents can also be adjusted.
In addition, the overall platform and principle can be reused without going through
the lengthy design process and optimization typical of passive micro
uidics.

Nonetheless, the caveat to the greater control is the loss of precision, speed, and
repeatability of manipulations due to the lack of human operational accuracy. This
becomes more challenging to end users with limited micro
uidics experience. In or-
der to increase the robustness and speed of the series of manipulations carried out to
enable such a platform for practical applications, a higher-level of control is required
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so that users can set up their desired droplet manipulations via a graphic user inter-
face (GUI) rather through manually moving a computer mouse. For example, users
can set a speci�c droplet length to generate or a speci�c ratio the droplet should be
split at by simply inputting these numbers in the GUI. The controller assisted with
the camera visual feedback will take care of the rest. This automatic approach marks
the beginning of the path leading to modular systems that can be widely adopted
by end users.

The advancement from a manual movement of a computer mouse to such an auto-
matic operation is very challenging. It requires: i) translation from intuitive human
decisions to a sequential work
ow that is executed by an algorithm implemented
into the controller. For instance, an end user with minimal micro
uidics experi-
ence can easily identify when two droplets have been successfully merged; however,
translating this situation to a condition understood by the algorithm is not straight-
forward; and ii) the implementation of the logic must ensure a maximal robustness
in order to minimize human interaction in case errors occur during the execution
of the work
ow. Considering merging of two droplets as an example, the work
ow
could stop operation when the identi�cation of one droplet is momentarily unsuc-
cessful due to image processing. This study aims to develop technologies to address
these challenges towards the development of a fully automated platform that can be
widely adopted for various applications and can be easily used without considerable
micro
uidics experience.

The end goal of a fully automated modular platform must be reached through
stepping stones; the �rst one achieved was the manual control [308]; before the au-
tomated manipulations can be implemented, the semi-automatic procedure is an
intermediate, yet large stepping stone. The functionalities developed with the semi-
automatic manipulations will be at the core of the fully automated platform. In
addition, the implementation of di�erent semi-automatic manipulations is not triv-
ial at all due to the complexity of translating the human thought process to a ro-
bust algorithm. Succeeding the semi-automatic platform, the automated platform
will integrate multiple semi-automatic manipulations as well as further intermediate
functionalities such as moving a droplet across di�erent channels. But most impor-
tantly, the automated platform will need to deal with the feasibility of the procedure.
Hence, the semi-automatic mode is critical as a stepping stone considering that the
fundamentals of the automated mode must be �rmly established before moving on
to the procedure logic. Finally, the modulated platform will need another algorithm
layer to synchronize the modular automated platform modules between each other
and with respect to the desired sequence.
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4.3 Working principle

4.3.1 Manual control: modelling and controller design

The semi-automatic controller is built upon the controller developed for manual op-
eration with the novelty lying in the largely eliminated human interaction during
the procedure, and thus, the largely improved accuracy, repeatability and speed.
All details concerning the basic modelling of the channel network and the design
of the controller can be found in the previous study [311]. Brie
y, manipulation of
individual droplets in a channel network under pneumatic control is a complex dy-
namic system requiring the understanding of the dynamic coupling e�ects between
the droplets, carrier 
uid and applied pressures. The coupling e�ects are in
uenced
by the channel geometry, interfacial tension, 
uid properties and applied pressures,
and governed by the mass conservation and law of motion. To model such a dynamic
system for manipulation of individual droplets is very challenging involving coupled
�rst- or higher-order di�erential equations. An alternative approach to the complex

uid mechanics equations is to develop a state-space model method through an anal-
ogy between the 
uid system and an electrical circuit where: pressure is analogous to
potential and velocity to current. A state-space model is a convenient matrix repre-
sentation of �rst-order di�erential equations describing a physical system (including
the coupled relationships) that leverages linear algebra for controller design.

The state of the dynamical system is fully represented by the state variable vec-
tor that includes: channel and tubing current (velocity), voltage (pressure) at the
interface between channels and tubing, and voltage (pressure) at the chip junction
where all three channels meet. Each channel within the network has an associated
resistance (Equation 4.1), inductance (Equation 4.2), and capacitance (Equation 4.3)
corresponding to viscous, inertia and compliance e�ects respectively.

R =
32�l
d2

h

(4.1)

where� is the dynamic viscosity [kg=m� s], l is the channel length [m], and dh is the
hydraulic diameter [m]

L = �l (4.2)

where� is density [kg=m3] and l is channel length [m]

C =
A
�

+
l
�

(4.3)
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whereA is the cross sectional area [m2], � is the substrate sti�ness [Pa � m], l is the
channel length [m], and � is the adiabatic bulk modulus [Pa].

The interaction and coupling between the channels can be modelled by assembling
the di�erent individual RLC channel elements into a network. The state-space model
is obtained throughSimulink analysis with the standard format _x = Ax + Bu; y =
Cx where A; B; C completely characterizes the channel network con�guration but
also its dimensions and 
uids used.

From the state-space model, a Linear Quadratic Regulator (LQR) controller with
integral state feedback, and Kalman �lter disturbance estimation and cancellation
is designed as per [311]. The LQR is used to stabilize the marginally stable system;
the integral of the states allow for zero steady error; the Kalman �lter cancels the
o�set due to the Laplace pressure and other disturbances.

The inputs to the controller are the pressure applied at each of the inlets while
its outputs are the displacement within each channel. The output is compared to a
reference value for which the error asymptotically reaches zero through the controller.

4.3.2 Semi-automatic droplet control

Fundamental functionality

The user can request droplet motion to the controller (e.g. adjusting the length
of the droplet to be generated) by pulling the interface in so-called manual mode;
however, precision, repeatability and speed vary between di�erent manipulations of
the same user, and from one user to the other. In this semi-automatic mode, the
higher-level demands are inputted at the beginning through the GUI; leaving the
rest to the algorithm and the controller.

The building blocks of the semi-automatic procedures are the measure, wait and
move functions.

Measure The implementation of a relatively large feature with a nominal size of
500 � m next to all channel network designs allows users to scale pixels to actual
lengths. Image processing yields markers that indicate the interface between the
continuous (carrier 
uid) and dispersed (drop) phase. The distance between markers
or from a marker to a junction can be measured using the calibration with the scaling
factor.
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The accuracy of such measurements depends on the resolution of the camera, the
magni�cation of the microscope objective, and the calibration obtained from the 500
� m feature. The typical resolution for the experiments carried with the 4X objective
is 3.302� 0.007� m/pixel (95%).

Wait The wait procedure is �rst initialized by resetting all internal variables, and
setting the desired time delay as requested by the user input. Then, once the timer
is started, the elapsed time is periodically compared to the desired delay. As long as
the timer is smaller than the delay, the change in reference for the speci�ed channel
is set to 0, meaning that the droplet remains at the same position. Once the timer
exceeds the delay, the procedure can move on to the next step or standby for further
manipulations.

The comparison of the timer occurs at each loop of the software. The rate is
dictated by the hardware and response time. The current system samples at 10 Hz
and consequently, the accuracy is limited to� 0.1 s.

Move Moving can be achieved either relative to the current position or to an abso-
lute distance from the junction. The di�erence in implementation is only in setting
the target position as the �rst step of the manoeuvre. Then, a proportional con-
troller is applied and is characterized by a gain (K gain ) and tolerance (� ). The gain
represents the speed of moving the interface and the tolerance describes the accept-
able di�erence between the objective (yobjective ) and current position (ycurrent ). The
reference for the speci�ed channel is then changed (dr) until meeting the tolerance
(� ). Note that the tolerance should be larger than the precision provided per pixel.
A more complex controller is not implemented here considering that the change in
reference is handled by a LQR controller with integral state feedback that already
eliminates steady state error for tracking purposes.

dr = K gain (yobjective � ycurrent ) (4.4)

The accuracy achieved is related to the calibration of micron per pixel that sets
the lower limit. Nonetheless, due to the dynamic changes of the system and the
limited actuating (i.e. pressure) power available, the achieved accuracy is generally
larger than the calibration value.
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Software implementation

The details of the logic behind the software implementation are included in ESI 1
(Section 4.8) for the generation, merging and splitting of droplets with brief descrip-
tions of every step.

The logic of the semi-automatic controller mimics the steps a user would perform
in manual mode. Every step is performed as per the 
owchart, for instance, for
merging two droplets as shown in Figure 4.1. Each block type is de�ned in the
legend as: user input, condition, semi-automatic control or data. The nomenclature
concerning the chip itself is de�ned in the top right corner of the �gure. The channels
are arbitrarily separated at the junction. The interface between the water and oil
phase is indicated for both the source channel (one interface) and a droplet (two
interfaces, one at each end). The position of the interface can be de�ned from the
junction point as the current positiony. The image processing identi�es the interface
from the contrast between the two phases.

4.4 Experimental setup and methods

4.4.1 Materials and chip fabrication

The continuous phase used throughout all experiment is silicone oil with a viscos-
ity of 50cst while ultrapure water is used as the dispersed phase unless otherwise
indicated. If other 
uids are required such as water-glycerol mixtures and oils of
di�erent viscosity, the changes in physical properties are re
ected in the controller
design (Feedback Controls in Droplet Micro
udics [311]) through the RLC param-
eters as per Equations 4.1 to 4.3. Note that no surfactant is used for any of the
experiments as the focus of this study is to develop a semi-automatic platform.
Adding surfactants would change the interfacial tension which could be considered
in the controller later.

The master of the microchannel network design is manufactured using a silicone
wafer for its low surface roughness properties. SU8-2025 (MICROCHEM) is spin
coated in order to obtain a thickness of 50� m after which it is exposed to UV
light through the photomask. Then, the unexposed region is developed using SU8
developer. The chip is fabricated using polydimethysiloxane (PDMS) and a standard
soft-lithography procedure [245].
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Figure 4.1: Flowchart representation of software logic for merging two droplets.
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4.4.2 System overview

The micro
uidic chip manufactured as per section 4.4.1 is central to the system that
is composed of four other components: camera, microscope, computer, and pressure
pump shown in Figure 4.2. The arrows represent the 
ow of information. The time
required to complete the loop is of crucial importance to the system stability. The
current setup allows sampling at 10 Hz which is mainly limited by the pressure pump.

Figure 4.2: System overview for active control of droplet in microchannels through
pressure-driven 
ow. (a) Nikon Inverted Microscope ECLIPSE Ti-E, (b) Andor Zyla
5.5 sCMOS camera, (c) personal computer, (d) Fluigent MFCS-8c pressure pump,
(e) micro
uidic chip.

Visual feedback is provided by the camera and microscope, and is used to image
the chip in real-time. Note that for this system, the �eld of view must be stationary
and cannot be modi�ed. Consequently, the microscope objective magni�cation is a
trade-o� between the size of the �eld of view and resolution (micron per pixel); the
magni�cation used is 4X. The image is relayed to the computer through USB 3.0
communication and analyzed using image processing to extract the location of the
two-phase interface. Then, the controller calculates the necessary actuation based on
the current and desired positions. Finally, the pressure pump is instructed to apply
the various pressure independently to each inlet of the chip.

62



4.5 Result and discussion

4.5.1 Automated on-demand individual manipulations

Each manipulation can be executed in an arbitrary order according to the desired
application. Furthermore, if the results such as droplet length or splitting ratio are
deemed unsatisfactory, the procedure can be repeated. The high versatility and
multiplexing are key characteristics of this technique.

Generation

Generating a droplet on-demand can be achieved through four main stages: �lling
the source channel, droplet adjustment in the destination channel, sectioning at the
desired length with respect to the T junction, and stabilization. The performance
achieved is� 10% on the resulting droplet length for the requested droplet length
ranging from 150 - 750� m as shown in Figure 4.3. The accuracy improves to�
5% for longer requested droplet length because of the relatively smaller errors and
the more stable junction region. The uncertainties are related to the resolution
(micrometres per pixel) and the dynamic pressure variations (See Section 4.5.2 for
more details). A smaller channel width of 50� m as compared to 100� m allows more
robust generation of smaller droplets in the squeezing regime.

Furthermore, the monodispersity of the generated droplets is assessed through
the standard deviation of a sample size of 43 for which a droplet length of 500� m
was requested in a 50� m wide channel (see Table 4.1). The resulting monodispersity
of the generated droplets (i.e. standard deviation divided by mean:�= �x) is 1.3%.
Comparatively, monodispersity of droplets generated passively at a T junction has
been reported as 2% [314]. The sequence of steps to generate a droplet is shown in
Figure 4.4 as well as in ESI.S3y.

Splitting

The ratio at which a droplet is split into two daughter droplets can be selected with
an accuracy of� 4%. The droplet must �rst be manually positioned overlapping
the two side channels across a T junction. Then, the distance from one end of the
droplet to the junction is adjusted automatically before sectioning and stabilizing
the two daughter droplets. The limitation of the smallest splitting ratio depends on
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Figure 4.3: On-demand droplet generation distribution using semi-automatic control.

Table 4.1: Statistical analysis for droplet generation performance.

Description Value

Requested length [�m ] 500

Sample mean �x [�m ] 490

Sample standard deviation� [�m ] 6.5

Sample size 43

Monodispersity ( �=� ) 1.3 %

the channel width (w); a droplet of less than� 1:5w cannot be requested in order
to stay within the squeezing regime as shown in Figure 4.5.

The control over individual droplet movement allows one of the daughter droplets
from a �rst split to be moved to a section with a smaller channel width in order to
split a second time. Hence, higher precision can be achieved if, for instance, the
original droplet would be too large to �t within the �eld of view at the smaller width
due to its consequent increased length. The control over the splitting procedure is
foreseen to have potential in applications requiring a wash operation. The sequence
of steps to successively split a droplet is shown in Figure 4.6 as well as in ESI.S4y.
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Figure 4.4: Droplet generation process (a) Source channel setup completed and ready
to generate droplet (b) Filling of the source channel and over
ow in other channels at
the T junction (c) Manual selection of the new marker in the destination channel (d)
Adjustment of the droplet length with respect to the junction (e) Droplet sectioning
(f) Final stage with both interfaces stabilized.

Merging

Merging of two droplets can be achieved by ensuring that the droplets, especially
those of uneven length, reach the T junction simultaneously and with enough mo-
mentum to break their interface. The sequence of steps to merge two droplets is
shown in Figure 4.7 as well as in ESI.S5y.

Mixing

When two droplets containing di�erent content are merged, mixing can be enhanced
through active motion. Mixing in the droplet micro
uidic context is challenging due
to the inherent laminar nature of the 
ow. However, the T junction allows motion
perpendicular to the two main vortices 
owing symmetrically along the channel axis
in a droplet. Hence, cross-
ow is induced and signi�cantly enhances mixing.
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Figure 4.5: On-demand droplet splitting distribution using semi-automatic control.

Mixing is quanti�ed using the mixing index as de�ned by Danckwerts [61] where
hi denotes an average over all pixel values within the droplet boundary.

MI = 1 �

D
(N � h N i )2

E

hN i (Nmax � h N i )
(4.5)

In Figure 4.8, a mixing index threshold of 0.85 is deemed satisfactory. Moreover,
the mixing index before merging considers the pixel values of both the water and
dye droplets and is initially low. Hence, the large increase of the mixing index shows
the successful mixing through active control of the droplet. The active mixing is
completed under 30 seconds. The manipulations could be improved and performed
faster through higher actuation gains (although at the expense of stability) and
automated steps.

The sequence of steps to mix two droplets is shown in Figure 4.9 as well as in
ESI.S6y. Note that Figure 4.9 uses methylene blue dye to show the contrast between
the two droplets while 100� M Thio
avine S 
uorescent dye was used to gather the
data for mixing index calculations during separate experiments.
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Figure 4.6: Successive droplet splitting process (a) Setup of the initial droplet (b)
Adjusting the distance of markers with respect to the junction and the desired split
ratio (c) Sectioning the droplet (d) First split completed for the 150�m channel
width (e) Sorting of the desired droplet to be split again (f) Transition to the 75�m
channel width region (g) Manual setup of the droplet (h) Adjusting the distance with
respect to the second junction (i) Sectioning the daughter droplet (j) Final product
of the double splitting with greater precision.
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Figure 4.7: Droplet merging process (a) Initial manual setup of the two droplets on
either side of the T junction (b) Both droplets reach the T junction simultaneously
(c) The interface breaks and the two droplets merge (d) Merging is complete.

Sorting

Sorting can be implemented by discarding the undesirable droplet. When performing
manipulations on a droplet, an unwanted daughter droplet of a split, for instance, can
be moved in a continuous phase channel and discarded while the droplet of interest
is retained and can be further processed.

The sorting capability is shown during the double splitting procedure in Figure
4.6; after the �rst split, one of the two daughter droplets is selected as desired for
the second split procedure while the other is discarded hence e�ectively sorting the
droplets.

The ability to arbitrarily select desired droplets is of particular interests for ex-
ample following the result of an assay. Depending on the result, the droplet can be
further processed or discarded. Furthermore, the combination with the immobiliza-
tion capabilities is promising for applications requiring incubation.

4.5.2 Limitations and uncertainties

Generation and splitting precision

The limitations in terms of performance are determined by the width of the chan-
nel. Smaller channel width permits the generation and splitting into shorter length
droplets.

The accuracy of generating and splitting droplets is established as� 10% and
� 4% respectively; one of the limiting factors is the resolution of microns per pixel
determined by the camera speci�cations. However, the main source of uncertainties
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Figure 4.8: On-demand droplet mixing index according to resulting droplet total
length.

is from the dynamic pressure changes. The main sources of short-term pressure oscil-
lations are: the response of the pressure pump, PDMS compliance, and the sampling
period. The most e�ective mitigation would be to improve the pressure actuation
rate (currently, 10 Hz) because, within these 100 ms intervals, the pressure cannot
be changed. Hence, the sampling rate represents a hard limit on the reduction of
the short-term oscillations. Considering the current system, the two most signi�cant
delays limiting the sampling rate are the pump communication and image processing.

Throughput

One important drawback of this technique is the limited throughput that is traded o�
for the increased control on droplet manipulations. The currently limited sampling of
10 Hz for the hardware is a hard limit on the throughput. Furthermore, the manual
manipulations currently required between the semi-automatic manipulations result
in a throughput that cannot be pertinently calculated in Hertz. Nonetheless, the
potential to fully automate the sequence of manipulations is foreseen to signi�cantly
improve the throughput compared to the semi-automatic mode.
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