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Abstract

Digital microfluidics is useful in miniaturizing different types of biological tests due

to an ability to perform multiple operations on a single chip with a single common

geometry. However, one of the largest problems in using digital microfluidics has

been biofouling during these processes, a phenomenon which is exacerbated when

using electric fields for fluid manipulation. Magnetic microfluidics is an alternative

actuation mechanism, which does not have this same limitation. However, until

recently it has been impossible to create drops, which can also be subsequently moved

to perform multiple step analyses. In this thesis, a method for creating drops on

superhydrophobic surfaces using magnetic force as the primary actuation mechanism

is outlined.

Using numerical simulations in Comsol Multiphysics, the method was explored to

determine several of the limitations of the system, including the minimum actuatable

volume (5 µL). Additionally, the flow within the drops was explored to obtain a better

understanding of the experimental results. Experimental validation of the results fol-

lowed, and it was found that the system showed a 1-to-1 linear change in drop volume

relative to expected dispensed volume, verifying the theoretical model. Experimental

validation found that the error of the system is constant over any dispensed volume

at ±0.5-0.6 µL.
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The method was applied to miniaturize a standard test for hard water determina-

tion, a complexometric EDTA titration. The results from a specially designed chip

are compared to a titration of a 10 mL volume of the same sample and two were found

to be equal within error (100-170 ppm for the chip, 124 ± 2 ppm for the standard

method). The water hardness estimate from the chip was further improved upon by

image analysis, and the range narrowed to 120 ± 10 ppm, again within the same error

as the standard method. Together with the theoretical analysis, this result verifies the

practicality of the method for analytical operations. Finally, preliminary work into

making the magnetic droplet manipulation method more general was conducted, and

it was found to be possible to create chips which utilize any combination of droplet

mixing, merging, moving, and splitting.
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Chapter 1

Introduction

1.1 Microfluidics

At a meeting with the American Physical Society in 1959, Richard Feynman gave a

lecture entitled ”There’s Plenty of Room at the bottom.”1 In this lecture, Feynman

laid out a vision for miniaturization, which has revolutionized the world. The results

of Feynman’s vision are visible everywhere today because while Feynman gave a

speech before the invention of the silicon chip, today there are millions of transistors

in our pockets. The silicon chip, the current culmination of the miniaturization of

the transistor, provided the means to exponentially increase bit computation, greatly

improving our ability to analyse and understand the world. Chemistry, however, has

not yet been able to fully embrace the miniaturization paradigm. Considering this,

work in the field of microfluidics proposes to bring the same miniaturization that

revolutionized computing to the chemical sciences by creating micro-Total Analysis

Systems (µTAS) that can analyse or synthesize in the palm of one’s hand.

The initial development of what could be called a microfluidic device occurred

two decades after Feynman’s speech in the Stanford gas chromatograph, a device
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which miniaturized a GC column onto a silicon wafer.2 However, large scale devel-

opment in the field did not begin until the 1990s when µTAS devices were proposed

in the paper “Miniaturized Total Chemical Analysis Systems: A Novel Concept for

Chemical Sensing” by Manz, Graber, and Widmer.3 This paper explored many of

the theoretical principles of channel based microfluidics such as volume, pressure,

and voltage considerations. Further development in microfluidics has been driven by

an interest in working with volumes on the scale of pL to µL. At these small fluid vol-

umes, sample consumption is decreased, control over sample conditions is increased,

and analytical methods and devices have the potential to be created more quickly

and inexpensively.4 The smaller channel sizes of microfluidic devices also have the

potential to greatly increase separation resolution and efficiency in methods such as

capillary electrophoresis. Today, microfluidics continues to hold the potential to cause

a paradigm shift in analytical chemistry, and this continues to be evident from the

increasing amount of research hours invested resulting in almost 4,000 papers a year

in the Web of Science core collection (2016), up from just one paper in 1991.

The foundational work in channel-based microfluidics has since been comple-

mented by two alternative methods: (1) paper-based microfluidics, which utilize cap-

illary forces on porous materials to manipulate flow on planar or folded surfaces to

perform analytical operations,5,6 and (2) digital microfluidics, which manipulates in-

dividual drops on planar surfaces. These two fields further expand on the advantages

of microfluidic systems: paper based analytical devices (µPAD), on the inexpensive-

ness of fabrication, and digital microfluidics on the accurate control of small sample

aliquots. Here I focus on digital microfluidic droplet handling including actuation,

droplet generation, and device fabrication exploring the current state of the field and
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the current shortcomings of the method.

1.2 Digital Microfluidics

Traditionally the field of microfluidics has been dominated by channel based systems

which have well developed fabrication methods and a wide body of literature describ-

ing different devices. While a full review of channel based microfluidics is beyond

the scope of this thesis, a more detailed literature review can be found in the regular

reviews of the field by Andreas Manz’s group.7–12 Electroosmotic and electrophoretic

pumping has been used to reduce the need for complicated mechanical mechanisms

while also improving resolution. For chemical separations, especially electrophoretic

separations, channel-based microfluidics is unparalleled for highly resolved separa-

tions with miniscule sample consumption.13 While the use of small channels is an

exceptionally powerful tool in separations, it is also the method’s largest weakness, as

the permanent nature of the channels limits the ability to perform multiple steps on

a single chip without significant amounts of added complexity. Greater chip complex-

ity directly translates into additional fabrication hurdles that ultimately increase the

cost per chip and make complicated devices uneconomical. Moreover, channel-based

systems also require external apparatus to run, such as syringe pumps or pneumatic

valves to control flow within the chip, and these external devices can greatly increase

the footprint of a single device. As a result, many researchers have moved to alterna-

tive methods of controlling flow such as paper-based capillary driven flow or digital

microfluidics.

While paper microfluidic devices have the advantage of being one of the most in-

expensive microfluidic methods due to low substrate cost, they are limited by the flow
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rate through a porous medium and, similar to traditional channel based microfluidics,

possess limited ability to conduct multiple synthetic and analytical steps on the same

device.14,15 Additionally, because the samples and reagents are trapped in the paper,

it is difficult to extract the reacted materials for further processing.

Conversely, digital microfluidics offers a more flexible versatile platform. They are

not only capable of performing single step analytical methods, but are able to carry

out multistep workflows involving both sample preparation and analysis. Further-

more, the platform allows for the removal of the final products, especially if no oil is

used. Thus, apart from separations, digital microfluidic (DMF) devices are the most

flexible type of microfluidic platform to create the widest range of applications.

Digital microfluidics can be classified by actuation method. These methods all

accomplish the same goal, discrete manipulation of individual drops to accomplish

four different droplet operations, or basic steps: (1) dispensing, (2) transport, (3)

merging, and (4) splitting. These four steps allow for the creation of drops of defined

volume, moving those drops to the appropriate location on the chip, mixing drops to

control concentration, and finally creating aliquots from developed drops for analytical

or synthetic operations. A device that can perform these four fundamental operations

can perform many chemical processes, which do not require highly resolved chemical

separation and detection. Additionally, digital microfluidic devices work on the nL

to µL scale rather than the pL to nL scale of channel-based microfluidics, which

increases the suitability of digital microfluidics for chemical synthesis and robust

biological sample preparation.
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1.2.1 Digital Microfluidic Actuation Methods

Droplet actuation is the most important component of any digital microfluidic sys-

tem. Because drops, instead of channels, are used to perform chemical operations,

the methods used to move drops must be reproducible, accurate, and preferably also

able to perform all four droplet operations using the same actuation principle. Over

the past two decades there have been numerous different types of actuation methods

in digital microfluidic devices such as electrowetting16, dielectrophoresis17–19, optical

forces20–22, thermocapillary forces23, surface acoustic waves (SAW)24, surface tex-

ture25,26, magnetism27, and gravity28,29. Presently, the most versatile and developed

method involves the electrowetting on dielectric (EWOD) phenomenon. However,

research in other actuation methods continues and magnetic actuation is the subject

of the current thesis.

1.2.1.1 Surface Tension

Though the methods of actuation in digital microfluidics seem to be diverse in the

type of forces used, these methods are all surface tension driven, or, that is to say,

these systems are driven by the cohesion of liquids and their affinity for themselves in

contrast to their affinity for the air, oil or surfaces that the liquid is in contact with.

Surface tension, the tendancy of a liquid to minimize surface area, is an important

driving force in these systems. In fact, two of the pioneers of electrowetting also

initially described EWOD driven actuation as “surface tension driven”30. Movement

of drops in DMF systems is caused by the minimization of surface energy based upon

electrical, chemical, thermal, or physical gradients that either directly change the

interaction of the liquid with the surface substrate, or locally change the substrate to
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cause asymmetric forces in the drop within localized areas.

Surface tension as a thermodynamic quality is defined as the interaction of a liquid

on smooth, homogenous surfaces by Young’s Equation (equation 1.1)31,32:

γs1− γs2 + γ12 cos θ = 0 (1.1)

where: γ is the interfacial tension, cos(θ) the measured contact angle, and the sub-

scripts s, 1, and 2 denote the surface, first fluid phase, and second fluid phase in a

three-phase system, one phase of which is the surface. However, because this model

does not explain contact angles on rough surfaces where the apparent contact angle is

greater than that of a flat surface, two subsequent semi-empirical models, the Wenzel

model and the Cassie-Baxter model, have built on the Young model.33 These models

can be defined by equation 1.2 and equation 1.3, respectively

cos θ? = r cos θ (1.2)

cos θ? = 1 + φs(1 + cos θ) (1.3)

where cos(θ)? is the apparent contact angle, r is the surface roughness which must

be larger than 1, and φs is the fraction of the surface which is in contact with the

liquid. Because the Wenzel model linearly fits the Young equation contact angle and

surface roughness, the model fails at high surface roughness or high contact angle.

These conditions can lead to the state where a calculation of the apparent contact

angle is greater than cos(θ)=-1, which is a physical impossibility. This can arise as

a perfectly flat surface is defined as having a surface roughness of 1, thus additional

roughness and high contact angle can lead to a case where the aparent contact angle,

r·cos(θ), on a very hydrophobic, rough surface is greater than -1. As this would

correspond to a contact angle greater than 180°, this results in a failure of the model.
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Thus, it is predicted that in these extreme cases, the Cassie-Baxter model becomes

more accurate as the actual angle of a drop does not actually reach or exceed 180°

as is predicted by the Wenzel model. Therefore, the Cassie-Baxter model is used

to describe superhydrophobic materials where a small fraction of the surface is in

contact with the liquid due to a re-entrant geometry.33

Surface tension has differing effects at different length scales. One way of char-

acterizing the significance of surface tension is by using the Bond or Eötvös number,

one of the dimensionless numbers used in hydrodynamics (equation 1.4).

Bo = (gρ)L2/γ (1.4)

Where γ is surface tension, ρ is the density of the fluid, g is the gravitational acceler-

ation, and L is the characteristic length scale of the system of interest. This number

can describe both the deformation of large volumes on superhydrophobic surfaces, as

well as how the shape of falling rain drops tend toward a “hamburger bun” shape at

larger volumes.34 The Bond number shows the effect of surface tension scales with

the square of the length scale of interest and it is typically taken that a Bo of 1 or

less indicates a length scale where surface tension dominates and for water at 20° C

this length can be calculated to be smaller than 9 mm. Thus, at all the typical length

scales in microfluidics, where the smallest dimension of interest is typically under 1

cm, surface tension is the dominant force in determining the shape of droplets.

The dominance of surface tension becomes most apparent at smaller volumes on

hydrophobic and superhydrophobic surfaces because for these systems, the curvature

of a liquid in relation to a surface approaches a sphere. In these systems, the inter-

nal pressure of the drop arises from surface tension according to the Young-Laplace

equation which describes the internal pressure of a volume arising from wall tension,
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in this case caused by surface tension.35 The equation for the Laplace pressure, the

difference in pressure between the inside and outside areas of a tensioned surface, is

shown in equation 1.5.

∆P = γ

(
1

R1

+
1

R2

)
(1.5)

Where γ is surface tension, and R1 and R2 are the radii of curvature. Where the radii

of curvature are equal, as in the case of a sphere, equation 1.5 can be simplified to

equation 1.6.

∆P = 2γ/R (1.6)

According to the Laplace law, this form represents the minimum surface tension

of a given volume of liquid and any drop deformation results in an increase in the

Laplace pressure. The difference in pressure caused by drop deformation provides

a driving force in many digital microfluidic systems. A liquid drop seeks the most

thermodynamically stable state, which is typically a sphere within the constraints

imposed by a contact line that a drop has with the surface.

The effect of surface tension and its potential to drive drops is most easily seen

in thermocapillary actuated drop systems. Because Laplace pressure is dependent on

surface tension, any change in surface tension changes the pressure in a drop, and

localized changes in surface tension will cause a pressure difference across a drop.

Thermocapillary based actuation systems directly modify surface tension with heat.

Surface tension decreases with an increase temperature, for example water decreases

in surface tension from 72 mN cm-1 to 66.24 mN cm-1 from 20° C to 60° C.36 There-

fore, along a temperature gradient the side of the drop closer to the heat source will

have less surface tension. Thus, the drop that moves away from the source of heat as

it “pulls” towards the side with higher tension.37 The effect that causes this type of
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fluid motion is called a Marangoni flow, which is a surface tension induced flow; these

flows are especially useful in microfluidics because they are significantly more effective

than diffusion at mixing drops.38 The ability of Marangoni flows to move liquid is

perhaps best seen in the longevity of “tear drops” in wine glasses where surface ten-

sion sustains a dynamic phenomenon driven by an evaporation driven concentration

gradient.39 Though here thermocapillary forces were used as an example, it cannot be

understated how integral surface tension is to all methods of droplet actuation and

an understanding of surface tension is required for any discussion about actuation

digital microfluidic actuation systems, not just thermocapillary driven devices.

1.2.1.2 Electrowetting

Most digital microfluidic devices today utilize the electrowetting on dielectric effect.40

Electrowetting as a phenomenon was first discovered by M.G. Lippmann in 1875

during experiments on mercury drops.41 More recently Dahms in 1969 explored its

use on aqueous solutions in a capillary and later still Minnema et al. investigated

water intrusion into high voltage insulation in 1980.42,43 Since 1980, electrowetting

has been applied to microfluidic devices in two forms, an “open” design and a “closed”

design.

The overall mechanism of electrowetting is similar between both designs and a

diagram of an open design is shown in Figure 1.1 on the next page where a drop is

being manipulated by the direct application of an electric field. In all types of EWOD

devices, a potential is applied between a ground electrode and a control electrode.

This induces local dipoles that cause the electrowetting effect. The setup depicted

in Figure 1.1 on the following page is similar to that used in initial electrowetting
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experiments for droplet actuation conducted by Vallet, et al. in 1995.44 However, the

first use of electrowetting for droplet transport on open surfaces was conducted by

Washizu who used small electrodes to create a potential difference between a drop

at ground state and a partially charged surface.45 Washizu’s system did not have

the direct application of voltage to a drop to change contact angle via electrowetting,

unlike the initial studies by Vallet et al. In contrast to an open design, a closed design

has parallel plates which deform the drop between two hydrophobic surfaces instead

of a single, open hydrophobic surface. The parallel plate design deforms a drop and

moves it away from its lowest energy state resulting in a higher Laplace pressure than

an open system. This type of system was first demonstrated under silicone oil by

Pollack and Fair in 2000.46 A closed surface can more easily move drops due to the

deformation of a drop under pressure.

Figure 1.1: The principle of electrowetting on dielectric where the contact
angle of a drop on top of an insulating dielectric layer is decreased by the
application of voltage across two electrodes.

The additional drop deformation provided by a closed surface led to the main

breakthrough for EWOD with regards to creating µTAS devices. In 2003 Cho et

al. created a closed design which involved the “creating, transporting, cutting, and

merging of liquid droplets.”47 While a full discussion of the mechanism of droplet
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splitting will be discussed in the next section, this paper demonstrated that EWOD

and digital microfluidics when used in an integrated system could be used to carry

out a variety of useful droplet operations.

Various models have been proposed to explain the mechanism at work in EWOD

devices. The initial explanations utilized thermodynamic principles48 such as the

Lippmann-Young law which adapts Young’s model for a three phase system (equa-

tion 1.1 on page 6) to electrowetting systems. This law is described in equation 1.7,

cos θ − cos θ0 =
C

2γ
V2 (1.7)

Where cos(θ) and cos(θ0) are the contact angles of the drop under the activated elec-

trode and the reference state, γ is the contact angle, V is the applied voltage and

C is the capacitance which depends on εr, the relative permittivity, ε0 the electric

constant, and the thickness of the dielectric layer. While this model works under a

large variety of conditions, more recent studies have determined that in cases of high

voltage or high switching frequency, the model loses accuracy. To better understand

the electrowetting mechanism, an electromechanical equation was developed. Equa-

tion 1.8 shows the equation used in current models of electrowetting devices which

defines the driving force, F , as a function of frequency, f ,40,49

F (f) =
L

2
(x
∑
i

ci,liquidV
2
i,liquid(j2πf)

+ (L− x)
∑
i

ci,fillerV
2
i,filler(j2πf))

(1.8)

where: L is the length of a drop cross section approximated as a square over the

activated electrode, i represents a dielectric layer either the liquid, or the filler fluid,

and j the imaginary unit. At low frequencies, the thermodynamic model from the

Young-Lippmann equation becomes more dominant. Because of its wide versatility,
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EWOD has been the actuation method most explored from both a theoretical and

experimental standpoint.

Though EWOD is highly developed and well understood there are limitations to

the method. The most common limitation is due to material characteristics. Surface

defects and variations in fabrication result in different voltage offsets being required

to move drops. This occurs because surface defects cause local pinning of the drop,

changing the shape of the contact line. Ultimately these surface defects cause vari-

ations in dispensed droplet volumes and actuation efficiency.50 An effort has been

made to overcome this limitation by using real time feedback control where capac-

itance sensing can be used to offset applied voltages in real time to obtain higher

droplet uniformity.51,52 However, work into making droplet production more uniform

in a more simple manner continues to the present day.

An additional problem, especially in the analysis of biological samples, is biofoul-

ing, which occurs when proteins adsorb onto the surface of the electrowetting device.

Proteins in solution on the surface of an electrowetting device may bind to the surface

because of charge interactions during electrowetting voltage application or because of

hydrophobic interactions.53 Because electrowetting is dependent on a change in con-

tact angle for the driving force, adsorbed proteins are detrimental to drop mobility.

Conformational changes in the adsorbed proteins can result in the hydrophilic amino

acids being pointed towards the mobile drop while hydrophobic amino acids point

towards the surface. Thus, the increase in surface hydrophilicity reduces the amount

of driving force applied to drops at a given voltage. This effect is experimentally seen

as variations in dispensed volume for a given applied voltage. Though adsorption can

be reduced by careful selection of buffers and voltage conditions, adsorption remains
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an integral problem in the development of DMF systems centred around EWOD.

There have been several methods used to actively combat biofouling beyond se-

lection of voltages and solutions. The most common method to avoid biofouling is

immersion in oil. As electrowetting on dielectric requires both conductive and non-

conductive liquids to create the elecrowetting phenomenon, oil can be used in place

of air as the filler fluid.48,54 Oil prevents the adsorption of proteins from the physio-

logical fluids onto the surface and also prevents the evaporation of aqueous solution

under heating.55 As an example, DNA amplification by polymerase chain reactions

(PCR) utilizes multiple heating cycles, that would otherwise cause the small drops to

evaporate if it were not for the oil overlayer.56 However, the dispensing of droplets in

oil filled systems is less reproducible as the entire droplet production process occurs

within a shorter region than in air, limiting the ability to control where splitting oc-

curs.51 Superhydrophobic surfaces have also been proposed to reduce the adsorption

of proteins and the reduction of adsorption has been experimentally verified.57 How-

ever, this method is largely incompatible with electrowetting devices because the air

pockets necessary to reduce the fraction of surface in contact with the drop are de-

stroyed by the electrowetting process resulting in irreversible wetting.58,59 However, to

date the most effective method of reducing adsorption has been the use of surfactant

or more specifically pluronics, a type of triblock co-polymer.60 This method likely

works by forming a layer at the air-water interface which also reduces the ability of

proteins to interact with the surface, though the exact mechanism is still uncertain.

The inability of EWOD systems to work for biological analytes without some mea-

sure of adaptation, either in the form of oil or additives has driven the exploration

of alternative methods of droplet actuation. While several alternatives to EWOD
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exist, such as thermocapillary37, light20,61 and magnetic actuation27 which use heat,

light and magnetism, respectively to move drops, these methods are often limited

only to translation or are unable to provide precise control over fluid manipulation.

However, the limited control over liquids compared to EWOD has not stopped ex-

ploration of these additional types of actuation. Out of these alternative methods,

magnetic actuation, in various incarnations, is starting to emerge as a viable alterna-

tive to EWOD-based actuation having achieved almost all possible droplet operations

and being able to be produced simply without the use of microelectronic fabrication

technologies.

1.2.1.3 Magnetic Actuation

Magnetic actuation has a significant advantage over EWOD in that it is uses an indi-

rect force and that magnetically susceptible materials are not required to dissolve in a

transported drop as pluronics are in EWOD. There are several types of magnetically

actuated digital microfluidics, the two most common are magnetic particle based and

magnetic liquid marbles and some more minor methods including substrate manipula-

tion and paramagnetic salt actuation.27 Magnetic particle actuation has received the

most attention as actuation is conducted using superparamagnetic particles (PMPs),

a well-established sorbent material in biological assays. Therefore, this specific form

of magnetic actuation has the advantage of using a firmly established, commercially

available analytical material to provide both the actuating force and potential surface

chemistry to carry out a range of analytical operations. Additionally, the paramag-

netic particles can work as a handle for drops without modification.
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A majority of the work of magnetic actuation has been conducted on Teflon sur-

faces and a 2009 study by Long et al. explored many of the fundamental forces that

work on drops on hydrophobic surfaces.62 Aside from capillary forces, the driving

force of magnetic actuation is magnetic force which is described by equation 1.9.

Fm =

(
M

ρ

)
χ
Bm

ε0
∇Bm (1.9)

Where M is the mass of the magnetic material, ρ its density, χ the magnetic suscepti-

bility, ε0 the permittivity of free space and Bm the magnetic field. Fm is applied over

the volume of magnetic material. Two other main forces were found to act, capillary

forces or surface tension, and friction. Capillary forces, or surface tension, places an

upper limit on the amount of magnetic force that can be applied to the boundary of

a drop for a given volume according to equation 1.10,

Fi = g
1
3 · π

2
3 · γ ·

(
M

ρ

) 1
3

(1.10)

where: Fi is the value at which the force on the surface from magnetism is equal to

the force from surface tension for a given length of surface.63 Thus, for any density,

mass (M) increases Fm directly, but only increases Fi by the 1/3rd power. Therefore,

for small amounts of paramagnetic particles, the interfacial tension dominates and

extraction of paramagnetic particles is impossible, but for larger a volume of particles

at the same magnetism, extraction becomes increasingly possible. The exact point at

which the two forces balance and extraction becomes possible depends on the specific

magnetically susceptible material and density of the mass of the material along with

the strength of the interfacial tension. This observation leads to the three main

regimes that occur in magnetic particle based transport: (1) steady transport, (2)

magnetic disengagement, and (3) particle extraction.

In the first case, the friction force is smaller than the capillary force and the
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magnetic force is intermediate between them. This means that the drop deforms, but

does not break under magnetic force, causing it to slide along the surface. In the

second case, the magnetic force is smaller than the capillary force and the friction

force. Thus, the magnet cannot apply sufficient force to overcome friction and the

paramagnetic particles disengage without breaking the surface tension. In the final

case, the capillary force is larger than the friction force meaning the drop can move,

but the magnetic force is larger than the capillary force meaning that the particles

exert too much pressure in a single area causing a second, smaller drop to form.

Because smaller drops have a larger Laplace pressure, the creation of a smaller drops

with extracted particles returns the extracted drop to the first regime.

One of the most important ramifications of the fundamental research into mag-

netic actuation is that hydrophobic surfaces, which have a very low friction force due

to a limited contact area, will make the magnetic disengagement regime much less

favourable. Additionally, on open surfaces, magnetic transport becomes the domi-

nant regime. This occurs because the fiction force is very small almost eliminating

the disengagement regime and makes the extraction regime unfavourable except at

high speeds or high magnetic force. Open systems limit one’s ability to actuate drops

in air filled devices. As a result, the majority of the early applications of magnetic

actuation employed oil to facilitate droplet actuation by reducing the interfacial ten-

sion, and physical barriers were used to facilitate magnetic particle extraction into a

separate droplet.63–67 Without additional assistance from chemical gradients or topo-

graphical changes, magnetic actuation cannot generate droplets as it relies on largely

thermodynamic processes.

Assisted magnetically actuated systems were initially explored in a PCR chip
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which used embedded electromagnets to move a patch of paramagnetic particles.68

The initial form of this chip worked in a single linear fashion, which operated under oil

and used well shaped structures to prevent individual drops from mixing while allow-

ing paramagnetic particles to pass. The paramagnetic particles passed from well to

well which contained successive wash or reagent drops. The silicone oil environment

prevented evaporation. An improvement on this type of actuation system resulted in

a more open design where pillars could be used in place of a full well structure to ac-

complish the same result.69 However, in both of these examples, only drop translation

and paramagnetic particle extraction were demonstrated.

Most recently, magnetic actuation has experienced a resurgence in the form of

magnetic “marbles.” Liquid marbles were first described in a letter to Nature in 2001

where lycopodium grains were used to coat a single drop of water with hydrophobic

material.70 Initial forays into applying liquid marbles to digital microfluidics were

conducted by Zhao et al. in 2009 in a study that demonstrated that paramagnetic

iron oxide could coat a single drop of water in a core-shell structure where the shell

was composed of the iron oxide particles.71 Zhao demonstrated that drops encased in

paramagnetic substances can bounce on solid surfaces and that the magnetic coating

does not prohibit the drops from merging. Additionally, drops could be displaced

from one surface to another vertically, even against the force of gravity. Magnetic

marbles cannot only be used with aqueous solutions but also with ionic liquids.72

When used with ionic liquids, low surface energy particles can be coated on a drop

and magnetic particles suspended within. Under the influence of magnetic force, the

magnetic particles can press against the outer layer and provide the motive force for

the system. The ability to use non-aqueous solutions lends a greater versatility to the
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applicability of magnetic marble systems.

When used in digital microfluidics, liquid marbles can act as both reactors and

sensors. Because the layer is impermeable to liquid, but permeable to gas, liquid

marbles can act as gas sensors. As an example, the gas permeability of the magnetic

liquid marble was confirmed in an experiment involving a water and phenolphthalein

solution encased with hydrophobic particles. The liquid marble was placed in an

environment with NH3 and the indicator changed colour. The NH3 penetrated the

hydrophobic layer to dissolve within the aqueous solution increasing the pH. Over

the course of several hours the drop also lost colour indicating that the permeability

is two-way.73 Liquid marbles have also been used for optical and electrochemical

detection of analytes where the drop concentration can be controlled with dilution

and controlled evaporation.74 Magnetic marbles can thus not only actuate drops but

also perform analytical measurements of the constrained analytes even through a

liquid impermeable surface. However, given that the magnetic particles must cover

the entirety of the drop, alternative methods are desirable to avoid a full encapsulation

of the liquid with another material to simplify merging, mixing, and measuring of the

drops.

The most recent development in the liquid marbles for digital microfluidics has

been the application of liquid marbles on a liquid-liquid interface. Floating liquid

marbles are drops coated with hydrophobic materials that float on a similar (aque-

ous in current examples) phase. Floating liquid marbles are advantageous for cell

culturing, where the larger body of solution can help maintain a humid environ-

ment, and through humidity control also maintain constant drop volume over long

periods of time. Additionally, the magnetic marbles can be made to spontaneously
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move if the interior of the drop contains a secondary solvent such as ethanol due to

the surface tension differences between the interior of the marble and the exterior;

this effect has been demonstrated to create reproducible motion within specially de-

signed enclosures.75 However, for more controlled movement of the drop, hydrophilic

silica-encased magnetic particles can also function as a “handle” to move the drop.76

Translation over the surface via external forces also causes pronounced mixing sim-

plifying mixing operations.77 Therefore, this type of system has the advantage of

reducing the amount of magnetic material compared to actuation on surfaces, as the

drop slides more easily over the liquid than a solid surface. However, research into

liquid marbles, to date, have not yet demonstrated any way to reproducibly create

sub-drops from the liquid marble and the solid barrier created by the particles used to

make the marble prevents simple measurements of drops. These two issues present a

fundamental flaw in the liquid marble method which limits its usefulness in designing

and conducting analytical devices.

1.2.2 Droplet Generation Methods

Of the four droplet operations: (1) dispensing, (2) transport, (3) merging, and (4)

cutting, cutting and dispensing, require the most energy input to perturb the system

to carry out the operation. Dispensing, is creating a smaller drop from a much

larger drop which construes a reservoir, while splitting is dividing a drop roughly

in half. The division between the two is a function of chip features more than any

differences in mechanism. Cutting drops requires a perturbation beyond that required

for translation. On the other hand, transport and merging occur spontaneously on

hydrophobic surfaces for any perturbation from an equilibrium state. As all these



1.2. DIGITAL MICROFLUIDICS 20

operations are energy minimizing operations. As the amount of surface area of a

given volume increases, the favourability of droplet generation increases as the system

is placed under increasing tension. There are two broad categories used to create

droplets, electronic and physical. Electronic methods utilize electrodes or MEMS

technologies to split drops while physical methods utilize surface properties to create

drops.

The difficulty of perturbing microfluidic systems can be probed by several ad-

ditional dimensionless numbers.78,79 First, the flow within drops is almost always

laminar. This can be seen by calculating the Reynold’s number, Re according to

equation 1.11,

Re =
ρvL

µ
(1.11)

Where µ is the dynamic viscosity, v the fluid velocity, ρ the density, and L the

characteristic length scale of the system. Flow in microfluidic systems typically occurs

at very low numbers, a Re with a magnitude of approximately 100 indicates that flow

in digital microfluidics, whether mixing or splitting drops is laminar(Re < 2000) and

that viscous forces dominate. Because of the small length scales in microfluidics (<1

mm), changes in the Reynold’s numbers are largely inconsequential. Additionally,

it can be found that for most Newtonian fluids, including many aqueous solutions,

the viscous forces are much less than the surface tension forces and can be neglected.

This is done by looking at the Ohnesorge number equation 1.12.

Oh =
µ√
ρlγ

(1.12)

The Ohnesorge number explains the ratio of the viscous forces to the inertial forces

of a drop. A Ohnescorge number of 0.03 or greater indicates a system where viscous

forces dominate.80 Due to the low dynamic viscosity of water (1.002 mPa·s81) though
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more viscous liquids like ionic liquids or non-Newtonian fluids like blood may exceed

this number. Likewise, as discussed earlier, gravity can also be neglected due to a

comparison of the Bond number (equation 1.4 on page 7) at microfluidic length scales

of <1 mm where surface tension plays a dominant role in drop shape over gravitational

deformation. Finally, inertial forces, at reasonable velocities at the microfluidic length

scales are also insignificant. This can be probed by the Weber number (We) which is

shown in equation 1.13.

We =
ρv2l

γ
(1.13)

For a Weber number larger than 1.1, inertial forces play a more significant role in

droplet shape and physics.82 Therefore, since gravity, viscous forces, and inertia are

all negligible relative to surface tension at typical length scales (<1 mm) and speeds

(<1 ms-1), droplet generation needs to use surface tension as the driving force for

cutting and dispensing drops.

The goal for all methods of droplet dispensing is the minimization of both random

and systematic error. This is indicated by a high degree of linearity over working

volumes, where the dispensed and the expected volume are equal with a correlation

of greater than 99%. Additionally, the coefficient of variation, given in equation 1.14,

should be equal to or less than 10%, though 5% or lower is preferred if possible.83

CV = 100%× σ/x̄ (1.14)

Where σ is the standard deviation of multiple dispensing operations at a given volume,

and is the mean dispensed volume. It is only when these two criteria are met that

a given method of droplet dispensing can be reliably used in analytical microfluidic

operations.
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1.2.2.1 Electronic Methods

Electronic methods have been the most successful method to generate drops on hy-

drophobic surfaces for use in digital microfluidics. There are several types of electronic

methods, the most common is electrowetting based splitting, followed by thermocap-

illary, surface acoustic waves, and more recently dielectrophoresis based splitting.

Electrowetting based splitting was first demonstrated in 2002 by Pollack, Shen-

derov, and Fair in a silicone oil environment.84 However, while silicone oil helps reduce

the forces needed to create drops by reducing the interfacial tension from 72 to 35

mN·m-1, it also poses a disadvantage as samples become more difficult to extract

after the completion of an operation and it is preferable to avoid silicone oil encap-

sulation where possible.85 Further work by Cho, Moon, and Kim accomplished in-air

droplet splitting in 2003 laying the groundwork for all successive work in EWOD

driven systems.47

EWOD droplet splitting requires the use of a top plate. The top place is necessary

to increase the surface area of a drop and to increase the overall tension on the drop.

The release of tension in transitioning from a more perturbed state to a less perturbed

state provides the driving force behind droplet creation where the two end drops have

less surface area, and thus less tension, than the single drop. This is depicted in

Figure 1.2 on the next page in a top down view of a generic EWOD chip, not including

the top plate.

The mechanism of electrowetting driven splitting was more completely explored

by Jean Berthier who used the Surface Evolver program to compute optimal surface

energies with various geometries, and many of the physical phenomena also apply to

alternative methods of splitting. Using Evolver, Berthier confirmed that the splitting
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Figure 1.2: The general principle of close-plate electrowetting-based
droplet splitting with three square electrodes which turn all turn on to
elongate a drop by changing the liquid affinity for a surface and then the
centre one turns off to make two drops by restoring the hydrophobicity of
the centre region

process observed by Cho et al. in EWOD driven splitting has three general steps:

(1) elongation, (2) back pumping, and (3) separation.86 In elongation, the activation

of multiple adjacent electrodes causes the drop to spread out over the electrodes

as the affinity for the solid increases (middle of Figure 1.2). This is followed by

pinching where the middle electrode is turned off and the surface loses its imparted

hydrophilicity. The surface tension of the liquid surface on both sides pull at the

liquid over the hydrophobic inactivated electrode causing back-pumping which, if the

plate gap is small enough, results in two drops being formed.

The energy increase caused by the presence of the top plate and the resulting drop

deformation can be calculated. The total surface energy of a drop can be found by

equation 1.15.

E = γLGSLG + γSLSSL (1.15)



1.2. DIGITAL MICROFLUIDICS 24

Where E is the total energy, γ is the surface tension and S is the surface area and the

subscripts S, L or G represent the phases in the system. The energy input required

to divide a spherical drop into two daughter droplets can also be calculated from the

change in surface area by equation 1.16.87

∆E

E
= 1− 2

1
3 = 0.206 (1.16)

Placing the same drop between two parallel plates would increase the surface area

of the initial drop. The change that this creates can be found for a drop with radius

R placed between two plates separated by distance δ in equation 1.17.

∆E

E
=

√
2− 1

2 + 2
γRSL
γδLG

(1.17)

This equation has the upper bound of a spherical drop where δE/E = 0.206. There-

fore it can be seen that for any distance δ the total energy input required to create

a drop decreases as the deviation from a spherical drop increases.87 Thus, it is effec-

tively impossible to create drops in open systems with high surface tension liquids

(i.e. water) because the change in contact angle is insufficient to create the needed

energy input for droplet creation.

An additional limitation in droplet creation is that even in closed systems capillary

forces alone are not sufficient to create a new drop. The reason this occurs stems from

the fact that the drop takes on a stable conformation with equal pressure throughout

the drop.87 In electrowetting devices, one of the drops is moved away, decreasing the

pressure at the pinched region until a new drop is formed. The droplet creation process

requires the input of energy after the neck formation. For this reason, the formation of

a neck and the subsequent pressure drop that occurs until the neck breaks is the focus

of many attempts to improve the accuracy of droplet generation in EWOD devices.
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Some of these attempts, for example, use of smaller electrodes or electrodes shaped to

encourage pinching to improve the accuracy of droplet generation.88,89 While others

try to use physical methods to influence drop geometry by influencing the shape of

the region between the two drops.90,91

In open systems, dielectrophoresis, thermocapillary, and surface acoustic wave

(SAW) actuation methods, are advantageous over traditional EWOD in that these two

methods have been demonstrated to be able to cut drops. Dielectrophoresis is the best

example of this and has been recently used to create drops in an open environment.19

This is possible because dielectrophoresis can cause complete wetting (contact angle of

<1°) of a surface with non-conductive liquids. As a result more “splitting energy” can

be input than traditional electrowetting systems. Additionally, conductive liquids,

such as water can also act as a dielectric at higher switching frequencies and can

similarly be actuated. While this mode of droplet generation is still in its infancy

and has not yet been fully characterized, it has the potential of working with larger

volumes of liquids on open surfaces which are advantageous in sample preparatory

steps. Similarly thermocapillary devices have been demonstrated to split drops of

non-volatile fluids which have relatively low surface tension and this phenomenon

was explored early in the development of digital microfluidics. Ultimately though,

the limitations of working solvents, especially with regards to water, minimized the

practicality of the method in biological assays.23,37,38,92,93

The final mode of electronic droplet generation is SAW based actuation which

are another emerging alternative to electrowetting devices. SAW devices are based

upon microelecomechanical technologies where small input interdigitated transducers

are used to convert electrical impulses into acoustic waves. Varying the position for
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the transducers and the acoustic amplitude has been demonstrated to accomplish

reproducible splitting of drops.94 However, combining multiple droplets on a single

chip to perform an analytical or synthetic method remains a future goal of the method.

1.2.2.2 Physical Methods

Physical methods are methods that rely directly on surface properties to generate

a drop without additional input from electric potential, heating, or electric induced

vibrations. This type of design is of interest because of the simplicity of device manu-

facture. While EWOD devices are versatile, they require microelectronic fabrication

methods to accomplish their full potential. Additionally, they require extensive ex-

ternal support in terms of power supplies and wiring. Though some progress has been

made in expanding the availability of electrowetting using hand cut copper and saran

wrap, or laser printers and commercial PCB boards,95,96 electrowetting continues to

have a high barrier of entry. Manual methods, such as magnetic actuation, are at-

tractive because a large majority of published work in manual methods do not require

extensive microelectronic fabrication, reducing the barrier of entry to the DMF field.

There are two general methods to create drops within the subset of physical meth-

ods of droplet generation, impact and surface properties. Though some of these meth-

ods can be used with electrical devices, electricity is not integral to their operation.

The simplest method of creating drops is by using impact. Superhydrophobic

coatings can deform a drop by application of pressure. Creating drops by causing

excessive droplet deformation has interested researchers because it has the possibility

of creating drops without producing subdrops that arise from the instability of the
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splitting process. A publication in 2012 in PLOS One, trapped a drop on a superhy-

drophobic surface between two wire loops. A blade was coated with superhydrophobic

material and the blade was then used to cut the trapped drop based on the position

of the knife.90 The most important observation in this study was that the Weber

number was small (around 1 × 10-5) which indicates that the drop split without the

influence of inertia, limiting the amount of subdrop formation. This type of operation

is also one of the only viable ways that liquid marbles, though only aqueous liquid

marbles, can be split without disrupting the hydrophobic coating that insulates them

from the environment.97

The process of using impact can also be extended towards gravity actuated sys-

tems. In a 2011 study, a superhydrophobic surface with a drop guiding “track”, was

used to split a moving drop into two subdrops.28 This proof of the concept was done

by placing a superhydrophobic knife in the track so that the impact of the drop would

cause droplet deformation and splitting. However, as can be imagined, the process

of droplet splitting with impact based methods is unreproducible, i.e. coefficient of

variation >10%.

The concept of utilizing surface energy differences is best shown by the impact of

a drop on a pattered hydrophilic/super-hydrophobic surface. It is possible to create

reproducible drop volumes from a falling drop if the impacted surface has been pat-

terned with superhydrophobic stripes. The high inertial energy of the falling drop

will deform the drop equally in all directions and the drop will separate along the

superhydrophobic line.98 The drop volumes obtained from this are surprisingly re-

producible, even though the Weber number is up to 40, and always larger than the



1.2. DIGITAL MICROFLUIDICS 28

critical Weber number of 1.1 because hydrophillic portions pull liquid away from hy-

drophobic portions and pinching is observed over superhydrophobic areas. This is

also exemplified in a complementary study by the same authors where it is demon-

strated that when a drop impacts a surface which is half superhydrophobic and half

hydrophilic, the drop will always be pulled towards the hydrophilic side.99 Thus, the

principle of pinching, or pushing liquid away can be used to reproducibly dispense

drops for digital microfluidics.

The use of heterogeneous surfaces for patterning of liquids was first utilized in dip

coating where a flat substrate with a heterogeneous surface could be removed from

an immersion in liquid causing a liquid pattern to arise due to surface heterogene-

ity.100–102 However, more as it relates to digital microfluidics, one of the first uses of

differing surface energies for creating a smaller drop from a larger drop was used in

a paper-based microfluidic device. In 2007, Balu, Breedveld, and Hess demonstrated

that paper could be made superhydrophobic and subsequently treated to create hy-

drophilic regions.103 The hydrophilic treatment of superhydrophobic paper was found

to be suitable to create patterns of drops with reproducible volume, and in 2009,

it was demonstrated that these drops could be used to transfer, store, and move

fluids. Additionally. When a drop was stored between two patches on a top and bot-

tom plate, the top plate could extract a reproducible amount of liquid and that the

amount of liquid was linear up to the highest volumes tested at 40 µL.104 The amount

of volume dispensed depends on the differences in hydrophilicity between the patches

of hydrophilic areas and the remaining hydrophobic areas. Areas with decreasing hy-

drophilicity dispense less liquid which is thought to arise from varying amounts surface

rearrangement depending on the affinity of the substrate for the liquid.105 Breedveld
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coupled a surface energy trap dispensing method with a wax-stamping method of

quickly producing reproducible spots on superhydrophobic paper to demonstrate a

glucose analysis method.106

Breedveld’s method for creating drops, while closer to the ideal of reproducibly

creating mobile subdrops from a larger drop in that it can create drops reproducibly,

still requires stationary drops, two surfaces and vertical height changes, limiting its

applicability for rolling drops. More recently, surface energy traps (SETs) or virtual

microwells, have become popular as a method for passively dispensing drops based on

surface heterogeneity. This type of droplet generation technique was first developed

as an addition to electrowetting before being applied to magnetic actuation. In its

original incarnation, a hydrophilic pad was added on top of a bottom plate in an

EWOD system.107 The hydrophilic pad was composed of proteins which adsorbed onto

the surface. However, because the hydrophilic pad is formed by an equilibrium arising

from hydrophobic interactions, the pad was unstable over longer periods of time and

dispensed liquids without high accuracy. As a result, the method was developed and

refined to instead use a Teflon-AF liftoff procedure.108 In this incarnation, the passive

virtual microwell was able to dispense drops with a CV between 0.7 and 13.7% and

with volumes up to 800 nL. The same study also showed that passive dispensing

was viscosity independent, unlike active dispensing with EWOD, which has varying

CVs from <5% at low viscosity to 30% CV at higher viscosities. These data indicate

that passive methods of dispensing are an acceptable alternative to EWOD in some

circumstances.

Passive dispensing has had the greatest impact in magnetic actuation based sys-

tems where virtual wells are instead called surface energy traps. The ability to create
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drops of reproducible volume is a trait only shared with EWOD, thus making mag-

netic actuation a frontrunner in the search for viable alternatives to electrowetting.

First demonstrated in 2013, photolithography was used to pattern hydrophilic patches

by selectively etching away a Teflon layer. Drops of up to 0.4 µL were then patterned

with circular energy traps up to 1 mm in diameter from an original drop with a vol-

ume of 10 µL.109 This method also demonstrated a low CV of 3% which is comparable

to or less than the CV associated with a pipette at the same volumes.110 These sys-

tems require a larger amount of paramagnetic particles than a similar system without

SETs. The SETs create a pinning force111,112 and the additional volume of paramag-

netic particles is required to provide more force for a given amount of magnetic flux.

In a system with surface energy traps, three outcomes exist when trying to move a

drop away from a SET based on the number of paramagnetic particles in a drop: (1)

small amounts of paramagnetic particles result in the trapping of the drop irreversibly

as the paramagnetic particles cannot overcome the pinning force, (2) larger amounts

of magnetic beads can extract of the paramagnetic particles if the pinning force of

the drop is too great, and (3) even more paramagnetic particles can dispense drops

onto the SET and move the parent drop away from the SET if the pinning force of

the drop is small relative to the size of the drop and the force applied by the parti-

cles. The minimum amount of particles required for the third regime depends on the

surface friction and parent drop volume. For Teflon-AF this amount was calculated

to be to be around 40 to 50 µg for parent drops of up to 80 µL.109 SETs can also

be combined to create multiple operations. For example, serial dilution is possible

where multiple aliquots of different volumes can be dispensed and then diluted with a

known volume.113 Surface energy traps have also been applied more widely including
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a gravity based example which tested kinematics and a platform which demonstrated

that SETs could also be generated using laser micromachining.114,115

To date, surface energy traps represent the most accurate way to create drops

on hydrophobic surfaces, surpassing even electrowetting in accuracy. In magnetic

microfluidics, they are exceedingly better than the only other alterative, bringing two

magnets under a single drop with paramagnetic particles on an open surface and

pulling the two magnets apart to cut the drop into halves, resulting in uncontrolable

droplet generation.116 However, they have one primary disadvantage, drop movement

from the SETs after splitting is not currently possible. Drop immobility remains the

fundamental issue which must be overcome by any serious contender to EWOD as a

digital microfluidic actuation method.

1.3 Device Fabrication Methods

Many of the constraints of microfluidics are driven by fabrication considerations.

Given that the goal of microfluidics is often to miniaturize common analytical and bio-

analytical applications to make these methods, more accessible, and more economical,

both ease of production and the cost of production are important considerations.

Focus on increasing fabrication simplicity can be seen in the adoption of hot embossing

in newer channel based systems over the initial microelectronic fabrication methods

used in the very first examples of microfluidic devices. Even more recently, 3D printing

has shown applicability in a wide range of microfluidic applications as the price of

rapid prototyping technologies has decreased.
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1.3.1 Traditional Fabrication Methods

Traditional methods of developing microfluidic devices started with microelectronic

fabrication methods in silicon or glass. These methods include wet chemical etching,

photolithography, deep reactive ion etching, and laser ablation.

Silicon was the first substrate material employed as micromachining methods for

silicon have been accurate to submicron levels for many decades.117 It is possible to

etch silicon both isotopically and anisotropically along grain boundaries. The abil-

ity to control etching allows for the creation of highly defined channels. Indeed, for

this reason the first microfluidic device, the Stanford gas chromatograph utilized a

silica mask with KOH etching on a silicon wafer.2 Glass also shares many similar

characteristics for directed etching and is also well characterized.118 Additionally, al-

ternative methods such as deep-reactive ion etching, and laser ablation can create

high aspect ratio microfluidic channels, with deep-reactive ion etching achieving the

highest ratios.119,120 However, silicon micromachining, even with some advances in

affordability like SU-8 photoresist,121 is relatively expensive. Additionally, it is dif-

ficult to create enclosed structures, such as channels, as subtractive methods cannot

drill a well of indefinite depth and joining silicon or glass plates is difficult and re-

quires high temperatures or pressures in addition to providing a substantial barrier

to popular analysis methods such as fluorescence or UV-Vis due to the opaque na-

ture of the material. These limitations affect the ability to silicon to be a ubiquitous

substrate for microfluidics. Nonetheless, the accuracy and sophistication of microelec-

tronic fabrication technologies continue to be used especially where high resolution is

required.122,123
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Since the 90s, plastics and polymers have been increasingly used in microfluidic de-

vices due to lower cost and simplified manufacturing. Polydimethylsiloxane (PDMS)

has become the material of choice for many microfluidic applications. PDMS is easy

to mold and can be easily bonded temporarily or permanently with plasma treatment

to create robust channels.124 Masters, which are surfaces with raised areas used to

define the channel geometry, can be created using photolithography on silicon plates

and negative photoresist.125 Pre-polymer can be cast/cured around the master to

create channels. The polymer is then peeled from the master and the master can

be reused multiple times to reduce the cost of fabricating multiple devices with the

same channel geometry. The simplicity of the fabrication method and the porosity

of PDMS towards oxygen for use in cell culturing,126 has led to the proliferation of

PDMS as the material of choice for many channel based microfluidic devices.

Thermoplastics, plastics which deform under temperature, can be used as an al-

ternative to PDMS, especially if hot embossing is used. Hot embossing, like PDMS

casting, uses a master, which can also be made out of silicon though other robust

materials such as nickel can be used.127 Unlike PDMS casting, this master is not

surrounded by liquid pre-polymer but is instead heated and then pressed into a ther-

moplastic with a large amount of force (20-30 kN) in order to make the final channel

geometry. The device is then completed by thermally bonding a top layer to the

finished channels. High aspect ratio features of up to 50:1, height:width can be pro-

duced using this method and the method is applicable towards making multiple chips

of the same design.127,128

However, while hot embossing can be used for channel-based microfluidics, dig-

ital microfluidics, in the form of EWOD, is incompatible with polymer fabrication
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methods as EWOD requires electrical contacts for each electrode to create an elec-

trowetting effect. Thus, the most common method is to make circuitry on a metal

coated silicon or glass surface using photolithography.40 However, this method has

high cost, running up to $31 per cm2.129 Some work has been done to reduce the cost

using multi-layer PCBs.130 However, PCBs still require extensive post-processing to

be compatible with EWOD. Furthermore, building multi-layer PCBs can also be cost

prohibitive for rapid prototyping as multiple microfabrication steps are required to

achieve the same performance as single layer substrates prepared by photolithography.

Additionally, large trenches formed in the PCB development process have obstructed

droplet movement limiting the general applicability of the method in EWOD de-

vices. Additional fabrication methods such as microcontact printing have also been

attempted,131 but these methods have failed to reach the accuracy of photolitho-

graphic methods which have created the most reliable devices.

1.3.2 3D Printing

One of the fastest growing areas of research in microfluidics is the utility of 3D print-

ing for scientific purposes. The proliferation of 3D printing has been aided by the

expiration of multiple patents on different types of 3D printing since 2009. These ex-

pired patents include methods for Fused Deposition Modelling (FDM),132,133 or other-

wise known by its generic title Fused Filament Fabrication (FFF), Stereolithography

(SLA)134 and most recently (January 2017) Selective Laser Sintering (SLS).135,136

The expiration of patents has allowed the development of competitive systems for 3D

printing and the entry cost to using 3D printing has reduced since the beginning of the

millennium by a factor of 10 times from $10,000 for a Stratasys FDM printer to under
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$1,000 USD for a generic FFF printer. Thus, while not as accurate as photolithogra-

phy or more recent 3D printing developments such as multi-photon polymerization137,

these 3D printing technologies have been the focus on many studies in the past 10

years.

3D printing has the potential to overtake PDMS molding in channel based mi-

crofluidics as PDMS has been shown to have problems with porosity and analyte par-

titioning in addition to difficulties with commercialization.138 In contrast, 3D printing

creates solid objects and originated as a commercial rapid prototyping technology. 3D

printing is well established for producing small runs of functional parts and therefore

has an advantage over other fabrication methods for potential commercialization of

any associated microfluidic technologies.139

The main disadvantage with 3D printing is resolution. A recent study compared

the microfluidic performance of FFF, SLS, and polyjet printing, a sort of multiplexed

extrusion system with UV curable material that obtains higher resolution by filling

in all voids with water soluble material that is not cured under UV.140 The surface

roughness of FFF was found to have a root mean square roughness of approximately

10 µm using optical profilometry; polyjet was found to be 1 µm; and SLA was found to

be 0.4 µm. The root mean square of surface roughness represents the average deviation

expected accross a surface from a mean value. This value ultimately indicates that

FFF results in the least consistent surface of the common types of 3D printers while

SLA has the most consistancy in surfae quality. Additionally, the smallest feature

size (the smallest additional surface area which can be printed on top of the previous

later) that could be reliably printed were 350 µm, 250 µm, and 10 µm respectively.

Thus, though FFF is the cheapest and most common form of 3D printing, for channel
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based microfluidics, the high surface roughness of FFF renders it only suitable for

cases where mixing is wanted or is not an issue. One advantage of FFF is the wide

selection of printing materials compared to alternative methods and the most common

material, polylactic acid, has been demonstrated to be biocompatible which is an

attractive feature in a microfluidic device.141

As an emerging manufacturing method, 3D printing faces challenges of application

where high resolution comes with high cost, and the method applicable to the largest

range of materials is largely incompatible with the small feature sizes required in

microfluidics. Nonetheless, the possibilities of rapid prototyping and the decreasing

cost of all types of 3D printing may one day lead to 3D printing being the predominant

method of designing microfluidic chips. Taking into account the limitations of the

system it may be possible to extend 3D printing into the digital microfluidic space

where traditional methods are centred on printed circuit boards or photolithographic

fabrication technologies.

1.4 Motivation and Objectives

The central theme of this project is to develop a method to expand the ability of

magnetic actuation to directly compete with electrowetting as a general actuation

method. My project stemmed from research previously conducted by the Oleschuk

group.142 The project is divided into three sections: (1) the development of a mag-

netically actuated method capable of splitting drops on superhydrophpbic surfaces

with the aid of surface topology, (2) applying the splitting to demonstrate the accu-

racy of the method and potential analytical applications, and finally (3) proposing

a design that can function for generalized actuation to create reconfigurable digital
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microfluidic chips. The first will be accomplished using computer simulations to ex-

plore some of the mechanisms that control the ability to split drops and experimental

determination of the relationship of dispensed volume to theoretical volume along

with characterization of the method’s precision. The second will be accomplished

by performing a titration with the method, and the third objective will be done by

proposing a platform capable of performing any combination of droplet operations

and experimentally verifying some of the limiting parameters. All three of these will

be done using 3D printing, and this project will capitalize on the weaknesses of FFF

manufacturing to provide a method that can be rapidly prototyped even under the

restrictive manufacturing constraints of the feature size of FFF.

Magnetically actuated digital microfluidics have the potential to become an im-

portant part of the digital microfluidic space as an alternative actuation method to

electrowetting. However, this potential is limited because dispensing mobile droplets

has been, to date, impossible. This project seeks to rectify this limitation to enable

magnetic actuation to fully compete with EWOD in the design of reconfigurable dig-

ital microfluidic chips. Here, the first method that can create independently movable

drops with volumes of 5 to 50 µL from a 100 µL reservoir drop on a microfluidic

chip is explained and this project demonstrates that reproducible splitting at the mi-

crolitre scale on chip is possible. The mechanism is explored with CFD simulations

and experimental results are collected to validate the simulations.

Following the validation of the method, the method will be first applied to an

analytical application. A titration was chosen for its requirement of high accuracy

and varying volumes. A complexometric titration for the determination of hard water

is conducted both in large scale and on chip with Kingston tap water. The validity
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of both results is compared with official published data and further an image-based

analysis is proposed which can accurately determine the concentration of calcium

from five different ratios of titrant and analyte.

Finally, a generalized actuation chip is designed which uses a pillar structure to

confine the drops and increase the deformation of the drops from an equilibrium state.

The pillars allow for x and y translation and provide enough force to promote the

splitting mechanism explored in the first part.
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Chapter 2

Materials and Methods

2.1 Summary

Droplet dispensing has been a fundamental barrier for magnetically actuated systems.

Surface energy traps have demonstrated that droplet generation with magnetically

driven systems is possible however the drops cannot be subsequently moved away from

the trap. This thesis elucidates a method that can both create and manipulate drops

that can subsequently be actuated. In this chapter a magnetically actuated platform

that mimics the droplet operations of EWOD to both develop a titration chip and

a general magnetically driven droplet based microfluidic platform is discussed. The

experimental methods can be divided into three sections. The first involves chip

fabrication on the 3D printer. The second involves the paramagnetic particles used

to manipulate the drops. And the final section involves the preparation of the sample.

The 3D printed chips were printed using 1.75 mm polylactic acid filament ob-

tained from filaments.ca 3D Printer Filaments Canada (Toronto, Ontario). The 1.75

mm filament is melted and extruded through the 3D printer to build up successive
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layers of thermoplastic in the 3D printing process. 1 and 5 µm silica coated super-

paramagnetic beads were obtained from Bioclone Inc. (San Diego, CA). To prepare

the chips, a commercially available super-hydrophobic coating was obtained from Haz-

masters Inc. (Ottawa, ON). The coating, Ultra-Every Dry (Ultratech International

Inc. Jacksonville, Florida) is a two-part coating applied by aerosol. The first step

applies an adhesive layer composed of a proprietary polymer dissolved in a mixture

of xylene, naptha, hexane, methylethyl ketone, and toluene with 9% wt. polymer.

The base coat is diluted 1:2:2 with acetone and xylene prior to spraying to obtain a

more consistent layer. The top-coat is composed of fluorinated silica nanoparticles

suspended in acetone. The PLA 3D printed chips are only coated with the top-coat.

A cover slide is required for the 3D printed chips to act as a top plate. The slide was

produced by coating a standard microscope slide (76 mm × 25 mm, Fischer Scientific,

or 102 × 76 mm, Ted Pella Inc.) with both bottom and top coats. The total layer

thickness was under 100 µm for the microscope slides and immeasurably small for

the 3D printed devices as the nanoparticle application partially deforms the surface

during the embedding process.

For droplet manipulation, rare earth magnets (K&J Magnetics, Inc., PA) were

used (6.2 × 4.0 mm). The magnets had a magnetic strength of 1.8 kG as measured

with a gaussmeter from a distance of 1.0 mm (Model 410, LakeShore Cryotronics Inc.,

Westerville, OH). The paramagnetic beads are washed with water and extracted by

applying a magnet to the side of a microcentrifuge tube. Both the original and final

concentration are expected to be 40 mg / mL. Samples were prepared with doubly

deionized water.
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A fluorescence dilution measurement was used to determine the amount of dis-

pensed liquid. A stock solution with 2.31 × 10-5 M of Rhodamine 6G (Sigma Aldrich)

was prepared. Prior to use in the microfluidic chips, the stock solution was diluted

to 2.31 × 10-7 M to bring the maximum intensity of a dispensed drop within the

linear dynamic range of the USB 2000 Ocean Optics spectrophotometer (Halma Plc.,

Amersham, UK). The linearity of the system was experimentally confirmed to work

from 1 to 30 µL at this concentration of dye with a 50 ms integration time. A green,

554 nm diode laser was used to provide the excitation source. The laser was mounted

on a breadboard along with an Ocean Optics cuvette holder and collimating lens

obtained from Gamble Technologies Ltd. (Mississauga, ON). Dispensed drops were

diluted into 3.00 ± 0.09 mL of methanol (ACP Inc., Montréal, QC) for analysis with

the spectrophotometer. An external standard of 25.0 ± 0.8 µL of the fluorescent

sample, was similarly added to another cuvette after dilution in 3.00 ± 0.09 mL of

methanol. The external standard was used to correct for drift in excitation intensity

over time and emission peak heights were normalized to relative to the standard.

An EDTA titration was used to demonstrate the effectiveness of the method.

Ethylenediaminetetraacetic acid (EDTA) was obtained from Sigma. A 4.00 ± 0.04 ×

10-3 M stock solution of EDTA was prepared by weighing an appropriate amount of

tetrasodium EDTA on a microbalance. 2.50 ± 0.09 × 10-2 M of Borax was added to

create a buffered solution and the pH was adjusted to pH 10 by the dropwise addition

of 1.00 ± 0.01 M sodium hydroxide (Sigma). A sample of Kingston tap water was

obtained from the domestic water supply. Eriochrome black T (Sigma) was used

as the indicator. A lab sample of 400 ± 4 ppm calcium carbonate equivalent, the

standard measurement of water hardness, was prepared using 99% molar calcium
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chloride hexahydrate (Sigma) and 1% molar magnesium chloride. The EDTA stock

solution was diluted to 100 ± 3 ppm before use and approximately 20 ppm of indicator

added. Additional EDTA stock solution was also used to dilute the 20 ppm indicator

solution as required.

2.2 3D Printing and Chip Design

Chip design is an important aspect of microfluidics. Whether channel based or dig-

ital, how channels or electrodes are arranged will dramatically impact how a device

performs. It is especially important to consider the limitations of device fabrication.

Throughout this thesis, the primary fabrication method is 3D printing, an emerging

fabrication method for microfluidics. Specifically, the type used is that of fused fila-

ment fabrication (FFF) which is the most inexpensive 3D printing method. Because

the quality of the fabrication directly impacts flow, especially at the low fluid volumes

explored in this study, the limitations of the 3D printer had to first be characterized.

To test the limitations of the system, several chips were designed, each with suc-

cessively larger features. It was determined that the smallest print feature is a line

with 0.35 mm thickness. This thickness corresponds to the size of the nozzle diameter

of the extruder on the 3D printer (0.35 mm). However. While this might seem to

indicate that the smallest possible feature is a point with a radius of 0.35 mm, it was

found that the 3D printer would not print pillars this small. Instead, the smallest

pillar shape of consistent size was 1.4 mm in diameter, corresponding to four widths

of the 3D printed chip. This shape is printed with 3 rings of 0.35 mm width with one

point in the middle. However, a longer pillar with a width of 0.70 mm can also be

printed provided that the pillar is at least 3× as long as it is wide.
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The minimum negative feature size was also tested by printing a channel with 1.5

mm depth. The minimum width of the channel was found to be 0.75 mm. A printing

error of 0.35 mm arises because of the printing process where the extruder extrudes

along the edge of the border. On average this results in half of the extrusion on

one side of the border, and one half on the other leading to a 0.35 mm discrepancy.

Additionally, as the printed design becomes taller, there is an additional error in

the x-y plane that arises from the slight flow of the plastic as it cools. This flow

is increased as the hot nozzle that extrudes plastic passes nearby. For two objects

that are close together, higher feature sizes, such a 1 mm tall, can merge together

as the plastic flows together. To test this, a channel with a designed width of 0.50

and 0.60 mm and depth of 1.5 mm was printed (actual print sizes of 0.15 and 0.25

respectively). The 0.50 mm channel was unable to print as an open channel while the

0.60 mm print remained open. This indicates that the smallest printing size before

merging is an actual size of 0.20-0.40 mm depending on print optimization and feature

height. A test print with a designed channel width of 0.50 mm (an actual width of

0.15 mm) was found to be closed. As the plastic is liquid when extruded, the heat

of the printing head caused additional deformation on each side closing the channel.

The layer height printed by the printer was found to be able to vary between 0.10

and 0.30 mm. However, these observations are only applicable to layers above the

first layer, as the first layer while 3D printing has additional irregularities caused by

bed levelling, and extrusion options to increase print adherence.

All the observations during the test prints fall in line with both literature values140

and manufacturer specifications of the 3D printer used, a Felix 3.0 (FELIXPrinters,

IJsselstein, Netherlands) indicating that the system has been properly calibrated for
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best performance. Thus, the microfluidic designs used in this study are required to

have 0.35 mm as the smallest feature size in the horizontal plane and 0.10 mm in the

vertical plane.

The material used to print the chip is polylactic acid (PLA) which is a type of

polyester.143 While it is soluble in acetone,144,145 bulk quantities of PLA are impossible

to dissolve due to the large molecular weight. However, the swelling and softening of

the surface is important for the application of top-coat to create a superhydrophobic

coating. Ultra-Ever Dry suspends fluorinated nanoparticles in acetone and when

sprayed, the acetone that contacts 3D printed surfaces results in a softening and

swelling of the surface. The sprayed fluorinated nanoparticles can be embedded in

the swollen surface to create a superhydrophobic surface that can resist abrasion.

The surface was found to be resistant to short periods time (≈5 seconds) immersed

in an ultrasonic bath and was also found to be resistant to treatment with methanol,

a fluorophillic solvent. The resistance of the surface indicates that at least a portion

of the nanoparticles are embedded and that the white layer that forms is not merely

a coating of loosely held nanoparticles.

All printing designs were made in Solid Edge 9, a computer aided design program

which creates virtual solid objects by adding or subtracting volumes as defined by

the designer. The designs were exported in .stl (stereolithography) file format. This

file format stores 3D shapes as small triangular facets rather than lines and curves.

This minimizes the file size. The default accuracy in solid edge of 0.01 mm was used;

this accuracy level was sufficient as the size of the print nozzle is much larger than

the minimum facet size. This type of file can be interpreted by many common 3D

printers. A slicing program is used to generate general machine code which can be
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interpreted by the 3D printer to move a print head in the x, y, and z axes to create

an extrusion path that overlaps to create volumes. Thus, through a combination of

computer design and automated code generation, designs can be transformed into

actual objects with 3D printing.

The primary slicer used throughout is the open source Slic3r program. This

program enables minute control over the g-code generation process with options for

layer height, temperature, and move speed. The slicing was optimized for the best

print with slow move speeds (30 mm/s) on external perimeters and the smallest

possible layer heights (0.1 mm) to obtain the highest possible fidelity with respect

to the designed devices. Additionally, while the manufacturer of the PLA spool

recommends an extrusion temperature of 180-200°C to reduce wear on the 3D printer

and prevent jamming of the print head. However, at higher temperatures the melt

is less viscous ultimately resulting in a less accurate print. Thus while for the larger

prints common to 3D printing the higher temperature is more favourable for print

quality, for the small prints used throughout this thesis, a lower temperature was used

(175°C). The lower temperature used throughout this thesis was chosen as it remains

above the melting temperature of PLA ( 170°C depending on the manufacturer).

Ultimately, the lower temperature reduces the amount of over-extrusion as the plastic

becomes more viscous at lower temperatures.

2.2.1 Design of the Splitting Assessment Chip

In designing the Splitting Assessment Chip (SAC), it is first important to define some

terms that will be used throughout the remainder of the thesis including well, weir,

and gap height which are important in cross section. These are visible in Figure 2.1.
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Figure 2.1: Cross-section of a 3D printed chip used to magnetically dis-
pense droplets showing important labels

The well depth and the channel depth is the distance material is removed from the

top surface. Similarly, the channel width and well width is the distance of material

removed in the direction perpendicular to the longest dimension of the dispensing

channel. The weir separates the well from the channel and the weir region is the area

between the top plate and the surface. This region is a subset of gap between the

surface of the chip and the top plate, the size of which is called the gap height.

The primary chip, called the Splitting Assessment Chip (SAC), used to demon-

strate the mechanism and accuracy of the droplet splitting is shown in Figure 2.2 on

the following page.

A top view, without cover plate, and a cross sectional view (A to A) is seen in

Figure 2.2 and the primary measurements are indicated. The overall thickness of the

device is 3 mm. The smallest dimensions (width, length, or depth) have the most

impact on the final state of the system, thus for the channel the most important

dimension is the width of 1.5 mm, and for many the wells, the width of 2.0 mm.

Some of the wells have a smaller minimum length (1.25, 1.5, 1.6 mm) to test whether

liquid can flow from the channel into a well with a smaller minimum dimension. The
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Figure 2.2: Design of the chip used to determine dispensed volumes ex-
cluding the top plate with important well lengths measured

smallest dimension is the most important and determines the pressure of the drop

for a given cross section as the total pressure on the system is most defined by the

smallest distance from the centre of a drop within a cross-section. Two reservoirs

are included in the drop; each of these reservoirs can hold approximately 80 µL. A

triangular shaped region gradually increases the pressure and aids a drop during the

transition from the reservoir to the channel.

The chip has varying depths. The depth of the reservoir is 1.0 mm below the level

surface. The channel where the droplets are dispensed from has a depth of 1.5 mm

which is the same as the width of the channel giving the channel an overall geometry

of a square with an unbounded top edge. The top edge was determined by the gap
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height, which is the distance between the top of the channel and the glass cover slide.

The wells, which limit the volume of dispensed drops, have a depth of 2.0 mm. The

wedged shaped region transitions the drop by having a gradual decrease from 1 mm

to 1.5 mm in depth. The limitations of the 3D printer cause this change in depth to

occur in 0.1 mm increments to correspond to the minimum printable feature size.

There are several more features that were optimized over various prints. One is a

spacer that separates the substrate and cover plate which is comprised of a standard

glass slide coated in Ultra-Ever Dry. The spacer, or gap height, is ordinarily 0.6

mm though it can be decreased in size down to 0.4 mm in thickness. The 0.4 mm

thickness can increase accuracy, but it was found that the actuation of magnetic beads

was more facile at 0.6 mm; the 0.6 mm height was used for the Splitting Assessment

Chip. Additionally, a weir separates the channel from the well. This has a thickness

of 0.35 or 0.7 mm, corresponding to one or two lines printed by the 0.35 mm extrusion

head on the 3D printer. The function of the weirs will be more thoroughly explained

in the succeeding chapter.

2.2.2 Design of the EDTA Titration Chip

Following the data obtained from the SAC, a new chip was designed that leveraged

the ability to create drops with reproducible volume. Specifically, the droplet splitting

method was used to conduct a microfluidic titration, which consumed a volume of

less than 100 µL of sample and 100 µL of titrant. A schematic of the titration chip

is shown in Figure 2.3 on the next page.

Like the SAC, the titration chip is composed of reservoirs, channels, and wells. The

reservoir of the titration chip has a capacity of approximately 100 µL. The channels



2.2. 3D PRINTING AND CHIP DESIGN 49

Figure 2.3: Design of the titration chip with two sets of wells arranged in
complementary combinations of small and large wells to provide different
mixing ratios for an on-chip titration.

have the same dimensions as the SAC, having a square cross sectional area with a

designed size of 1.5 by 1.5 mm. The reservoir also has a depth of 1.0 mm and is

similarly transitioned by a wedged shape region which transitions from 1.0 mm in

depth at the reservoir to 1.5 mm in depth at the channel.

The well sizes were determined experimentally as the effect of the exit channel

(highlighted in Detail B in Figure 2.3) from each well was not studied in the original

titration chip. The volumes of the wells and the resulting equivalence point when the

drops dispensed from each well are combined are listed in 2.1 on the following page.

Each of the wells has an exit channel which is similar to the channel from which

drops are dispensed at 1.5 mm wide. However, the depth of the channels ramps
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Table 2.1: Titration chip well volumes as experimentally determined and
corresponding endpoint at which the indicator changes colour.

Well Set Titrant Well Sample Well
Water Hardness to Cause Colour
Change (endpoint) (mg/L CaCO3)

1 9.5±0.6 20±0.6 47±4
2 9.5±0.6 16.8±0.6 57±5
3 13.5±0.6 13.5±0.6 100±8
4 16.8±0.6 9.5±0.6 176±16
5 20±0.6 9.5±0.6 213±18

from 2 to 1.5 to increase the pressure on the drop. The increased pressure limits

the possibility of the entire drop moving through the exit channel during the initial

droplet dispensing procedure.

The exit channel is connected to a rounded square mixing chamber with a depth

of 1.5 mm. The exit well also has gaps on the adjacent two sides; the gap permits

paramagnetic beads to move between each of the sample wells simplifying the ex-

traction and actuation of the superparamagnetic particles. Finally, at each end there

are chambers to contain drops of deionized water. These drops act as wash drops

to minimize cross talk between the wells as the same paramagnetic beads are used

for both actuation and mixing of sample. Again, there is a gap of 0.6 mm between

the level surface of the actuation area and the top plate, which is maintained by two

ledges on either side of the central actuation area. The top plate provides the drop

deformation required to increase the pressure of drops contained within the channels

and reservoirs to enable droplet splitting and generation.

2.2.3 Design of the Generalized Actuation Chip

The last chip designs explored in this thesis sought a magnetic microfluidic system

focuses that fully mirrors the abilities of EWOD type devices. Ideally, this chip will
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allow magnetic actuation to provide a platform that can be reconfigured to perform

multiple types of chemical operations on the same devices (i.e. general-purpose chip).

Multiple types of droplet operations are accomplished using pillars, which reduce the

total differences in pressure throughout the system by disallowing expansion of drops

to an equilibrium position at all points on the chip. Maintaining the system in a

non-equilibrium state where the Laplace pressure of a drop is always higher than

the minimum Laplace pressure throughout all the droplet movements will allows any

combination of digital microfluidic operations by reducing the maximum possible

differences in pressure between final and initial states on the chip. The general design

of this chip is shown in Figure 2.4 on the next page.

Figure 2.4 on the following page shows a design for a chip that can conduct

multiple droplet dispensing steps on a single chip. Detail B shows the opening from

the well into the central pillar region. Section A-A shows the profile through the

dispensing channel and detail C from section A-A shows a cross section showing the

gradual transition from the lower pressure area (depth 2 mm) to the higher-pressure

area from which drops can be re-dispensed (1.5 mm). This results in the ability to

dispense, transport, mix, merge, and split drops on a single chip without relying on

surface energy traps. This is the first chip to our knowledge that can use magnetically

actuated platform to carry out these steps in any combination.

Two cross sections are highlighted: (1) Section A and (2) Section B. Section A

takes a section across a width of the chip. The pillar structures can clearly be seen

in the central region along with the differing depths of the generalized actuation area

and the dispensing areas. At the start of a droplet operation the drop begins in the

original dispensing channel, which is not connected to the pillar region except by the
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Figure 2.4: A model reconfigurable chip capable of any combination of
droplet operations by incorporating pillar structures and multiple droplet
splitting steps

0.6 mm gap between the upper surface and the bottom of the top plate, which is used

to dispense drops. Like the SAC and titration chips, the channel has a square cross

section with side lengths of 1.5 mm. Both the well again and the pillar region also

have a depth of 2.0 mm. The well and the pillar region is separated by an opening

with has a length of 1.5 mm. However, the thickness of this opening is only 0.35

mm, or one extrusion width and there is a retaining wall with 0.5 mm height. The

retaining wall spans the opening seen in detail B from Figure 2.4 and prevents liquid

from flowing into the open pillar region during the dispensing step. Section A-A is

a lengthwise area across the dispensing motif which can be accessed from the pillar
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region. The depth of the pillar region is 2.0 mm while the depth of the dispensing

region is 1.5 mm. A ramp transitions from the 2.0 mm depth to 1.5 mm in steps of

0.1 mm. Thus, even though the dispensing motif which section B runs though starts

off at a lower pressure, rather than a higher pressure, the difference in energy is not

so great that drops cannot be translated into the dispensing system.

2.3 Numerical Simulations

One tool that is useful for microfluidics is computational fluid dynamics (CFD). CFD

seeks to solve the Navier-Stokes equation and today, a variety of programs can be used

to calculate fluid flow. However, the problem encountered in this thesis is not a simple

question of fluid dynamics as the use of superhydrophic surfaces requires additional

approximations, thus a multi-physics package was required to couple multiple types

of physics together and Comsol Multiphysics 5.2a was used to help elucidate the

mechanisms behind droplet splitting.

Comsol is a program that breaks down a one, two, or three-dimensional model

into smaller regions in what is known as finite element analysis. Though real world

processes occur in a continuous space where, especially in the case of fluids, it can

be difficult to determine what makes one specific point different from another, it is

impossible to solve for the state of an entire system at once in a computational sim-

ulation. Thus, Comsol discretizes the computational space into smaller regions, and

then the desired physics are solved by for each of the smaller regions for a stationary

time point. The process then can be iterated in time for small time steps, which are

determined by a desired accuracy level on a computer.

The computational studies utilized throughout this thesis were conducted on an
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Acer Aspire M3970 which is equipped with an Intel i7-2600 clocked at 3.4 GHz and

8GB of 1333 MHz DDR3 RAM. Additionally, the computer also has a AMD Radeon

HD 6570, but Comsol, unlike some other computational physics program cannot use

a graphics card to parallelize computations due to a lack of floating point accuracy in

many consumer grade graphics cards. Some amount of parallelization is still possible

as the i7-2600 has four compute cores with 8 total threads due to Intel’s hyperthread-

ing technology. The main limiter of this setup is the amount of RAM, which limits

the total number of degrees of freedom to a maximum of several million, the exact

amount depending on the type of physics being solved, before memory swapping oc-

curs, which greatly increases the computation time to an inhuman length. While

it is possible to export jobs to an external server, such as the Centre for Advanced

Computing, the size of the computational studies used here did not require it.

2.3.1 Simulation Model Design

A model was developed which exemplifies the most important qualities in the droplet

generation process. This model is shown in Figure 2.5 on the next page.

The first thing that can be seen from this model is that the model is not a full

duplicate of the CAD design for the microfluidic chips. This is because designing

a fully 3D model was computationally prohibitive and the model was optimized for

computational speed primarily by compression of the most important facets into

a two-dimensional model. There are several distinct regions that c an be seen in

Figure 2.5 on the following page. On the left side is a model channel, and on the

right side is a model well. There is a small area that connects the channel to the well

that represents the weir region. The channel contains two curved lines near the ends.
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Figure 2.5: The overall model used in the CFD simulations of a single
splitting drop.

These lines form the boundaries of the drop as defined in the simulation starting

conditions. The smaller features of the well are shown in Figure 2.6 on the next page,

which shows a close-up view of the central region with the well.

If a simple 2D section of a well is taken, it would be expected that the channel

is shaped like a square. However, because the model has been compressed into two

dimensions, it was important to capture the longest dimension as the length of the

longest dimension has the greatest effect on the pressure within the drop that arises

from surface tension. For the channel, the length of the drop within the channel has

the greatest impact, while for the well, the amount of filling as a proportion of the

depth of the well is most important parameter. Thus, on the left side of the weir,

the model is in the horizontal plane, while on the right side, the model represents the

vertical plane. Additionally, the well has L-shaped regions. Though these regions do

not exist in real life, they were required for the system pressure to mimic real life.
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Figure 2.6: A close-up of the model used for numerical simulations showing
the well associated mesh sizes.

These regions provide a re-entrant structure to keep water out when the boundary

conditions of these surfaces are specified while permitting air to pass so that total

system pressure can be held at atmospheric pressure. The dimensions of the model

are as follows: the channel length is 22 mm and the width of the channel was 1.15

mm; the width height of the gap over the weir which connects the channel to the well

is 0.4 mm and the width of the weir is 0.7 mm; the width of the well is 2 mm and

the total height of the well is 2.4 mm.

Figure 2.6 also shows differences in the number of triangles. The triangles repre-

sent elements that are individually computed by the program. Thus, a denser mesh,

within limits (as floating point errors can lead to discontinuities between the regions)

increases the fidelity of the simulation. This is most important where any change

occurs, such as at corners. Additionally, the specific model shown in Figure 2.6 was

used to model the flow of liquid from the channel into the well. Therefore, more
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change occurs on the well side, instead of the channel side, and the well side requires

a greater mesh to ensure the accuracy of the simulation. It was found that a normal

mesh size on the left and a fine mesh size on the right was sufficient to create an ac-

curate simulation. Decreasing the mesh size reduced the convergence of the solutions

provided, and the system would diverge due to discontinuities between the elements,

and the simulation would fail. Increasing the mesh size posed a computational prob-

lem and the degrees of freedom required by the system exceeded the available system

resources. This model has approximately 11,000 elements. A slightly different model

with more triangles on the well side was used to determine the exact splitting mech-

anism, as in this model splitting occurs at one specific corner, as will be discussed

later in this chapter.

2.3.2 Starting and Boundary Conditions

Comsol solves partial differential equations across a system. However, to do that

it requires constraints on the system in terms of starting conditions and boundary

conditions. There were three simulations conducted to explore the mechanism of

droplet generation. The general form from Figure 2.5 on page 55 and Figure 2.6 on

the previous page were used for all the simulations where there is a channel on the

left, a well on the right, and a small region connecting the two regions. Three main

simulations were used to explore the overall mechanism. The first demonstrated that

a drop in the channel would be confined if all the surfaces were superhydrophobic, the

second demonstrated the effect of a hydrophilic patch in the connecting region, and

the third demonstrated the process of droplet splitting where a drop in the channel

is pulled away from a filled well.
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The microfluidics add-on for Comsol was used for these simulations. This add-on

permits the simulation of laminar, incompressible flow in one, two, or three phase sys-

tems. Additionally, the module allows for the basic simulation of the effect of electric

fields, though this was not specifically used. The shallow channel approximation was

specified at a depth of 1.5 mm and surface tension was included in the momentum

equation. Additionally, the temperature of the system was specified as 20°C. The

interface air-water interface was set as that of air and water in the model, and the

viscosity of air and water were left at their default values.

2.3.2.1 Simulation 1: Well filling Simulation Without Hydrophillic Patch

Figure 2.5 on page 55 has four different domains labelled. The domains are compu-

tational areas where specific starting conditions are defined. In simulation 1, domain

1 was set as water, domain 2 and the set of domains making up 3 were set as air at a

reference pressure of 1 atmosphere. Additionally, the top and bottom of the channel,

along with the ends of the protrusions of the well in Figure 2.6 on page 56 were set

as open boundary conditions which allow the free movement of pressure to create an

open system, as occurs in real life. The five open boundary conditions are marked in

Figure 2.7 on the following page as blue regions.

To simulate the system, the microfluidics module also accounts for the surface

energy of all the boundaries. In simulation 1, all the boundaries, except open bound-

aries, were set at 155° to simulate the superhydrophobicity of the surface. This value

was obtained from experimental data of the Ultra-Ever Dry. From the initial con-

dition, the simulation was set to run for 0.125 seconds and data probes for pressure

were placed 0.1 mm from each side of the weir. The model, additionally, was set to
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Figure 2.7: The model used in simulation 1 with open boundary conditions
marked in blue

use the domain properties as calculated at each time step, rather than the domain

properties as originally set, which permits the change of density and volume fraction

of each liquid over time and the transfer of pressure between computational domains.

2.3.2.2 Simulation 2: Well filling Simulation With Hydrophillic Patch

Simulation 2 used a similar model to simulation 1 with the same initial air and wa-

ter domains. However, unlike simulation 1, this simulation calculated the effect of

a hydrophilic patch. While a full simulation of a moving patch was deemed com-

putationally unfeasible, it was possible to simulate the movement of liquid from the

channel into the well. This was done by modifying the boundary conditions to sim-

ulate a hydrophilic patch. Specifically, the region over the weir was changed from

superhydrophobic to hydrophilic with a contact angle of 10°. This is shown in Fig-

ure 2.8 on the next page.
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Figure 2.8: The model used in simulation 2 with hydrohphillic boundary
condition marked in blue

The remaining conditions were fully imported from simulation one such as open

boundary conditions and overall mesh shape. Similarly, the simulation was specified

to run for 0.125 seconds.

2.3.2.3 Simulation 3: Demonstrating Droplet Splitting After Well Filling

Simulation 3 used the end state from simulation 2 as the initial state of the system

rather than defined domains. The boundary conditions were returned to those of

simulation 1 where, except for the open boundary conditions, the entire system has

superhydrophobic boundary conditions. To simulate the drop in the left channel

moving away, a gravitational force was applied to the system in the –y direction.

The open boundaries on the system keep the system at reference pressure so that

any changes in pressure within the system are due to the movement of the drop. To

better simulate the forces at play in simulation 3, a slightly different domain map was
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used in the system. This is shown in Figure 2.9. This new domain map has a total

of 12,230 domain elements.

Figure 2.9: The mesh domain boundaries used for the droplet splitting
simulation

As can be seen in Figure 2.9, the mesh used in the weir section is denser. This

was done because a large amount of deformation happens at the corner during the

simulation, thus to ensure that the system converges to a more accurate value at the

corner, an increased mesh density (3× denser) was used in this area. Similarly, like

simulation 1 and simulation 2 the system was simulated for 0.125 seconds.

2.4 Physical Validation of Numerical Simulations

There are three general experiments that were used to validate the simulations and

apply the magnetic droplet generation method to the data presented in this thesis.

The first were experiments that determined volume. The second was an application

of the method to a titration, and the final were actuation tests of the generalized
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actuation chip.

2.4.1 Volume Determination

The first and most important test was the volume dispensing test. This test is a

fundamental experiment that provides the validation of the method and certifies

the well volumes in the later applications. Measuring small volumes is, however,

problematic. Electrowetting devices work at such small dimensions that a geometric

approximation can be used to calculate volume or measurement of the capacitance

changes can be used.51,146 However, measuring capacitance is impossible on a chip

with no electrodes and a geometric approximation fails as the larger volumes are

used on the magnetically actuated dispensing method causing the drop surface to

display a relatively large amount of curvature. An alternative method, the spherical

cap method, which uses a side profile photo only works for drops in side profile on

a defined region, which, again, is difficult to use in magnetic dispensing where drops

do not sit on hydrophilic patches.147

An indirect method of volume measurement was chosen and fluorescence was

identified as the method of volume determination. The use of fluorescence works

as a simple function of dilution. At low concentrations the emission intensity from

fluorescence is linear, as seen in equation 2.1.148

I = kΦ(εbc) (2.1)

Where I is the emitted intensity, k is a constant unique to the instrument, Φ is

quantum yield, ε is the molar absorptivity, b the path length, and c the concentra-

tion. This equation shows that I is linearly correlated with concentration. Thus, a

dispensed drop with a known concentration of Rhodamine 6G can be diluted into a
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much larger volume of liquid to make volume differences negligible (<0.1%) and the

resulting mixture analysed with a spectrophotometer. The final emission intensity

can be used to find the initial volume of the drop.

Fluorescence is dependent on the emission and equation 2.1 only holds true at

very low concentrations. For Rhodamine 6G, the dye used to determine volume in

this thesis, self-quenching occurs at concentrations higher than 10-2 M, significantly

higher than the concentrations used in this experiment. Thus, the instrumentation

was the limiting factor for linearity and several test volumes, 3, 10, and 30 µL of

Rhodamine 6G diluted in methanol to 3 mL, as was also done with the dispensed

drops, were used to ensure that the response of the USB 2000 spectrophotometer was

linear over the region of interest.

Dispensed drops, which have a volume between 5 and 20 µL were released from

their wells by use of a pipette tip, which is more hydrophilic than the superhydropho-

bic surface while still hydrophobic so that the drops were not permanently attached.

The drops were then transferred into 3 mL of methanol and mixed. 1 mL was then

removed from the total and placed into a semi-micro cuvette. A green laser was

shone through the cuvette and light was collected from 90 degrees with a collima-

tor to minimize the amount of scattered light from the excitation band that reached

the detector. This process was repeated for all well sizes and a minimum of three

measurements per well of interest were taken.

2.4.2 EDTA Titration and Validation of On-chip Titration

To demonstrate the method and verify that the method can indeed be used for analyt-

ical operations, a complexometric titration for the determination of calcium content
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in water was conducted. This is a standard method of measuring water hardness and

was first developed by Scharzenbach and Biedermann in 1948.149 Because calcium,

a common component of tap water, can cause scale build up in pipes, pools, and

fixtures, the simplicity of the method has made it the standard method of determin-

ing water hardness. The method uses EDTA, a chelating agent, to bind calcium and

magnesium ions in water. While EDTA can bind to a wide range of metal compounds

such as iron, in addition to calcium and magnesium, EDTA is selective for calcium

and magnesium at high pH (≥10).150 The detection of the endpoint is visual and dyes

that have a weak affinity for calcium and magnesium can be used. The dye chosen for

this experiment was Eriochrome Black T, which must be used within one day after

titrant preparation as the dye photodegrades. Eriochrome Black T binds stronger to

magnesium than to calcium and the weaker affinity for calcium limits the amount

of colour change that can be seen. This dye also only works at pH 9.5-11 for water

hardness determination.151,152

Water hardness is measured in parts per million of CaCO3 though this number

accounts for both magnesium and calcium which are both treated equally. The first

step was to determine the hardness of the real-world samples used for this experiment.

The sample was obtained from a Kingston tap with water from the King St. Water

Treatment Plant. The water has been sent by municipal authorities to a third party

and is reported to contain 117 to 126 ppm hardness. Internal testing by Kingston

Utilities had a higher value of 129 ppm with 98 ppm from calcium and 31 ppm from

magnesium.153 To determine the concentration, a 10 mL sample was titrated using a

50 ppm equivalent of EDTA chelator prepared as a dilution from 200 ppm standard

until a colour change was observed. A water hardness of 124±2 ppm was determined.
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Then the method was replicated with a 100-ppm equivalent titrant and the same

real world sample on chip. Drops of each were dispensed according to table 2.1 on

page 50 and the magnets were used to manipulate the drops and finally mix them on

chip. The range of concentration was determined by looking at which wells contained

a colour change. This method can classify water as soft, hard, or very hard based on

the number of wells that show a colour change.

To obtain better results an image analysis method was developed which leveraged

the sensitivity of a cell phone camera to differences in red intensity due to the Bayer

filter which permits colour processing. A photo was taken on an iPhone 6 and the

image was processed using ImageJ. First the colour was corrected for intensity as the

photos generated by the phone are not mapped to a linear colour space.154 This was

done by applying a gamma of 2.2 over the photo to transform the colour space into

one that is roughly linear. The linearity of the method was confirmed using a serial

dilution of the Eriochrome black T dye for response based on concentration.

The overall colour profile of Eriochrome black T only changes in the red spectrum.

Additionally, due to the relatively large amount used in the experiments (20 ppm

equivalent) the transition will occur over a relatively large range as the amount of

calcium and magnesium changes. The opacity of the dye in to red light causes the

non-complexed dye to appear blue while the transmission of red light causes the

complexed form to appear red even though the blue transmission does not change

from the non-complexed to the complexed state. There are therefore two regimes,

one where blue predominates and one where red predominates. The variation present

in the yellow to red region of the spectrum, the region of interest from the chosen

recorded colour from the camera, was confirmed using a standard prepared sample
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and the USB-2000 spectrophotometer. A regression can be taken across the regimes

and the lines are found to intersect roughly at the point of inflection that corresponds

to the endpoint of the titration. While the end point of a titration is the point

of inflection and is typically found by taking the second derivative of the plot, the

intersection of the two linear regressions functions similarly to a Newton optimization

method. While it is expected that the blue portion of the spectrum remain constant,

the blue portion of the spectrum was not observed with the cellphone as only the red

channel was used from the cellphone analysis. The spectrum of interest is shown in

Figure 4.2 on page 97.

2.4.3 General Application Volume Limit Determination

The final development in the method covered by this thesis is the preliminary exten-

sion of the method into a generalized actuation form. As there was insufficient time

to fully develop this into an analytical platform the only experiments conducted were

actuation experiments to determine the limits of the system.

Drops of increasing sizes starting at 5 µL and containing enough paramagnetic

beads for droplet splitting were dispensed onto each chip. A magnet was then used

to move the drop through pillars to confirm if actuation is possible for a given volume

of free space per volume of liquid. This was confirmed for a variety of combinations

of volumes and pillar spacing.
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Chapter 3

Droplet Generation Using Only Magnetic Force by

Topology Assisted Dispensing

3.1 Introduction

The main force involved in the production of drops at the millimetre and smaller

scale, is surface tension. While the knowledge of the primary force affects many

device design considerations, the exact implementation of how surface tension is used

differs from device to device varies. Thus, it is important to understand how exactly

the proposed magnetic actuation system can create drops. Here, the use of magnetic

actuation is explored in two steps, first with computational fluid dynamics, and then

with experimental validation of the numerical results.

3.2 Computational Fluid Dynamics

One tool that microfluidic designers have in exploring the mechanisms that under-

lie each microfluidic chip is computational fluid dynamics. CFD is a method which

explores the movement of fluid using a simulation. In this chapter, a 2D model
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is developed which contains the most important features of interest, the superhy-

drophobicity of the surfaces, a drop within a channel, and a geometry that describes

a channel and a well. A full 3D simulation is both computationally intensive and

impossible to complete given the current computational resources available, and the

poor parallelization ability of the current version (5.2) of Comsol.

Additionally, while Comsol is a well established tool in microfluidic simulations for

academic research,155,156 the commercial nature of the software limits the amount of

understanding that a researcher can have about both its code and physics it attempts

to describe numerically. Thus, the case studies in CFD simulations are descriptive

and not analytical. While the results of the model can point to interesting research

directions, it nonetheless cannot provide a full explanation of a phenomenon without

experimental evidence.157

3.2.1 Probing the Necessity of a Hydrophilic Patch

There were three models outlined in the previous chapter. The first one explored

the equilibrium state of a drop in a channel a 0.4 mm exit channel leading to a well.

The second explored the effect of a hydrophilic patch on the top plate, which mimics

the presence of a clump of paramagnetic beads, and the final simulation explored the

forces within a drop during the droplet splitting process.

The first result that we can glean from these three simulations is that a hydrophilic

region is required to move drops between the channel side and the well side. This is

shown in Figure 3.1 on the next page which has axis units in mm.

As can be seen from the left of the figure (simulation 1), the liquid does not

flow into the well. A meniscus remains at the well entrance channel. The depicted
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Figure 3.1: A comparison of the first and second simulations after 0.125
and 0.02 have elapsed, respectively

position at 0.125 seconds is the equilibrium position. On the right (simulation 2)

the liquid does flow into the well and fills by t = 0.05 seconds. The only change

between the initial conditions of the two systems is the presence of the hydrophilic

region on the top plate over the weir and well. Therefore, there is not enough pressure

in the drop to move liquid through the 0.4 mm gap if both surfaces are completely

superhydrophobic.

The most reasonable description of the result from this simulation is that the 0.4

mm wide channel between the channel on the left and the well on the right acts like a

burst valve. A derivation of the pressure required to make liquid move from one side

to another of a burst valve has already been derived in literature to be equation 3.1.158

∆Pe = PA − Po =
4γ cos θc

D
(3.1)

Where |∆Pe| is the pressure needed to drive fluid flow, PA and Po are the pressures

inside and outside the drop, γ is surface tension, θc is the equilibrium contact angle,

and D is the diameter. Solving for ∆Pe with a rough approximation of D a cylindrical

pipe with diameter of 0.4 mm and a contact angle of 155° gives a ∆Pe value of 652

Pa. Therefore, for truly passive movement, a transient pressure several times that
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of a stationary drop is required and both simulations and experiments verify that

an equilibrium drop, even one that is moving, will not spontaneously move from the

channel, over the weir, and into the well unless the gap height is increased.

A second form of the equation shows what happens if a square channel is used

instead (equation 3.2).

∆Pe = PA − Po = −2σ

((
cos θI
w

)
+

(
cos θc
h

))
(3.2)

Here w is the width of the channel, h is the height and the θ are for their respective

surfaces. A cursory examination of the equation to test whether a reduction in half the

number of walls having hydrophilicity shows the possibility of a drop spontaneously

moving through the valve. However, when there is a hydrophilic patch on the top

plate, the pressure required is reduced. For example, if θI is 155° and θc is equal

to 60°, the resulting ∆Pe is 146 Pa. If the same equation were used to model the

drop in the channel side which has a width of 1.15 mm and a height of 1.9 mm with

a contact angle of 155°, the dimensions of the channel in the actual 3D print, the

pressure within the stationary drop should be approximately 180 Pa. This indicates

that the liquid will spontaneously flow from one side to the other if half of the walls

of the weir region are hydrophilic instead of superhydrophobic.

This calculation was verified by the numerical simulation which showed that when

only one of the two surfaces of the weir was made superhydrophobic, the fluid flowed

from the channel side to the well side. The pressure in the drop during simulation 1

was 122.5 ± 0.6 Pa at the equilibrium position after 0.1 seconds. This corresponds

to the calculated burst pressure from equation 3.2 for a channel with 1.15 mm width

and a height of 15 mm which is the defined length of the drop in the channel in the

starting conditions. This puts the stationary drop in line with the expected values for
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pressure, and simulation 1 shows that without another force perturbing the system,

the capillary forces affecting the drop cannot fill the well, much less create a new

drop.

Simulation 2 showed flow with the hydrophilic top plate. The pressure probes

placed 0.2 mm from the openings of the weir give a quantitative indicator of the

calculated pressure before and after flowing through the weir. The system under

these conditions showed a pressure drop from 126 ± 8 to 59 ± 9 Pa (i.e. ≈ 70 Pa).

While at first glance, the system appears to be like a Laplace pump, a microfluidic

pump in which liquid moves between two drops connected by a channel, the computed

system is not, as liquid flows from the larger drop to the smaller drop. The validity

of this number can be found by approximating the flow through the weir region as a

circular pipe following the Hagen-Poiseuille equation (equation 3.3).159

Q =
πR4

8µL
∆P (3.3)

Where ∆P is, the pressure drop across a pipe, Q is the volumetric flow rate, µ the

viscosity, L the pipe length, and R the pipe radius. For water with a pipe diameter

of 0.4 mm and length of 0.7 mm the calculated volumetric flow rate across the weir

from a pressure drop of 70 Pa is calculated to be 1.1 ×10−7 m3 s-1 or 112 µL s-1.

Additionally, this corresponds to a 0.5 m s-1 flow velocity. This is slightly higher than

the simulation flow rate which averages 0.35 ms-1 but the deviation is not unexpected

as there were several assumptions made in translating the system from 2D to 3D.

As might be expected, the flow that developed in the simulation is almost Poiseuille,

or parabolic in nature due to wall friction. However, the flow on the bottom surface is

faster than the top surface, which occurs because the top surface is hydrophilic while

the bottom surface remains superhydrophobic. Thus, while there is friction on the
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top surface there is minimal friction on the bottom. This can be seen in the velocity

surface in Figure 3.2 where the flow is faster on the bottom side of the weir than the

side representing the top plate. Ultimately this results in flow vortices in the growing

drop.

Figure 3.2: A vector field of the speed within simulation 2 at a time of
0.02 seconds. A fully developed Poiseuille flow is visible in the weir area.

This is interesting because though the initial flow across the top plate is slow due

to the primary driving force of movement being capillary action, the flow rate across

the weir increases after the formation of a pathway between the channel side and the

well side. As a result, a fully developed Poiseuille flow (parabolic shaped, with the

fastest flow at the centre of the channel) arises which speeds up the transfer of fluid in

the presence of a hydrophilic patch remains and the well is filled in only 0.05 seconds.

The limitations on well volume due to pressure can be partially seen in the os-

cillation that occurs when a well is filled. As slightly more liquid enters the well
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than the equilibrium position due to inertial flows, the elasticity of the drop in the

superhydrophobic well creates an oscillatory pressure, shown in Figure 3.3.160

Figure 3.3: The pressure over time during well filling and subsequent
oscillatory pressure equalization.

(Reproduced with permission from The Royal Society of Chemistry.160

In Figure 3.3, the pressure as a function of time in simulation 2 can be seen for two

probes with each one 0.2 mm away from the centre of the weir, one on the well side and

one on the channel side. The channel initially starts out with an equilibrium pressure

of approximately 125 Pa (internal pressure). Due to the hydrophilic patch, liquid is

drawn away and the pressure decreases. On the other side of the weir the pressure

is initially 0 with respect to the reference pressure of 1 atm, until liquid reaches the

probe at which point the pressure increases. The overall pressure difference of 70 Pa

can be seen until the well fills in approximately 0.04-0.05 seconds after the start of the
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simulation. This is immediately followed by a large pressure spike, as the well over fills

due to inertial flows and the elasticity of the surface tension between the water and

the air causes an oscillatory motion as the drop finds a new equilibrium position. As

the drop now also wets the weir region, the overall surface area is increased relative to

the original and the final equilibrium position is at a higher pressure than the original

drop due to the increased interface length.

The presence of the hydrophilic patch is necessary because without the patch,

the system becomes a Laplace pump with a small drop on the well side and a large

drop on the channel side. Even though the channel side is under pressure, the small

curvature of the drop on the well side causes back flow. It can be expected, from

Laplace’s law, that the pressure on the well side will only be equal to the pressure in

the channel side when the curvature of the drop in the well is equal to the smallest

width of the channel. Therefore, the smallest possible drop that can fill the well, and

thus be produced, is the volume equal to the smallest dimension of the channel. This

will be further explored in the empirical validation of this premise.

3.2.2 The Droplet Splitting Mechanism

While the first two simulations concerned the filling of the well, the last simulation

concerned the process of droplet splitting. While it is already known from simulations

of the electrowetting driven splitting process, that a neck forms which pinches off

creating two drops87, the exact process as it relates to the magnetic actuation required

further examination. The ending position from simulation 2 at the 0.2 second time

step was used to simulate the process of droplet splitting. An acceleration in the -y

direction was applied as a volume force across the system to both cause the drop
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in the channel to move away from the well, cause necking, and ultimately droplet

splitting.

Although the experimental verification is not gravity based, a gravity based vari-

ant was briefly explored that mirrored the computational results. This indicates that

the process, even under gravity driven drop acceleration, is still largely surface ten-

sion dominated. However, a closer look reveals a more complicated story. In chapter

two, the Weber number (equation 1.13 on page 21), was briefly discussed as a nu-

merical indicator of the relative importance of inertia in a phenomenon. Normally, in

microfluidic systems, this number is smaller than the critical number of 1.1 However,

this is not what we see in this system from a graph of velocity, which is directly

related to inertia in the simulation, this is shown in Figure 3.4.

Figure 3.4: Fluid velocity during droplet breakup for two probes, one at
the pinching corner, one inside the weir region

Figure 3.4 shows the velocity at two simulated probes in the simulation. One
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probe is at the corner where pinching (the back flow induced by an increase in Laplace

pressure caused by a smaller inner radius as the drop in the dispensing channel moves

away) occurs, and with one probe inside the centre of the weir region. The flow in

the weir region initially starts at 0 m/s, as there is no net flow between the drop

and the channel when the channel drop begins moving due to the force applied on

the fluid. However, as the drop completely passes, necking begins and the velocity

begins to increase to the point where the Weber number is greater than the critical

number of 1.1. The critical number occurs at a velocity of 1.4 m/s which can be

seen post splitting, as the liquid interface passes the probe location inside the weir

region. As the interface breaks at the weir, the velocity of the interface exceeds 2

m/s but returns to under 1.4 m/s by the time the front reaches the weir region. The

decrease in velocity can be seen in the roughly linear decrease in velocity between the

post-split oscillations until the front passes the probe in the weir region. While at the

probe location inside the well, this number is never reached, and the Weber number

at the corner where splitting takes place is larger than the critical number indicating

that inertia plays a role in droplet breakup.

The analysis of the velocities shows that initially pinching occurs like in elec-

towetting driven devices, but as the drop is moved away, a chaotic breakup of the

drop occurs as the inertial forces become dominant, though the area of the chaotic

breakup is limited to the entrance of the weir region; the chaotic break up was also

confirmed experimentally as will be discussed later. One might question whether any

appreciable pinching occurs as the droplet breakup seems to rapidly become chaotic.

This can be answered by looking at the pressures that occur during droplet breakup,

this is shown in Figure 3.5 on the following page.
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Figure 3.5: Calculated pressure in the drop immediately prior to neck
breakup

The pressure at the corner is both negative and positive immediately prior to

droplet breakup. The positive pressure areas indicate that these areas are more prone

to have liquid flowing away from these regions towards lower pressure areas. This is

pinching, which occurs from the increase in surface curvature at a neck, which leads

to a higher Laplace pressure. However, the negative pressure areas indicate regions of

the drop where the surface is being stretched as a negative surface curvature forms.

The low-pressure region grows faster due to shear stresses than liquid can flow out of

the necking regions, ultimately causing a chaotic droplet breakup and rapid pinch-off

of the remainder of the liquid neck. This type of droplet breakup is characteristic

of what is known as Plateau-Rayleigh instability which is the predominant mode of

droplet breakup in cylindrical flows of water where waves of increasing amplitude

until droplet formation arise due to the instability.161
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The exact point of droplet breakup is difficult to determine,162 and the exact

mechanism of breaks in cylindrical flow is still poorly understood and continues to be

the subject of study.163,164 However, a study of a polystyrene torus breaking up in a

toluene saturated environment showed that placing constraints on the system directly

alters the size of the drops that form as a result of Plateau-Rayleigh instability due

to changes in wavelength of the instability.165 Additionally, Sir Lord Rayleigh also

determined experimentally, in the original studies of this phenomenon, that droplet

breakup occurs when the length of a column exceeds 3.13 times the diameter.161 Thus,

in this case, the width of the flow is defined by the top plate and the weir, or 0.4 mm,

and the length of instability is approximately 1.25 mm. Due to the chaotic nature of

the instability, droplet breakup occurs somewhere in this length and the amount of

error that can be expected in droplet dispensing can be estimated as a cylinder with

diameter of 0.4 mm and length of 1.25 mm, or a volume of 0.16 µL in the simulation.

The overall mechanism of droplet formation in this system is thus Plateau-Rayleigh

instability, as revealed by the velocity of liquid at the point of splitting, which results

in a rapid collapse of the neck between the dispensing channel and the well. However,

unlike normally studied flows for Plateau-Rayleigh instability, which create entirely

unpredictable droplet volumes due to the chaotic nature of the process which varies

based on the smallest system perturbations, the droplet volume here can be predicted

due to the small region of instability relative to the entire drop. A previous study in

dielectrophoresis also used Plateau-Rayleigh instability to create drops and demon-

strated that small protrusions on a surface limited the regions of instability to create

accurate picolitre volumes.166 Similarly, in this system physical weir constrains the

region of instability resulting in a theoretically reproducible dispensing step, as will
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be shown experimentally in the next section.

3.3 Experimental Validation

The CFD simulations give good insight into many of the processes that take place

during droplet splitting. However, given the 2D approach that was required due

to a lack of computational resources, and the overall difficulty of fluid dynamics

simulations, the validity of the simulations needs to be confirmed by experimental

observation. This was done using a chip that confirmed that a movable hydrophilic

patch provided enough droplet deformation to cause necking, and ultimately fill a

well.

There are several observations which can be gleaned from a qualitative assessment

of the CFD simulations: (1) it is impossible for a drop, unassisted, to fill a well

with a 0.4 mm gap between the top of the weir and the top plate, (2) well filling

is possible with a hydrophilic patch, (3) drops with a Laplace pressure higher than

the dispensing channel will not be able to be created, and (4) droplet splitting is a

reproducible process except for the small region of Plateau-Rayleigh instability. The

Splitting Assessment Chip used to measure the relationship between well volume and

the dispensed volume demonstrated all four of these qualitative observations from the

CFD simulation in addition to providing data about the limitations of the actuation

method.

3.3.1 Splitting Mechanism Validation and Volume Correlation

One of the limitations of the simulation is that it was computationally infeasible to

model a moving hydrophilic patch and instead the hydrophilic patch was predefined.
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While it can be inferred from studies of bulk porous silica that an agglomeration of

untreated particles is functionally superhydrophillic as the contact angle of silica is

less than 90° and water will fill the pores between individual silica encapsulated iron

oxide particles167, it is important to confirm whether paramagnetic beads can mimic

the hydrophilic patch in simulation and cause liquid to move from the channel to the

well. This was qualitatively confirmed using several test chip designs (Appendix A

on page 127), before the final Splitting Assessment Chip, described more completely

in Chapter 2.2.1, was designed and used to confirm the relationship of the dispensed

volume to the well volume.

It is expected that the volume dispensed onto the chip has a relationship of one

to one with an increase of 1 µL in well volume corresponding to a 1 µL increase in

dispensed volume. However, there should also be a volume offset as not the entire

well is filled due to the curvature of the drop surface and the superhydrophobicity

of the well. Using the fluorescence dilution method outlined in Chapter 2 individual

drops were dispensed into a set of wells and the fluid volumes recorded. This was done

three times for each of the wells, and on three different chips to be able to compare

intra-chip performance. The final results obtained from this experiment are displayed

in Figure 3.6 on the following page.

In figure 3.6 the theoretical volume is determined by the size of the well which

has a varying designed length, 2.0 mm width, and 2.0 mm depth with an additional

0.4 mm gap. A value of 0.35 mm was subtracted from the width and the length

due to printing error. The predominant printing error at small dimensions is that of

extrusion past the designed volume. This occurs because the slicing program creates

a printing path along the edge of a design. As the extrusion head prints a line of 0.35
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Figure 3.6: Relationship between the well volume and the measured dis-
pensed volume

(Reproduced with permission from The Royal Society of Chemistry.160

mm, half of the extrusion is inside the model, and half of the extrusion outside. While

normally, this does not present an issue at large print sizes typical in 3D printing,

for small holes in models this presents a large issue. The RepRap group, an informal

group that collaboratively created the G-code used by the slicing program (Slic3r)

and continues to develop it to a goal of a self-replicating 3D printer, has recognized

this as a problem and includes arc compensation as one of the potential settings.168

However, it was found that enabling the compensation settings for the thin walls used

in the design (0.35-0.7 mm thick weir) resulted in no printing of the weir. Thus, the

volume was manually calculated by accounting for the overprint in each well.

The overall regression across all the wells is y = 0.96x. Within error this slope is 1,
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which confirms the expected relationship between dispensed volume and theoretical

volume. This is the case with all three of the tested chips. However, the second

expected trend, that of a partial offset for each regression, is only partially verified

as the offset from the theoretical volume origin is different for each well. The overall

regression has a y intercept of -0.174. The negative value likely arises because the

calculated volume reduction, 0.35 mm × 0.35 mm × 2.4 mm or a volume of 0.21 µL,

assumes that the entirety of the remaining volume would fill. However, the drop has

surface curvature, and additional volume per well is filled with air instead of water.

This results in an overall y intercept which is slightly less than 0 as each drop is

slightly smaller than expected from a rectangular approximation. The exact intercept

varies from chip to chip due to slight differences in printing, but the relationship of

theoretical to dispensed volume is still 1-to-1 within error for each chip.

One additional qualitative observation from the simulation is also confirmed by

the experimental tests. The smallest possible drop must have a Laplace pressure less

than the dispensing channel. In this case, the minimum dimension was that of the

width of the channel which was designed to be 1.5 mm but is 1.15 mm due to the

aforementioned printing error. The smallest well that could be filled was 1.6 mm wide

(1.25 mm actual) and the 1.5 mm (1.15 mm) and 1.25 mm (0.95 mm) designed width

wells were unable to be filled. It was qualitatively confirmed that a bulge did form

over the well due to the presence of the paramagnetic beads forming a hydrophilic

patch and that this bulge that surrounded the paramagnetic beads flowed backwards

into the dispensing channel as the patch was moved back into the dispensing channel.

Therefore, this method works for wells which are larger than the dispensing channel

in the smallest dimension (x, y, or z) setting a lower bound for dispensable volume.
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The upper bound of this dispensing system is indeterminate as this system is based

around a surface tension pump and pressure differences. A practical upper bound lies

at around 100 µL as the length of the drops within the devices become impractically

long at the tested dispensing channel dimensions.

3.3.2 Method Reproducibility

A review article by Rose on the methods of micro-dispensing in the 1990s set the

bar for the accuracy of dispensing operations at 10% as a minimum, and 5% for

biomedical applications.83 While it is an important observation that the dispensed

volume and the volume of the superhydrophobic wells is linear and predictable, it is

just as important if not more important to be able to give the confidence interval for

individual dispensing operations. An analysis of the dispensed volume measurements

can also give further confirmation of the proposed splitting mechanism.

At first glance, the error associated with each well looks unpromising as it can

range from over 25% at worse to under 5% in the best case. However, the increase in

relative error as volume decreases points to the actual amount of error that occurs,

and observing the absolute amount of error over the dispensed volumes reveals a

different trend. The average absolute error for each well measurement (3 chips per

dispensed volume) is displayed in Figure 3.7 on the next page.

While Figure 3.7 on the following page shows that the average dispensed error

increases slightly over a range from 5 to 12 µL, the negative R2 value points to the

fact that the chosen fit does not follow the data. Instead, within the standard error

of regression (the shaded region) the regression of the line can be said to be y = 0 + b

where there is no relationship between the dispensed volume and the amount of error.
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Figure 3.7: Absolute error for dispensing at a given expected volume

(Reproduced with permission from The Royal Society of Chemistry.160

Therefore, value of b, which is the true random error, can be determined by the mean

of all the dispensed volumes (n=72) and is found to be 0.6 µL.

The 0.6 µL value for the error reinforces one of the expectations from the sim-

ulation. The splitting process begins with pinching from Laplace pressure increases

but culminates in Plateau-Rayleigh instability which occurs in the weir region. For a

chip, which has a gap between the top of the weir and the top plate of 0.6 mm, this

volume corresponds to a 1.86 mm wide region of instability as calculated from the

critical 3.1 with to diameter ratio. A cylinder with length of 1.86 mm and diameter

of 0.6 mm corresponds to a volume of 0.52 µL. This only differs from the 0.6 µL value

by 15% and is within one standard deviation of the average of the errors. Thus, it is

reasonable to assume that at these dimensions, the expected random error is 0.5 µL.
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Taking these values, the acceptable working range for the chip at the 10% coef-

ficient of variation level is any volume above 5 µL or 10 µL at better than the 5%

CV level. With additional work, these values may potentially be reduced either by

reducing the width of the weir, or the height of the gap between the weir and the top

plate. Additionally, the region of instability may potentially be reduced by slower

movement of the drop or submersion in oil, which reduces the interfacial tension to

that of the water-oil interface.

3.3.3 Extent of Permissible Liquids

While not directly tested, one of the limits of a surface tension driven system is,

of course, surface tension. In this case, the limit will be the point at which the

surface wets. The surface tension value where the transition from the Cassie-Baxter

low friction state to the pinned Wenzel state occurs is a limit of the system. The

developed method relies on the free movement of liquid, thus for free motion to

occur, the liquids on the surface are required to be in the Cassie-Baxter state where

the roll-off angle is under 10° due to the low contact area with the surface. In contrast,

drops in the Wenzel state are pinned and cannot be easily removed from a position.

Though only aqueous solutions were used for the actuation tests, the resistance of the

hydrophobic surface was tested with contact angle tests for various concentrations of

ethanol and methanol to and the data are shown in figure 3.8 which shows the cos

of the contact angle (θ). It is expected that the Cassie-Baxter state has a contact

angle greater than 150°, or a cos(θ) of -0.8 while the Wenzel state is the normal state

for a drop-in contact with a rough surface. This results in two regimes which can

be plotted together and a linear regression taken for the two regions. The intercept
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of the two regressions corresponds to the surface tension where the transition to

superhydrophobicity occurs. These data are shown in Figure 3.8.

Figure 3.8: Surface tension measurements for various concentrations of
alcohol on Ultra-Ever Dry with regressions showing the state of the drop
on the surface

From these data, it was determined that the transition point between the Cassie-

Baxter and Wenzel state was approximately 31 mN/m though in practice, due to the

extra pressure from the top plate that can cause liquid to flow into the air pockets

that create superhydrophobicity, this value is likely closer to 40 mN/m on a chip. This

value for the minimum surface tension will theoretically allow many different types of

fluid such as blood (58.7 mN/m)169 or urine (52-72 mN/m)170 in addition to inorganic

aqueous solutions (generally >72 mN/m)171. The robustness of the Ultra-Ever Dry

coating to various surface tensions has been utilized previously by members of our

group for paramagnetic salt actuated analysis of pharmacological compounds172, and
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a gravity actuated device which analyzed serum.29,173 Given the compatibility of

Ultra-Ever Dry to various biological fluids, it is possible that future work, both with

this method and others, will continue to expand the ability of Ultra-Ever Dry to

function in biological tests in microfluidic applications.

3.4 Method Automation

One of the concerns with magnetic microfluidics is that it is largely a manual method

requiring training and hand dexterity to fully accomplish. While the use of man-

ual operation is an advantage in places with limited resources, it is recognized that

one of the main advantages of microfluidics is the ability to automate chemical pro-

cesses. Though it is not the main thrust of this thesis, some work has also been done

automating the process of droplet splitting.

The 3D printer creates devices by manipulating two stepper motors which control

the x and y axis and moves along the z-axis with a screw motor. The printer can

move the head in 3D space with a registered accuracy of 0.01 mm, though practically

the head can be defined to 0.1 mm in space due to slight slack in the toothed belts

which transfer torque from the stepper motors to the print head for the x-axis, or

the print bed for the y-axis. The specific printer used in this thesis, the Felix 3.1

printer, can read an open-source form of G-code from the RepRap project (a machine

code which is used by CNC machines to define processes in 3D space). A program

was written in this code to dispense a drop into three sequential wells. A truncated

form of the code used to run the process is shown in Appendix B on page 129 with

notation describing many of the important steps.

To be able to use the 3D printer for magnetic actuation, a magnet is needed as
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the print head is not inherently magnetic. To accomplish this a 3D printed cup was

created and a magnet attached to the interior with epoxy. The finished part was

then taped to the side of the magnetic print head securely and the distance between

the nozzle and the centre of the magnet was measured with a caliper. The exported

G-code file was then changed to compensate for the distance. The magnet was placed

in line with the print head so compensation was only needed in the x-axis.

Frame captures from a video of the automated process is shown in Figure 3.9 on

the next page.

Part a of the figure shows the automation in mid-process. The plate is top slide

is placed on top of the chip after tine introduction of the reservoir drop, and then the

program was run. The entire structure is held in place by a 3D printed holder which

is printed immediately before running the automation step. This exists to centre the

chip on the 3D print bed. The magnet attached to the side of the print head can

be seen in the top left. Part B of the figure shows the finished process with three

dispensed drops.

The automated process displays the same expected volumes as the manually driven

process, though at the current time the difficulty of writing code to automate the

process hinders a full automation of a full chemical process on a chip. Thus, as all

the manual translations of the magnet, which largely take place in the x and y plane,

can be mimicked electronically, the very means used to fabricate the microfluidic chips

in this thesis can also automate the process of using them. This has the potential

to democratize classical analytical chemistry and further the proliferation of digital

microfluidic devices using this method of actuation.
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Figure 3.9: Frame capture of finished automated dispensing utilizing the
3D printer (A) shows a midpoint in the process with a magnet attached
to the 3D printing nozzle over the chip and (B) shows the three separate
drops dispensed into three non-sequential wells

3.5 Conclusion

This result verifies that this method can be used to reproducibly dispense drops as the

volume is dependent on a confined well. Through numerical simulations the mech-

anism of the droplet splitting process was investigated and some of the limitations

calculated. For the printed system used in this thesis, the minimum possible droplet
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dispensed is approximately 5-6 µL. This was verified experimentally and a 1:1 ex-

pected volume to actual dispensed volume correlation was found. This method has

no physical upper bound as long as all conditions are met, though a practical bound

exists at around 100 µL. Additionally the method was automated and a theoretical

limit of 31-40 nM/m for compatible fluids was determined.
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Chapter 4

Doing Chemistry with Magnetic Microfluidics

4.1 Introduction

Droplet kinematics are not the end of digital microfluidic systems, instead they are

intended to be applied towards a purpose. Specifically, the ability to combine minute

volumes of liquid allows chemists and researchers to miniaturize chemical operations.

To demonstrate the possibility of utilizing the method for chemical research, an EDTA

titration for the determination of water hardness was performed in a traditional for-

mat and in a microfluidic format. Additional image analysis was also carried out

to demonstrate a working principle for utilizing the created devices in resource poor

settings.

4.2 EDTA Titration

EDTA is a complexing agent, which is used to bind metal ions both analytically

for metal content determination at the ppm level, and in food to prevent either

the alteration of taste or preservation of food. It is the standard method for the

determination of water hardness where water hardness is a term for the dissolved
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calcium and magnesium content of water. A knowledge of water hardness is important

because excessive calcium content limits soap lathering in addition to potentially

causing mineral build-up in pipes, faucets, pools, and other water fixtures.

Hardness is measured in ppm equivalent of calcium carbonate which simplifies

calculations as a molar mass of calcium carbonate (100.0869 g/mol) is roughly 100

grams. Thus, 1 ppm equivalent is approximately 100 µM of combined calcium and

magnesium.

4.2.1 Water Hardness Range Determination

As described in Section 2.4.2 on page 63, Eriochrome black T was used as the indicator

for the titration and the sample processed was Kingston tap water. A full-scale

titration on a 10 mL sample with had a colour change occur at 124 ppm which agrees

with the recorded range, 116-134 ppm, of Kingston tap water from the King St. Water

Treatment plant which draws water from Lake Ontario.153

Using the titration chip outlined in Section 2.2.2 on page 48, a complexometric

titration was conducted using the magnetically actuated droplet splitting method.

The ratios described in Table 2.1 on page 50 were combined using paramagnetic

particles and the following result was obtained (shown in Figure 4.1 on the next

page)

In this titration, which analyzes the combined content of divalent metal ions,

Eriochrome Black T was used to detect an excess of calcium in solution. In the

presence of excess calcium or magnesium, the normal blue colour of the dye becomes

red. After mixing the drops from the five different well sets, three of the final drops

were red and two were blue. This is mirrored in a pre-mixed sample (top) where
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Figure 4.1: Photo of finished EDTA titration (bottom chip) with compar-
ison to expected result (top chip) on grey card background

the expected ratios of sample and reagent were created on a 1 mL scale using an

air-displacement pipette and then the appropriate amount pipetted into five example

wells.

Eriochrome Black T at pH 10 (maintained using a borax-sodium hydroxide buffer

in this test) is blue with excess EDTA and red with excess calcium and magnesium.

Therefore, from Table 2.1 on page 50 we can find that the three wells with the least

EDTA had calcium in excess and that the endpoint is greater than these ratios. The

three wells that had equivalent EDTA to bind 47, 57, and 100 ppm turned red as all

the EDTA was complexed and excess calcium remained in solution. The two wells

containing equivalent EDTA to bind 176 and 213 ppm remained blue as the EDTA

remained in excess and calcium was unavailable to bind with the indicator. Therefore,

from this test we can determine that the hardness of the water lies between 100 and
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176 ppm of calcium carbonate equivalent. This would classify the water as hard to

moderately hard in the Canadian guidelines for drinking water quality.174 This is the

same for the pipetted version demonstrating beyond the theoretical assessment in

the previous chapter, that the dispensing method outlined in this thesis is of similar

accuracy to an air displacement pipette. The same resuailts were obtned several

(n = 6) times. This result can be further improved by using additional well sets

which intermediate equivalence points. Functionally this can create any arbitrary bin

size. However, due to the size of the glass cover plate the specific chip designed for

this experiment was limited to five well sets.

4.2.2 Cell Phone Analysis

One of the many goals of microfluidics is to make analytical chemistry more accessible.

Cellphone-based cameras have recently found utility for chemical measurement using

spectral analysis.175 The advantage of cellphones as an analytical tool is ubiquity.

Ericsson, a communications company, stated that in 2016 55%, 3.9 billion, of all

mobile phone subscriptions were active smartphone broadband subscriptions.176 In

other words, there are 3.9 billion devices which use mobile data, and of these a large

majority have some form of camera, microphone, accelerometer, or any other of the

myriad sensors which enable a modern smartphone to work. Therefore, if this large

quantity of accurate consumer grade sensor technology can be leveraged for analytical

operations, especially bioanalytical operations, expensive tests which might require

UV-Vis spectrophotometers such as ELISA can be brought to developing nations

in an expedited, inexpensive manner. Cellphones hold the promise to democratize

analytical chemistry and make it accessible even in the most inaccessible of areas.
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The titration performed on the microfluidic chip outlined in Chapter 2 on page 39

can ascertain ranges of concentrations for water hardness, but is unable to provide

more than a 40-ppm range of concentration. An iPhone 6 was used to take photos to

demonstrate a working principle of using a smartphone for spectrochemical analysis,

and ImageJ was used to analyze the photos.

The major issue that comes up with direct analysis of photos, especially photos

stored in the JPEG file format (ISO/IEC 10918), is that photos taken on consumer

cameras are not typically stored in a linear colour space. Additionally, JPEG reduces

files sizes by making sets of 8 by 8 pixels into a linear combination of pre-defined

patterns. Thus, at lower quality settings, compression artefacts alter luminosity data

to a larger degree. However, the transformation of reality’s linear colour space to the

non-linear colour space stored digitally is a larger issue for quantitative measurements

than compression artefacts for luminosity arising from the loss of data in the JPEG

format.

Most JPEGs present the final colour values in the sRGB colour space. Colour

spaces are ways of categorizing colours. sRGB stores colour information as three

different colours: red, green, and blue. These colours correspond to the primary

colours of human colour vision and the sRGB standard mathematically relates the

values recorded in an image to a subset of the possible colours of human vision. In this

format, colours are stored in 8-bit (256 integer) values. This colour space was jointly

developed as the standard for the internet by Microsoft and HP,177 and subsequently

it is now the most common colour space in use though it contains a smaller range of

human vision than more modern alternatives.

sRGB attempts to mimic human vision by displaying intensity of three separate
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channels, red, green, and blue, in a pseudo-exponential manner. Using an average

curve of x
1
2.2 intensity, absolute colour intensity is converted to the stored values.

Though an explanation of the mathematical formulation is beyond the scope For

example, if a camera records a maximum range 2,000,000 levels of intensity, a value

of 1,000,000 would first be related the nearest proportion of 198,668 (2562.2) so in this

example, a value of 99,334, and then the value would be taken to the x
1
2.2 to obtain

the final stored value, which in this case is 187. Notice, that though the original input

is halfway through the possible values, the actual recorded value is closer to 255 than

it is to 0. This is because the sRGB format attempts to store more darker values as

human vision is more readily able to distinguish between relative intensities in darker

conditions than in brighter conditions. Thus, by taking the recorded intensities and

taking the 2.2 root of the intensities, the limited amount of data (256 values) is used

to record the most values where human visual sensitivity is the greatest.

When images are displayed on a screen, this value is required to be converted

back to a liner intensity scale for human perception and the exponent that displays

raise inputted numbers is again approximately 2.2 though the exact value varies by

manufacturer. An iPhone was used as displays produced by Apple are known to have

a gamma of 2.2 from default computer settings and, thus, it can be expected that an

application of a gamma of 2.2 to intensity values from a picture on an iPhone will

approximate linear data collection after conversion back to intensity values from the

stored colour data.

The linearity of data collection was confirmed by using a photo of a serial dilution

of Eriochrome black T. This test also doubles to determine an appropriate dilution of

Eriochrome black T for the titration tests ( 10 ppm equivalent CaCO3). The results
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of this test are shown in in Figure 4.2

Figure 4.2: Photo of serial dilution of 20 ppm equivalent Eriochrome black
T (left) and graph showing image analysis of the photo (right)

The serial dilution test not only demonstrates that the original concentration

(approximately ≈20 ppm equivalent of dye) was too high to obtain linear data (lin-

earity with respect to concentration shown by slope/intercept of 152/189 or 84%),

but also shows that the linearity approaches unity with respect to concentration

(m/b = 1.00, R2=0.997). Thus, from 0 to 10 ppm concentration, the response of the

CCD to the presence of dye is linear and follows Beer’s law ( 2.1 on page 62). This

works because though Absorbance is the quantity which is linear, the total change

in absorbance occurs in under 0.4 absorbance units. At 0.4 absorbance units, the

transmittance decreases approximately linearly from 100% to 60% when calculated

with A = log10(I0/I) where I0 is the initial intensity, I the final intensity, and A is the

recorded absorbance. Thus, the concentrations used in this experiment were within

this approximately linear region from 100 to 40% transmittance of red light and the

intensity can be used similarly to absorbance. Additionally, as the titration itself does

not quantitatively determine a concentration for the dye, the observed linear increase

in transmittance permits the comparison of relative intensities within the 0.0 to 0.4
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absorbance units where the log curve is approximately linear.

After confirming that the response of the CCD is linear to light intensity after the

application for the correction factor for the working volumes and concentration used

throughout these experiments, the theoretical validity of the method was determined

by using UV-Vis spectrophotometry of four different concentrations of a prepared

standard at various ppm concentrations with 99% calcium and 1% magnesium added

to a 125 ± 5 ppm mixture of EDTA. The total amount of dye in each cuvette was

held constant and the results are shown in Figure 4.3

Figure 4.3: UV-Vis trace of Eriochrome Black T at various equivalents of
calcium (left) and graph showing image analysis (right)

The UV trace was analyzed at 611 nm where the trace showed the largest dif-

ferences in colour between the concentrations of calcium and the intensity from the

USB 2000 spectrophotometer was divided by 49.9 so that the average intensity of the

spectrophotometer output (3206) is the same as the average of the corrected intensity

from the photo after processing by ImageJ (64.14). As the values of the intensity

from the photo in ImageJ are reassigned to one of 255 values, a comparison of the

method sensitivities also requires that the values from the spectrophotometer lie in

this range.
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The red channel was used for the iPhone trace. This was done by splitting the

channels in ImageJ to obtain a grey scale image with intensity values corresponding

to the 8 bit values of the red channel in the original photo. In both cases the data

is linear (R2 > 0.95) and a comparison of the regression intercepts agrees with the

known concentration of the standard within 5 ppm. The sensitivity (as defined by

the slope) of the spectrophotometer is 3× higher than the iPhone image analysis.

While this is perhaps somewhat disappointing, it nonetheless validates a cellphone

as a wide spectrum spectrophotometer that works with single analytes with colour

change restricted to a specific region of the spectrum. Because of the limited spectrum

of its colour change Eriochrome black T is thus possible to use for detection purposes

by an unmodified cellphone taking a JPEG photo.

After verifying that the response of the cellphone CCD is linear towards light

intensity, the image in Figure 4.1 on page 93 was processed using a gamma of 2.2

using the gamma function present in ImageJ. A measurement of the average intensi-

ties of the drops, excluding specular highlights, was taken using ImageJ for the red

channel. According to the absorbance spectrum for the free and complexed forms

of Eriochorome black T, the blue spectrum does not appreciably change indicating

that the only colour change that occurs, is in the red portion of the spectrum.151,152

Thus, the red channel was used to conduct the analysis. In the first of two regimes

the calcium to EDTA ratio approaches unity. In this case, it has been demonstrated

in literature that as the ratio of titrant to analyte moves from 0.990 to 1.005 that

the absorbance decreases to the minimum value (approx14% absorbance of the blue

form without calcium or magnesium).178 The change in indicator colour also follows a

logistic curve typical of titrations, but over the range from 0.990 to 1.005 the change
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can be approximated linearly with an R2 of over 90% as the change in colour happens

gradually. In the second regime, which occurs after the amount of calcium exceeds the

amount of EDTA, the red channel rapidly increases in intensity. Thus, a regression

of the two regimes, if they occur, can be done and the intercept used to calculate the

endpoint of the titration. This is the principle that was used to further analyze the

photo from Figure 4.1 on page 93, and the final analysis is shown in Figure 4.4

Figure 4.4: Photo from Figure 4.1 on page 93 with labels, and the associ-
ated analysis using ImageJ for calcium concentration

(Reproduced with permission from The Royal Society of Chemistry.160

From the image, a region from each of the wells was averaged and then corrected

for light intensity relative to the background and dye concentration. A linear regres-

sion of the values before and after the endpoint were taken, and the intersection of

both the pipetted sample and the magnetically dispensed sample was calculated. The

value for the set of mixtures mixed with the pipette was 125±5 ppm, and the value

for the set created by the magnetic dispensing method was 124±15 ppm (Plate B of

Figure 4.4). This matches well with the 10-mL standard titration, which has a value

of 124 ppm. The overall relationship of the pipetted mixtures to the magnetically

actuated mixtures was 1:1, indicating that the accuracy of the method is comparable
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to that of the pipette at the working volumes of the chip (Plate C of Figure 4.4 on

the previous page). However, due to variations in the possible relationship between

the pipetting and magnetically dispensed method, the error on the final value ap-

proaches 10% leading to a 25-ppm confidence interval. Nonetheless, the value from

the cellphone based regression method is more accurate than the 70-ppm bin created

by the different endpoints at the two well sets that surround the equivalence point

where the colour change occurs.

From literature data it is known that the absorbance of the dye at low concen-

trations is linear as the titration reaches the equivalence point.178 Thus, a linear ap-

proximation of the post-equivalence point concentration sets and the pre-equivalence

point concentration sets can determine the end point to within 10% as long as the

data point used in the approximation exist in the linear region of dye colour variation

surrounding the equivalence points. Additioankky, while at first glance it is odd for

the slope for the points with excess titrant to be positive in the real sample test and

negative in the UV-Vis validation test, from the literature data, the Eriochrome black

T and magnesium complex is expected to be redder than the Eriochrome black T and

calcium complex.151 According to Kingston officials approximately 25% of the water

hardness originates from magnesium, while only 1% of the water hardness in the sam-

ple used during the UV-Vis test was magnesium.153 Thus, the real-world sample is

expected to be redder as more sample is added due to the higher relative concentra-

tion of magnesium and the higher binding affinity Eriochrome black T shows towards

magnesium than for calcium.

A titration is a method which requires accurate control over volume and the water

hardness concentration is a test that can determine the concentration of a combination
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of calcium and magnesium to within several parts per million. The magnetically dis-

pensed method can create drops with reproducible droplet volumes and the accuracy

is demonstrated to match that of an air-displacement pipette. Cellphone analysis was

used to complement the set well ratios and a value of 124 ± 15 ppm was determined

which matches well with the 124 ± 2 ppm value obtained from the standard method.

4.3 Generalized Actuation Chip

The final research thrust in this thesis sought to make magnetic actuation a generally

applicable system. A generally applicable system can move magnetic microfluidics

beyond simple channels and wells and into a system that begins to approach the digital

microfluidic goal of reconfigurable chips which can be used for multiple purposes. A

set of chip designs were used to create a generalized actuation chip. While there

was insufficient time to fully develop the chip, this chip is not created for any single

purpose but is created to demonstrate the possibility of combining any number and

any combination of the four droplet operations (dispensing, moving, merging, and

cutting) together on a single chip.

4.3.1 Design and Operation

From the previous chapters, it can be said that the limitation to magnetic droplet

splitting is that it cannot be performed on an open surface (though certainly, because

of the larger volume and removable top plate, it can be coupled with open surfaces).

The reason for this is that sufficient deformation of the drop is required to drive

forward the splitting process. While the chips presented in Chapter 3 on page 67 and

the first part of this chapter all used channel based systems to move and manipulate
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drops, channel based systems do not truly individually address drops and cannot be

used in a reconfigurable manner.

The inability to combine multiple operations in any order can be solved by taking

cues from electrowetting devices which already are able to accomplish this. Elec-

trowetting devices accomplish reconfigurable chips by having a patterned array of

electrodes. These electrodes, which are of defined size, can create ratios of drops

in addition to moving and merging drops. This is all accomplished because the top

plate is present over the entire surface to deform drops and provide anchor points for

electrode sets. While the method elucidated in this thesis does not use electrodes, the

principle of repeating sets of regions, which can be used for multiple droplet operations

on drops under pressure can also be extended towards magnetic systems with some

modifications. Instead we explored the use of pillars which form small, discontinuous

areas where actuation can take place by providing local energy minima coupled with

an overall high pressure system to facilitate actuation between any two points. The

layout of the chip is shown in Figure 4.5 with the different areas highlighted.

Figure 4.5: Photo of printed design from Figure 2.3 on page 49 with
highlighted areas and potential droplet operations

There are three motifs which can be used to facilitate droplet movement: (1)
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dispense, (2) transport, and (3) split. Again there is a 0.6 mm gap between the top of

the printed surface and the top plate, which is required for the paramagnetic particles

to act as a hydrophilic patch.

The first motif is the dispense motif. This motif is carried over from previous

chip designs and consists of a reservoir and a channel with a set of wells. This motif

is separate from the remainder of the chip as it contains the original volumes of

needed reagents. The reservoir has less depth (1.0 mm) than the channel (1.5 mm)

which promotes fluid movement from the reservoir into the channel. The mechanism,

elucidated in chapter 3, can then be used to dispense drops into wells, which are 2.0

mm deep. The well is separated from the transport motif by a small retaining wall

which has 0.6 mm height and 0.35 mm thickness resulting in a 1.4 mm opening on

the transport motif side of the well. As the 1.4 mm opening is smaller than the 1.5

mm channel, liquid does not flow from the channel into the transport region during

the dispensing operation. This operation is irreversible.

The third motif is the split motif. This is different from the dispensing motif in

that splitting takes place with drops that are already dispensed onto the chip, though

this motif can be used like the dispensing motif if reversible dispensing is desired.

While the channel (depth and width 1.5 mm) and well portions (depth 2.0 mm with

opening of 1.4 mm deep, and 1.4 mm wide) of this motif are like that of the dispensing

motif, there is no dedicated reservoir for this motif. Instead, drops are transitioned

from the low-pressure transport motif to the high-pressure region over the channel

via a ramp. This ramp reduces the depth from 2.0 mm to 1.5 mm and the accuracy

of the splitting was verified to be the same as the dispensing operation outlined in

the previous chapter.
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These three motifs allow a drop to be dispensed into an area. This dispensed drop

can be mixed, merged, and moved with additional drops and the dispensed drop can

be split again after any of these operations. Thus, this chip is a reconfigurable design

which can be used for multiple different types of tests and future work can seek to

utilize this ability to create a chip capable of analytical or synthetic operations with

magnetically actuated digital microfluidics.

4.3.2 Limits of Actuation

It was determined by varying the pitch between the pillars that the maximum actu-

ation difference from 1.15 mm into a smaller channel was 0.95 mm wide and 1.5 mm

deep. The maximum actuation difference from a larger width channel into the 1.15

mm wide channel was 1.55 mm, though 1.65 mm had flow at smaller droplet sizes. In

each of the cases, where droplet actuation failed, particle extraction was still achieved

which provides information about the exact mechanisms that define the limits of the

system.

In the change from the 1.15 to 0.95 mm wide channel the 800 mg of paramagnetic

particle was extracted in a drop with a consistent volume of 2-4 µL. While this volume

is relatively constant, the drop has a more uncertain volume than the mechanism

outlined in Chapter 3 on page 67 due to the lack of constraints placed on the unstable

region as has been noted in previous literature.116 The 2-4 µL value is in line with a

drop with an approximate ellipsoid shape (an elongated sphere with differing lengths

on three major axes) with the three semimajor axes of the ellipsoid corresponding to

(1) the patch size (1.08 mm), (2) half the channel width (0.575 mm, or 0.78) and (3)

half the channel height (0.95 mm) indicating that the drop is formed by the process



4.3. GENERALIZED ACTUATION CHIP 106

of Plateau-Rayleigh instability.

The two drops set an upper and lower bound on the maximum pressure differences

that can be exerted on a drop with paramagnetic particles. The drop deformation

into the channel can be approximated as a half circle and the pressure exerted by the

surface tension locally in that area based on the Laplace pressure. Taking the differ-

ence between the width of the dispensing channel, 1.15 mm, and the differently sized

channel into which the drop is moved, 0.95 or 1.55 mm, the pressure difference as

calculated for a spherical drop with a diameter equal to the width of the channel is 26

and 32 Pa, respectively. Within the minimum printable difference in dimensions (±

0.05 mm), these pressure differences are equal. Thus, the maximum Laplace pressure

difference between two differently sized channels, before the magnetic beads become

extracted, is approximately 30 Pa (or 25% of the original 125 Pa drop pressure). This

maximum possible pressure difference sets the bounds for designing transitions be-

tween different areas on a generalized actuation chip and is an important step towards

creating a fully realized design which incorporates multiple step for an analytical or

synthetic method.

The differences in actuation areas can be decreased by submersion in oil if the chip

is created with a compatible substrate. It is therefore also expected that the range

of possible volumes can be extended by submersion in oil in a manner similar to

magnetic microfluidics and which has already been demonstrated in a limited fashion

for PCR analysis in literature.179 While the volume of the new drop depends on the

exact dimensions of the channel or size of the patch of paramagnetic particles, the

25% pressure difference barrier likely represents a physical limit to consider while

designing future chips for additional analytical operations.
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4.4 Conclusion

It has been demonstrated that the theoretical volume dispensing accuracy of the

method outlined in Chapter 2 on page 39 can be extended towards analytical oper-

ations in an EDTA titration. While the nature of the dispensing operation does not

easily allow for a continuous addition of liquid for a true titration curve, the sharpness

of a titration curve allows for cellphone analysis using ImageJ. After correcting for the

non-linear nature of colour space and concentration effects, Eriochrome black T can

be measured linearly and a more exact (± 10 ppm) measurement can be obtained.

This was applied to good effect on a sample of local tap water originating from the

King St. Water Treatment Plant in Kingston Ontario.

It was also demonstrated that the system can be extended into a more general

method to provide the basis for a truly reconfigurable chip based on magnetic actu-

ation. The initial groundwork for such a device was demonstrated and the limits of

pitch were ascertained. Future work should focus on the extension of this method to

additional applications.
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Chapter 5

Summary and Conclusions

Reproducible droplet splitting is the most important part of digital microfluidics

because it enables the use of multiple concentrations from a single parent drop which

allow a variety of synthetic and analytical operations. Though digital microfluidics

has, to date, predominantly used electrowetting-on-dielectric as the mode of creating

and transporting drops, the Oleschuk group has focused on developing more robust,

less expensive methods of digital microfluidics such as surface patterning with plasma

etching, and magnetic microfluidics. The primary limitation of magnetically actuated

microfluidics to date has been an inability to fully replicate electrowetting in creating

movable droplets. This thesis has removed that limitation and provided a way forward

for magnetically actuated digital microfluidics to compete with electrowetting devices

in sample preparation and analysis.

A method which uses paramagnetic particles as the primary driving force for

manipulating surface tension was described. The method works by using the param-

agnetic particles to provide a hydrophilic pathway between two regions, one of higher

pressure than the other. This permits pressure driven flow to begin between the two

areas.
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The mechanism was explored numerically in Comsol Multiphysics 5.2 which qual-

itatively revealed four conditions for droplet splitting: (1) Drops cannot move from a

1.15 mm wide channel through a 0.4 mm channel, (2) Movement through the channel

is possible with an appropriately sized hydrophilic patch, (3) created drops must be

larger than the initial width of the channel, and (4) drops can be reproducibly created

by moving the drop in the channel away from the well.

The four observations from the numerical simulation were confirmed experimen-

tally by dispensing drops into a specially designed chip with varying well sizes. The

method was found to be accurate to 0.5 µL across all volumes indicating that biolog-

ically applicable droplet generation is possible from volumes above 5 µL in the least

demanding cases, and 10 µL in more general cases. It was also demonstrated that

automation of the method is possible, though a full automation is beyond the scope

of this thesis.

The method was applied towards miniaturizing a titration for the determination

of water hardness. The method worked within expected parameters with an endpoint

occurring between two sets of wells that had equivalent titrant to complex 100 and

170 ppm. It was additionally demonstrated that a cellphone can act as a makeshift

UV-Vis spectrophotometer as, after correction for linearity, the CCD showed linear

decreases in intensity with increases in concentration of dye. Using the photo, a value

of 120 ± 10 ppm was calculated which increased the certainty of the measurement

over the simple range between 100 and 170. The calculated values were verified

against a standard method which found a concentration of 124 ppm calcium carbonate

equivalent water hardness for the sample used.

Finally, preliminary work into expanding the method into a more general form



110

was conducted. A chip design that can dispense drops and subsequently carry out

any combination of transport, merging, mixing, and splitting to the dispensed drop

was created. The chip utilizes elongated pillars arranged in a grid which act as small

channels create repeatable, addressable areas for drop movement. Additionally, a

pressure transition area permits drops to move from the pillar region into a splitting

channel modelled after the dispensing channel. The accuracy of the splitting process

relative to the dispensing process was confirmed to be the same experimentally (± 0.6

µL). Finally, by varying the pitches between the elongated pillars it was determined

that drops can transition between changes that are less than 25% of the Laplace

pressure of a drop in a given location.

The initial direction for future work in this field lies in utilizing the groundwork

laid for the generalized actuation chip for analytical purposes such as PCR or MALDI

sample prep as has been demonstrated for other methods. Additionally, methods

which leverage the paramagnetic particles as an extraction material can also be ex-

plored. As a general method of droplet actuation, the areas of application are wide

and varied and the groundwork laid in this thesis can hopefully be used to advance

analytical chemistry towards the end goal of microfluidics and realize a smaller, more

environmental friendly future.
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Appendix A

Test Chip Designs

Four of the thirty test 25.4 × 25.4 mm chips printed on a Dimension SST 1200es 3D

printer used to initially explore the droplet splitting mechanism experimentally.

From left to right:

1. Test chip used to verify that a wall was required. Liquid was observed to flow

from the channel into the unconfined side

2. Test chip used to confirm that a pressure ramping system would fail to limit

the flow of liquid as there would still be free expansion.
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3. Same as example 2. similar result though some drops could be created if the

paramagnetic beads were removed at the appropriate time. While this is theo-

retically controllable with enough control over magnet position, it is infeasible

to develop a system that requires precise timing in this manner.

4. Test chip which firmly demonstrated that a well system is required to create

reproducible droplet volumes.

Other chips are a variation on these four overarching types with varying weir

widths, channel widths, and gap between the surface and the top plate.
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Appendix B

Automation Code

This code moves the print head of a 3D printer to dispense 3 drops with the method

described in this thesis. It is written in the Rep-Rap version of G-code which is used

to manipulate a 3D print head in the x, y or z planes.

M107 ; fan off

M104 S0 ; set extruder to off

G28 ; home axis

G1 Z5 F5000 ; move extruder up 5 mm to be off bed

M109 S0 ; wait for set temperature

G21 ; set units to mm

G90 ; set movement to absolute coordinate

M82 ; set extruder to absolute extrusion

G92 E0 ; set home

G1 Z5.4 F8000 ; set height

G1 X175.483 Y5.000 E0 F8000 ; set feed rate to move to initial starting point

G1 X175.483 Y68.111 E0 F8000 ; move to starting point on chip

G1 X147.483 Y68.111 E0 F8000

G1 X147.483 Y68.111 E0 F5 ; set feed rate minimum 200

G1 X151.614 Y68.111 E0 F5 ; back and forth to gather paramagnetic beads

G1 X147.483 Y68.111 E0 F5

G1 X151.614 Y68.111 E0 F5

G1 X147.483 Y68.111 E0 F5

G1 X151.614 Y70.111 E0 F5 ; slow to move down ramp

G1 X151.614 Y69.111 E0 F5

G1 X151.614 Y71.111 E0 F5

G1 X151.614 Y70.111 E0 F5

G1 X151.614 Y72.111 E0 F5

G1 X151.614 Y71.111 E0 F5

G1 X151.614 Y73.111 E0 F5

G1 X151.614 Y72.111 E0 F5

G1 X151.614 Y74.111 E0 F5

G1 X151.614 Y73.111 E0 F5

G1 X151.614 Y75.111 E0 F5

G1 X151.614 Y74.111 E0 F5

G1 X151.614 Y76.111 E0 F5
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G1 X151.614 Y75.111 E0 F5

G1 X151.614 Y77.111 E0 F5

G1 X151.614 Y76.111 E0 F5

G1 X151.614 Y77.111 E0 F5

G1 X151.614 Y76.111 E0 F5

G1 X151.614 Y77.111 E0 F5

G1 X151.614 Y76.111 E0 F5

G1 X151.614 Y77.111 E0 F5

G1 X151.614 Y76.111 E0 F5

G1 X151.614 Y77.111 E0 F5

G1 X151.614 Y76.111 E0 F5

G1 X151.614 Y77.111 E0 F5

G1 X151.614 Y76.111 E0 F5

G1 X151.483 Y78.111 E0 F5

G1 X151.614 Y80.111 E0 F5

G1 X151.614 Y79.111 E0 F5

G1 X151.614 Y81.111 E0 F5

G1 X151.614 Y80.111 E0 F5

G1 X151.614 Y82.111 E0 F5

G1 X151.614 Y81.111 E0 F5

G1 X151.614 Y83.111 E0 F5

G1 X151.614 Y82.111 E0 F5

G1 X151.614 Y84.111 E0 F5

G1 X151.614 Y83.111 E0 F5

G1 X151.614 Y85.111 E0 F5

G1 X151.614 Y84.111 E0 F5

G1 X151.614 Y86.111 E0 F5

G1 X151.614 Y85.111 E0 F5

G1 X151.614 Y87.111 E0 F5

G1 X151.614 Y86.111 E0 F5

G1 X151.483 Y88.111 E0 F5

G1 X151.614 Y90.111 E0 F5

G1 X151.614 Y89.111 E0 F5

G1 X151.614 Y91.111 E0 F5

G1 X151.614 Y90.111 E0 F5

G1 X151.614 Y92.111 E0 F5

G1 X151.614 Y91.111 E0 F5

G1 X151.614 Y93.111 E0 F5

G1 X151.614 Y92.111 E0 F5

G1 X151.614 Y94.111 E0 F5

G1 X151.614 Y93.111 E0 F5

G1 X151.614 Y95.111 E0 F5

G1 X151.614 Y94.111 E0 F5

G1 X151.614 Y96.111 E0 F5

G1 X151.614 Y95.111 E0 F5

G1 X151.614 Y97.111 E0 F5

G1 X151.614 Y96.111 E0 F5

G1 X151.614 Y113.322 E0 F5 ; dispensing 1

G1 X147.204 Y113.322 E0 F5

G1 X147.204 Y114.322 E0 F5

G1 X151.564 Y114.322 E0 F5; step 1 ramp down

G1 X151.564 Y116.322 E0 F5;box 1

G1 X153.564 Y116.322 E0 F5

G1 X153.564 Y112.322 E0 F5

G1 X151.564 Y112.322 E0 F5

G1 X151.564 Y116.322 E0 F5;box 2

G1 X153.564 Y116.322 E0 F5

G1 X153.564 Y112.322 E0 F5

G1 X151.564 Y112.322 E0 F5

G1 X153.564 Y112.322 E0 F5; move over 2 mm

G1 X153.564 Y107.322 E0 F5; move toward home 5 mm
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G1 X153.564 Y112.322 E0 F5; to well 5 mm

G1 X151.564 Y112.322 E0 F5; to channel 2 mm

G1 X151.564 Y115.322 E0 F5; ramping down +1

G1 X151.564 Y113.322 E0 F5

G1 X151.564 Y115.022 E0 F5

G1 X151.564 Y113.022 E0 F5

G1 X151.564 Y114.522 E0 F5

G1 X151.564 Y112.522 E0 F5

G1 X151.564 Y114.222 E0 F5

G1 X151.564 Y112.322 E0 F5

G1 X151.564 Y112.322 E0 F5; +1 then -3

G1 X151.564 Y115.322 E0 F5

G1 X151.564 Y113.322 E0 F5

G1 X151.564 Y110.322 E0 F5

G1 X151.564 Y111.322 E0 F5

G1 X151.564 Y108.322 E0 F5

G1 X151.564 Y109.322 E0 F5

G1 X151.564 Y106.322 E0 F5

G1 X151.564 Y107.322 E0 F5

G1 X151.564 Y104.322 E0 F5

G1 X151.564 Y105.322 E0 F5

G1 X151.564 Y101.322 E0 F5

G1 X151.564 Y102.322 E0 F5

G1 X151.564 Y99.322 E0 F5

G1 X151.564 Y96.322 E0 F5

G1 X151.564 Y93.322 E0 F5

G1 X151.564 Y94.322 E0 F5

G1 X151.564 Y91.322 E0 F5

G1 X151.564 Y92.322 E0 F5

G1 X151.564 Y89.322 E0 F5

G1 X151.564 Y91.322 E0 F5

G1 X151.564 Y68.271 E0 F5 ; step 1 finish

G1 X151.614 Y68.111 E0 F5 ; back and forth to gather paramagnetic beads

G1 X147.483 Y68.111 E0 F5

G1 X151.614 Y68.111 E0 F5

G1 X147.483 Y68.111 E0 F5

G1 X151.614 Y70.111 E0 F5 ; step 2 ramping

[ . . . redundant code removed for appendix, above code is essentially repeated

twice in separate locations to dispense 3 drops]

G1 X151.564 Y68.271 E0 F5 ; step 3 finish

G1 X151.564 Y68.271 E0 F6000 ; set exit path feed rate

G1 X164.000 Y68.271 E0 F6000

G1 X164.000 Y0.000 E0 F6000

G92 E0 ; set home position

M107 ; fan off

M104 S0 ; extruder off

G28 X0 ; move to home position

M84 ; stop motor

}
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