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ABSTRACT

As a droplet containing colloidal material dries on a surface, the suspended particles are
deposited onto it. Aqueous colloidal droplets often leave the majority of particles at the periphery
of the deposition area. This phenomenon is known as the coffee ring effect, and it arises when a
radially outward evaporative flows dominates within a droplet as it dries. This deposition non-
uniformity can impact a diverse range of applications. In medical diagnostic testing, it can
introduce uncertainty into microarray test results, while in inkjet printing it can produce finer
printed circuitry.  Controlling colloidal deposition could allow for higher-quality medical
diagnostics and printing techniques.

Application of electric fields to evaporating droplets is a promising method for controlling
the coffee ring effect. Applying a voltage across a droplet can produce electrowetting forces at the
contact line and electrophoretic forces on suspended particles. These forces have the potential to
influence contact line pinning, internal flows, and migration of particles within the droplet.
Electric fields have previously been used to manipulate colloidal transport in droplets laden with
a variety of particles. The present work experimentally characterizes the effects of the particle
type, size, and actuation polarity on the contact line dynamics and resultant depositions of
evaporating particle-laden droplets.

Deionized water droplets were seeded with a variety of particles and evaporated on an SU-
8 photoresist substrates. Particle size was found to play a role in the final deposition patterns
produced by carboxylate-modified polystyrene-laden droplets. Droplets with smaller particles
repinned in the final stages of evaporation and produced ring depositions, while droplets with

larger particles remained mobile and produced more uniform depositions. A comparison of the



evaporation times to particle settling times, showed that gravitational effects may influence the
deposition behavior of larger particles. Particle material also plays a role in the resultant deposition
pattern. Titanium oxide-laden droplets tended to pin longer and exhibited smaller receding contact
angles as compared to polystyrene-laden droplets. Titanium oxide-laden droplets also tended to
leave less distinct rings and large uniform regions in the final depositions. Actuation polarity was
found to influence contact line mobility during the evaporation of particle-free and polystyrene-
laden droplets. Polystyrene-laden droplets exposed to negative DC electric fields receded in a slip-
stick pattern, while those exposed to positive DC electric fields receded more uniformly. No
evidence of electrophoretic migration was observed, as both field polarities produced similar

deposition patterns. Work is ongoing to quantify the electrophoretic effect.
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Fluorescent image of a cDNA microarray containing depositions from 72
droplets [7]. In each individual deposition, particles are concentrated at
the outer periphery, as is evidenced by the bright outer rings.

Conductive traces consisting of (a) overlapping rings [21] and (b) gridded
parallel lines [8]. In both cases, the material is deposited primarily at the
periphery of the printed areas due to the coffee stain effect. In (b) this
phenomenon enables feature sizes up to two order of magnitude smaller
than the printed line.

The contact line and contact angle of a droplet resting on a surface. The
contact angle is measured through the droplet.

The surface tension forces acting in a droplet-substrate system. When no
outside forces act on the droplet, it takes the equilibrium, or Young’s,
contact angle.

Droplets evaporating on substrates do so in three general regimes: (a) the
constant contact diameter (CCD) regime, (b) the constant contact angle
(CCA) regime, and (c) the mixed regime. The lighter-blue regions
bounded by dotted lines show the initial droplet positions. The darker-
blue regions bounded by solid lines show the positions after the droplets
have evaporated for some time.

The competition between the evaporative and Marangoni flows within a
pinned evaporating droplet. Evaporative flows are shown in solid black,
and Marangoni flows are shown in dashed red. Marangoni flows are
shown to inhibit the evaporative flow, but they can enhance it under
particular droplet and ambient conditions.

A proposed flow map showing the deposition formations produced in
different dominant flow regimes [35]. Ring depositions are produced
when evaporative flows dominate (Vrad), bump depositions form when
Marangoni flows dominate (VMa), and uniform depositions form when
DLVO forces dominate (VDLVO+).

A typical setup for using electric fields to control colloidal deposition in
an evaporating droplet. The lighter-blue region bounded by a dotted line
shows the initial droplet position before actuation. The darker-blue
region bounded by a solid line shows the actuated position caused by
electrowetting. An AC signal can be used in place of the DC one shown.
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Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 4.1

Experimental setup diagram.

Device (a,b) side-view diagrams and (c,d) top-view diagrams of the two
device designs used. The exposed electrode required for actuation
incorporated into the 3-layer device design can be observed in (d).

The profile imaging procedure consists of (a) a backlit stage where
droplets are evaporated and a camera capturing side-view images of the
droplet. Contact angles and diameters are calculated from (b) each
captured frame of the droplet profile. Values from all frames over the
course of evaporation can be combined to show (c) plots of profile
evolution for each droplet.

A frame captured during profile imaging. The vertical and horizontal
dotted red lines show sample locations of the centerline and baseline,
respectively, that a user must enter when running the Ramé-Hart software
to calculate contact angles and diameters correctly. The dark area
immediately below the baseline is a reflection of the droplet on the device
surface.

Polystyrene-laden droplets can leave depositions that vary with height,
shown here in green. The dotted red line shows one imaging plane.
Fluorescent images are taken at multiple heights, up and down the solid
red arrow, to capture more deposition data.

Four captured images of titanium oxide depositions can be stitched into a
single image for processing. This technique increase the resolution of the
image used as compared to using a lower microscope objective strength
to capture the entire deposition at once.

The deposition imaging procedure consists of (a) defining the region of
interest by contouring an initial convex polygon to fit the deposition
pattern, (b) subdividing the region into annular sectors, and then
quantifying the intensity in each. Intensities at different azimuthal
positions, but the same radial position, are averaged to quantify
deposition intensity at that particular radial position. This is repeated for
all radial positions to produce (c) radial distribution profiles for each
deposition.

Transient droplet profiles during the evaporation of (a,b) DI water
droplets and DI water droplets seeded with (c,d) 25 nm, (e,f) 63 nm, and
(9,h) 1.1 um polystyrene particles. Mean values are shown in black, and
three standard deviations above and below are shown in red. Dotted blue
lines indicate the mean final diameter of depositions left after
evaporation.
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Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Representative depositions patterns and particle distribution profiles left
after evaporation of DI water droplet seeded with (a) 25 nm, (b) 63 nm,
and (c) 1.1 pum polystyrene particles. Error bars span three standard
deviations above and below the mean values.

Representative profile images of evaporating droplets of (a) pure DI
water and DI water seeded with (b) 25 nm, (c) 63 nm, and (d) 1.1 um
polystyrene particles starting 90% into evaporation. In (b) and (c), the
droplet appears to remain pinned.

If the interface of an evaporating droplet can collapse faster than particles
within the droplet can diffuse away from the interface, the particles can
be captured by the collapsing interface rather than be swept toward the
periphery by the evaporative flow [55].

Transient droplet profiles during the evaporation of (a,b) DI water
droplets and DI water droplets seeded with (c,d) 25 nm polystyrene
particles and (e,f) 21 nm titanium oxide particles. Mean values are shown
in black, and three standard deviations above and below are shown in red.
Dotted blue lines indicate the mean final diameter of depositions left after
evaporation.

Representative transient profile of an evaporating titanium oxide-laden
droplet. After the initial CCD region, the droplet slips and sticks several
times through the rest of evaporation.

Representative depositions patterns and particle distribution profiles left
after evaporation of DI water droplet seeded with (a) 25 nm polystyrene
particles and (b) 21 nm titanium oxide particles. Error bars span three
standard deviations above and below the mean values. The representative
titanium oxide image has been inverted and has had its background
removed. The red arrow points toward what appears to be one of several
faint deposition rings.

Transient droplet profiles during the evaporation of (a,b) unactuated DI
water droplets and DI water droplets subjected to (c,d) +160 V DC and
(e,f) -160 V DC. Mean values are shown in black, and three standard
deviations above and below are shown in red. All droplets had a ground
wire inserted into them during evaporation.
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Figure 4.14

Transient droplet profiles during the evaporation under actuation at +160
V DC of DI water droplets seeded with 25 nm polystyrene particles at
concentrations of (a,b) 0.02% and (c,d) 0.2% by volume. Mean values
are shown in black, and three standard deviations above and below are
shown in red.

Transient droplet profiles during the evaporation under actuation at -160
V DC of DI water droplets seeded with 25 nm polystyrene particles at
concentrations of (a,b) 0.02% and (c,d) 0.2% by volume. Mean values
are shown in black, and three standard deviations above and below are
shown in red.

Representative depositions patterns left after evaporation of DI water
droplet seeded with 25 nm polystyrene particles at concentrations of (a,b)
0.02% and (c,d) 0.2% by volume. Droplets were exposed to actuation
polarities of (a,c) +160 V DC and (b,d) -160 V DC during evaporation.

Transient droplet profiles during the evaporation under actuation at +160
V DC of DI water droplets seeded with 25 nm polystyrene particles at a
concentration of 0.05% by volume. Trials from (a,b) were performed on
the same device as the trials in Figures 4.9 and 4.10. Trials from (c,d)
were performed previously on a different device. Mean values are shown
in black, and three standard deviations above and below are shown in red.

Transient droplet profiles during the evaporation under actuation at -160
V DC of DI water droplets seeded with 25 nm polystyrene particles at a
concentration of 0.05% by volume. Trials from (a,b) were performed on
the same device as the trials in Figures 4.9 and 4.10. Trials from (c,d)
were performed previously on a different device. Mean values are shown
in black, and three standard deviations above and below are shown in red.

Representative depositions patterns left after evaporation of DI water
droplet seeded with 25 nm polystyrene particles at concentrations of
0.05% by volume (a,b) on an older device and (c,d) on the newer device
also used for the 0.02% and 0.2% trials depicted in Figure 4.11. Droplets
were exposed to actuation polarities of (a,c) +160 V DC and (b,d) -160 V
DC during evaporation.
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1.0 INTRODUCTION

1.1 Background

Colloids are microscopic, insoluble particles evenly dispersed throughout another medium.
Depending on the phases of the particles and medium, a colloid can be classified a number of
ways, including as a foam like whipped cream, an emulsion like milk, or as an aerosol like fog and
smoke. The field of colloidal science is dedicated to researching the intricacies of different
colloidal systems. The present work focuses specifically on colloids consisting of solid particles
dispersed in liquid media. As colloidal droplets evaporate, suspended particles deposit on the
surfaces upon which they rest. The distribution of the deposited particles can impact a diverse
range of applications, including medical diagnostics [1-7] and inkjet printing [8-10].

Deposition distribution can significantly impact the results of microarray testing.
Microarrays are a type of lab-on-chip (LOAC) device. Asa whole, LOAC devices seek to reduce
as many laboratory functions as possible down to a single chip [11,12]. They reduce reagent cost
by using smaller volumes of fluid [12,13] and tend to have shorter cycle times due to more
favorable surface-area-to-volume ratios for mass transport [14]. Their portable, low-cost nature
makes them well suited for overcoming two major issues preventing individuals from receiving
necessary medical care: lack of access and affordability [15].

Microarrays consist of a chip covered with an array of droplets for high-throughput testing.
Up to thousands of droplets can be deposited within a single square inch [16]. They revolutionized
gene expression research by allowing an individual to sequence an entire genome on a single small
slide [17]. Microarrays have also been used for detecting pathogens [1,2], determining

antimicrobial resistances, and conducting enzyme-linked immunosorbent assays (ELISAS) [3].



Figure 1.1 Fluorescent image of a cDNA microarray containing depositions from 72 droplets
[7]. In each individual deposition, particles are concentrated at the outer periphery, as is
evidenced by the bright outer rings.

Microarrays are commonly processed by measuring the fluorescence intensities of
depositions deposited after evaporation [4,7]. The majority of the material often collects at the
peripheries [4,7,18,19] (Fig. 1.1). This results in a non-uniform fluorescent intensity reading
across the deposition which can negatively impact the accuracy and repeatability of analyses [4].
An improved understanding of the formation of microarray depositions and a potential means of
control could improve the quality of microarray testing and may lead to improvements in testing
accuracy and repeatability [1-7].

Colloidal transport and deposition is also important for advanced manufacturing of flexible
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Figure 1.2 Conductive traces consisting of (a) overlapping rings [21] and (b) gridded parallel
lines [8]. In both cases, the material is deposited primarily at the periphery of the printed areas
due to the coffee stain effect. In (b) this phenomenon enables feature sizes up to two order of
magnitude smaller than the printed line.
electronics. Such devices are commonly made by inkjet printing an ink containing conductive
particles onto a flexible substrate [8,9]. The deposited conductive material forms the device
circuitry. This circuitry has applications in flexible displays, bionic organs, and e-textiles [20].

As in microarrays, the conductive particles often deposit at the periphery of the depositions left by

the printed ink. However, this can be leveraged to reduce printed feature sizes [8-10]. The



phenomenon can be used to produce arrays of overlapping rings from printed droplets (Fig 1.2a)
to create flexible transparent conductive films for optoelectronic applications [9,21]. It can also
be used produce “twin-line” depositions, pairs of parallel traces, from a single printed rivulet [8]
(Fig 1.2b). Unfortunately, surface defects can produce non-uniformities at the periphery, and kinks
in deposition lines are observable [8]. Here, a means of controlling the deposition pattern would
be ideal in order improve print quality [8-10]. This could take the form of either suppressing the
effect to coat the entire printed path uniformly or enhancing the effect to improve the deposition
uniformity at the peripheries.

The deposition of the large majority of colloidal material at the periphery of the deposition
area is known as the “coffee ring effect.” The formation of coffee ring patterns was first
characterized in the pioneering work of Deegan et al. [19,22,23], and is a result of complex

interactions between a number of effects.

1.2 Literature Review
When a droplet rests on a surface, the shape it takes is determined by the relative strength

of gravitational and capillary forces [24]. This relationship is quantified in the Bond number, Bo,

Bo = 22%% (1.1)
Y

where p is the density of the fluid, g is the acceleration due to gravity, R is the initial radius of the
droplet, H is the initial height of the droplet, and y is the surface tension along the liquid-vapor
interface [25]. A small value indicates that surface tension forces dominate over gravitational
forces, as is the case for droplets on the order of a millimeter in diameter. When this is the case,
the droplet takes a spherical cap shape [8,25].

The outer ring where the droplet contacts the surface is known as the contact line (Fig. 1.3).



Figure 1.3 The contact line and contact angle of a droplet resting on a surface. The contact

angle is measured through the droplet.
The angle that the droplet makes with the surface, measured through the droplet, is the contact
angle. If the surface is hydrophilic, the contact angle is small and the droplet is flatter. If it is
hydrophobic, the contact angle is large, and the droplet sits higher on the surface [24]. When a
droplet is at equilibrium, it exhibits its equilibrium contact angle, &q. This is also known as the
Young’s angle and can be calculated using the Young equation [26,27],

Ysv = Vst + Vi €OS Oeq, (1.2)

which equates the surface tension forces at the contact line in a droplet-substrate system (Fig. 1.4).
Here, ysv and ys are the surface tensions along the substrate-vapor and substrate-liquid interfaces,
respectively.

On a perfect surface, the shape of an droplet would always be characterized by the
equilibrium contact angle, and its height and diameter would change as its volume increased or
decreased [28]. On real surfaces, droplet contact lines become pinned in place due to random
surface defects [23,29]. As such, changes in droplet volume can result in changes in the apparent
contact angle. The upper and lower limits the angle can assume are known as the receding and
advancing contact angles, respectively, and the difference between the two is the contact angle
hysteresis [28,30]. Further volume change after reaching either limit results in contact line motion.

The contact line slips as the surface tension forces overcome the pinning forces, and the droplet

5



Figure 1.4 The surface tension forces acting in a droplet-substrate system. When no outside
forces act on the droplet, it takes the equilibrium, or Young’s, contact angle.

begins to advance or recede [31]. Depending on the rate of volume change and how much the
pinning forces can increase in response, the droplet can stick and slip a number of times [23].

One common cause of volume change is evaporation. Here, aqueous droplets lose volume
over time. As this occurs, three general evaporation regimes can be exhibited [28,32] (Fig. 1.5).
In the constant contact diameter (CCD) regime (Fig. 1.5a), the droplet remains pinned and the
contact angle reduces. Due to the presence of pinning forces, aqueous droplets often initially
evaporate in this regime until reaching their receding contact angles. In the constant contact angle
(CCA) regime (Fig. 1.5b), the contact line recedes as the angle holds stable. Aqueous droplets can
exhibit this mode after a CCD regime once they reach their receding contact angles. In the mixed
regime (Fig. 1.5¢), both contact angle and diameter decrease. In aqueous droplets, the CCA regime
can lead into a mixed regime if the contact angle begins decaying along with diameter, or it can
reenter a CCD regime if the droplet repins.

Evaporation plays a significant role in the coffee ring effect phenomenon. Pinned aqueous
droplets in air generally undergo evaporation limited by diffusion of vapor away from the interface
[18,23]. Assuch, the evaporation rate over the droplet surface is highest along the contact line. If
the contact line is pinned, the evaporation gradient drives a radially outward flow within the droplet
to compensate for mass lost at the periphery (Fig. 1.6). Even when evaporation is uniform over

the droplet surface, a radially outward flow is still required to conserve mass at a pinned contact
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Figure 1.5 Droplets evaporating on substrates do so in three general regimes: (a) the constant
contact diameter (CCD) regime, (b) the constant contact angle (CCA) regime, and (c) the
mixed regime. The lighter-blue regions bounded by dotted lines show the initial droplet
positions. The darker-blue regions bounded by solid lines show the positions after the
droplets have evaporated for some time.

line since the droplet interface collapses less than near the center of the droplet. In either case, the
radially outward flow can carry any suspended particles to the contact line where they deposit.
This results in coffee ring formation. Particle buildup at the periphery can also augment the

pinning forces and extend the length of the CCD regime [31].



Figure 1.6 The competition between the evaporative and Marangoni flows within a pinned
evaporating droplet. Evaporative flows are shown in solid black, and Marangoni flows are
shown in dashed red. Marangoni flows are shown to inhibit the evaporative flow, but they
can enhance it under particular droplet and ambient conditions.

While evaporation can drive a peripheral flow, it also can create a temperature gradient
over the droplet profile which can produce a surface tension-driven Marangoni flow [33,34] (Fig.
1.6). Temperature differences between the substrate and the ambient air can also contribute the
temperature gradient driving this flow. The Marangoni flow can enhance or impede the
evaporation-driven flow [35]. When it counters the evaporative flow, it can resuspend particles
rather than allow them to be carried to the contact line. When strong enough, Marangoni forces
can even produce a “skin of particles” at the outer layer of the droplet. When these transport
mechanisms compete and the evaporative flow dominates, coffee ring patterns are produced.

In addition to the two effects shown in Figure 1.6, Derjaguin-Landau-Verwey-Overbeek
(DLVO) interactions can also influence the deposition patterns formed. These interactions
describe the van der Waals and electrostatic forces acting in the droplet system [36]. The surface
charges of suspended particles and the substrate can cause particle-particle repulsion and particle-
substrate repulsion or attraction when objects are separated by distances on the order of the Debye
length. The surface charge also influences the thickness of the electric double layer formed around
each particle. This varies the range at which these attractive and repulsive forces act.

It has been suggested that the ultimate deposition pattern left by evaporating colloidal

droplets is governed by the relative strengths of the evaporative flow, the Marangoni flow, and the
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Figure 1.7 A proposed flow map showing the deposition formations produced in different
dominant flow regimes [36]. Ring depositions are produced when evaporative flows dominate
(Vrad), bump depositions form when Marangoni flows dominate (Vma), and uniform depositions

form when DLVO forces dominate (VpLvo+).

DLVO forces (Fig. 1.7). The coffee ring pattern is observed when the evaporative flow is

dominant. When Marangoni effects dominate, a smaller central bump pattern is deposited at the

center of the original droplet. A uniform deposition pattern is observed when attractive DLVO

forces dominate.

It would be advantageous to control the coffee ring effect in evaporating droplets for many

applications, including medical diagnostic testing [1-7] and inkjet printing [8-10].

Many

investigations have previously sought to suppress the coffee ring effect to improve deposition

uniformity [37-39].
9

Surfactants [40] and temperature gradients [41,42] have been used to



Hydrophobic Layer
-] Dielectric Layer
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Figure 1.8 A typical setup for using electric fields to control colloidal deposition in an
evaporating droplet. The lighter-blue region bounded by a dotted line shows the initial droplet
position before actuation. The darker-blue region bounded by a solid line shows the actuated
position caused by electrowetting. An AC signal can be used in place of the DC one shown.

influence to the internal Marangoni flow to counter the evaporative flow. Particle shape
modification [43] has been utilized to inhibit contact line pinning. DLVO forces have been
manipulated to control deposition formation by adjusting pH to change particle surface charge
[36].

This work focuses on the application of electric fields as a means of evaporation and
deposition formation control. This method can utilize both AC [37,38] and DC [44] fields. A
typical setup for the application of an electric field on an evaporating droplet is shown in Figure
1.8. A particle-laden droplet is deposited onto a coated electrode. The electrode is coated with a
dielectric layer and then with a hydrophobic layer, though a single composite material can serve
as both. A ground wire is inserted into the top of the droplet. A voltage is applied to the electrode

as the droplet is allowed to evaporate.
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In both AC and DC configurations, droplets experience electrowetting effects. When the
voltage is applied, a force is applied at the contact line which deforms the droplet interface and
results in a higher degree of wetting on the surface [24]. The droplet increases in diameter and
decreases in both height and apparent contact angle. The dielectric layer serves to delay the onset
of electrolysis in the droplet during actuation [38]. The hydrophobic layer causes droplets to have
larger equilibrium contact angles which allows for a more change during actuation [45].

An electrowetting induced change in the interface shape can influence the evaporation of
the droplet, as evaporation depends upon droplet geometry [22,23]. The change in apparent

contact angle is described by the Berge-Lippmann-Young (BLY) or electrowetting equation [24],

cv?
)

€0S0¢q q = €C0SO,q + (1.3)

2Y

where Oeq,a is the actuated equilibrium contact angle, ¢ is the capacitance per unit area of the
dielectric layer, and V is the magnitude of the applied voltage. This is also known as the modified
Young equation, as it can be derived from the Young Equation (Eg. 1.2) by adding an additional
electrowetting force at the contact line. The voltage term in the BLY equations is also known as
the electrowetting number [37,38]. While this relationship accurately predicts smaller apparent
contact angle changes, it is known to break down once the apparent contact angle reaches a system-
dependent saturation point where further increases in voltage produce little or no change [46,47].

When AC fields are applied to an evaporating droplet, the electrowetting force on the
contact line is not constant. Instead, it changes with the frequency of the field. This oscillatory
force can delay the onset of contact line pinning at lower frequencies on the order of 10 Hz [37—
39]. This allows droplets to recede longer before repinning and can produce smaller depositions.
As actuation frequency increases, on the order of 1 kHz, the oscillation can also begin to generate

electrothermal flows as the electric field penetrates into the droplet and creates temperature
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gradients. These flows can counteract the evaporative flow driving the coffee ring effect.
However, as frequency increases even further, on the order of 100 kHz, inertial limits result in less
net motion of the droplet. Here, no advantage is gained by employing an alternating signal.

When DC fields are applied, additional forces can be applied on any suspended particles
in the droplet to produce more uniform deposition patterns [44]. When the polarity of the actuated
electrode is opposite the charge of the suspended particles, the particles experience an attractive
electrophoretic force. This can carry particles downward toward the substrate before they can be
swept to the periphery by the evaporative flow. This has also been observed to result in increased
contact line mobility. The decrease in particle accumulation at the contact line results in fewer
slip-stick cycles during evaporation.

Electric fields have two key advantages over other means of control. First, no permanent
modification to the droplet is necessary. The applied fields can easily be deactivated by turning
off the applied voltage, and the droplet at no point changes composition. Second, electrical fields
act are fast acting. The electrowetting effect occurs in a fraction of a second once the field is

applied.

1.3 List of Contributions

The goal of this investigation is to characterize further the impact of particle selection on
colloidal transport in evaporating droplets. Experiments primarily focus on the roles of particle
size and type in colloidal deposition on hydrophobic surfaces. The influence of voltage polarity
in evaporation with an applied DC electric field is also investigated. Particle types and sizes
selected are typical of those currently used in medical diagnostic and printing applications where
deposition control is critical. To these ends, this work makes four primary contributions.

1. A method for repeatably quantifying the deposition distribution patterns left after droplet
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evaporation (Sec. 3.4)

. A study of the effect of particle size and type where gravitational effects were quantified
and found to play a non-negligible role in the colloidal transport of large particles (Secs.
4.1 and 4.2)

. Preliminary results investigating the role of DC actuation polarity where transient profile
behavior was found to depend on the polarity in both pure liquid and particle-laden droplets
(Sec. 4.3)

. A variety of publications sharing the methodology and results presented in this work,
including four conference proceeding publications and an in-progress journal paper (App.

Al)
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2.0 RESEARCH QUESTION

The primary goal of this thesis is to answer the following question: What are the effects
of particle selection on colloidal transport in evaporating droplets? This work seeks to answer
this by experimentally characterizing the effects of particle size, density, and concentration on
transient droplet evaporation and final deposition distribution. Particles used are selected due to
their common use in applications where particle deposition is critical. This work also presents
preliminary data on the impact of DC voltage polarity on electrically actuated evaporation.

An improved understanding of how a suspended particle impacts the contact line dynamics
and internal flows of its droplet medium, as well as how it can interact within an electric field
applied to the droplet, is vital for developing more sophisticated means of colloidal transport
control. Improved control could enhance deposition quality in existing colloidal transport
applications as well as enable the development of novel techniques for nanoparticle assembly.
Electric fields have previously been used to manipulate colloidal transport and influence coffee-
ring formation in droplets laden with particles of several types and ranging in size and
concentration [37,38,44]. However, the isolated impact of particle selection on unactuated droplet
desiccation has not been studied in as great detail. Further, no distinction is made between the

impact of a positive and a negative actuating polarity in DC-actuated electrowetting.
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3.0 EXPERIMENTAL METHODOLOGY

This chapter details the five components of the experimental facility used in this
investigation. The methods for creating the droplets and devices are outlined, the equipment for
data collection are listed, and the analyses performed on the transient data and final deposition
patterns are explained. A diagram of the general experimental setup employed is presented in

Figure 3.1.

3.1 Droplets

The solvent used in all droplets in these experiments is deionized (DI) water. DI water is
primarily processed in the Semiconductor & Microsystems Fabrication Laboratory (SMFL) at the
Rochester Institute of Technology (RIT). Conductivity of the water is regularly monitored to be
between 17.9 MQ-cm and 18.2 MQ-cm. Later experiments using higher concentrations of particles
were made using type 11 DI water from ChemWorld.

In some cases, the DI water is seeded with particles to form the droplet solution. Particles
are either yellow-green fluorescent, carboxylate-modified polystyrene microspheres from Life
Technologies or titanium oxide nanopowder from Sigma Aldrich. Polystyrene particles are one of
three sizes in diameter: 25 nm, 63 nm, or 1.1 um. Titanium oxide particles are 21 nm in diameter.
A 2% aqueous stock solution of polystyrene particles is diluted using DI water to achieve the
desired volume fraction. The stock solution is sonicated in a Bransonic 1800 ultrasonic bath for
15 minutes prior to dilution. Titanium oxide solutions are created by weighing a mass of titanium
oxide nanopowder and adding it to DI water. Experiments comparing particle sizes utilize 0.05%

polystyrene-laden droplets. Experiments comparing polystyrene and titanium oxide droplets have
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Figure 3.1 Experimental setup diagram.

a volume fraction of 0.02%. Higher-concentration solutions of titanium oxide were observed to
have particles fall out of solution in tens of seconds. Experiments comparing the effects of
actuation polarity at different particle concentrations utilize a range of polystyrene concentrations
from 0.02% to 0.2%. All solutions are sonicated for 15 minutes prior to experimental use to
improve solution uniformity. In all cases, 1 uL droplets are drawn and deposited onto the
evaporation substrate using an Eppendorf Research Plus micropipette. Uncertainty in deposited

volume is reported at £3% by the micropipette manufacturer.

3.2 Devices

The two device designs used in this investigation are diagrammed in Figure 3.2. All
devices are fabricated in the SMFL. A more detailed procedure for the processing steps outlined
here is found in Appendix B. Devices for unactuated trials consist of two layers (Fig. 3.2a,c). The
base of each device is a commercially purchased Corning plain glass microscope slide, 75 mm x

50 mm in size. Slides are cleaned by rinsing them with three solutions consecutively to remove
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Figure 3.2 Device (a,b) side-view diagrams and (c,d) top-view diagrams of the two device
designs used. The exposed electrode required for actuation incorporated into the 3-layer device
design can be observed in (d).

oils and organic contaminants: first with acetone, then with isopropyl alcohol, and finally with DI
water. Cleaned devices are then dried by nitrogen spray gun. A 3.0 to 4.0 um layer of SU-8 3005
negative photoresist from MicroChem is then spun onto the slides using an SCS model 6700
manual photoresist spin coater. Coated slides are soft baked to promote adhesion. Devices are
then exposed to reduce solubility in the SU-8 and subjected to a post-exposure bake to further
improve adhesion. Finally, devices are developed using SU-8 developer and then hard baked to

finish the device for use. Droplets deposited onto the finished SU-8 coating were observed to
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exhibit initial contact angles of approximately 89°.

For actuated trials, devices need an additional metal layer between the glass and photoresist
(Fig. 3.2b,d). Once the glass slides are cleaned, a layer of aluminum approximately 1 um thick is
deposited onto them using a CVVC 601 sputter system. This forms the electrode. The metal-coated
devices are then subjected to the remainder of the processing as before with one exception. During
exposure, one corner of the device is covered with aluminum foil to mask it. This covered area is
never exposed to UV light so the solubility of the SU-8 beneath is not reduced. During
development, the SU-8 in this area dissolves and leaves exposed aluminum. This allows for later
electrical access to the electrode. The thickness of the remaining SU-8 is measured using a Tencor
P2 profilometer. Since the SU-8 serves as the dielectric layer, variation in the thickness results in
changes in the droplet deformation exhibited when actuated as described by the Berge-Lippmann-

Young (BLY) equation [47,48] (Eq. 1.3).

3.3 Profile Imaging

Droplets profiles are imaged as shown in Figure 3.3. Devices are positioned on the stage
of a Ramé-Hart model 250 goniometry system once droplets are deposited onto them. The
goniometry system consists of a backlit 5-axis stage (x-y-z-pitch-roll) and a CCD camera (659x494
pixels) (Fig. 3.3a). The system is leveled and the stage locked into place prior to each set of
experiments. The stage is then brought into focus so the droplet edge is crisp. Side-view images
of the droplet interface recorded (Fig. 3.3b) at one frame per second.

Images from the Ramé-Hart system are analyzed using Ramé-Hart DROPimage Advanced
software. The program detects the droplet in the captured image and optically calculates the
droplet’s width and contact angle for that frame (Fig. 3.3b). The measurement scaling of the

system is verified prior to experimentation. The contact angle provided is the average of the
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Figure 3.3 The profile imaging procedure consists of (a) a backlit stage where droplets are
evaporated and a camera capturing side-view images of the droplet. Contact angles and
diameters are calculated from (b) each captured frame of the droplet profile. Values from all

frames over the course of evaporation can be combined to show (c) plots of profile evolution
for each droplet.

contact angles on the left and right sides of the droplet. The diameter is taken to be the widest
portion of the identified droplet area. The area is identified based on a manually entered droplet
centerline and a high contrast between the white background and dark droplet (Fig. 3.4). The
brighter the backlight, the starker the contrast and the easier it is for the software to detect the
droplet area. However, a bright light also produces a white spot at the droplet center that can
interfere with measurements. Lighting is adjusted manually between trials to keep the lighting as

low as possible while still maintaining a clear contrast between the droplet and background. The
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Figure 3.4 A frame captured during profile imaging. The vertical and horizontal dotted red

lines show sample locations of the centerline and baseline, respectively, that a user must enter

when running the Ramé-Hart software to calculate contact angles and diameters correctly. The

dark area immediately below the baseline is a reflection of the droplet on the device surface.
camera also picks up a reflection of the droplet on the device, so a baseline must also be manually
entered for the program to discard the duplicate portion (Fig. 3.4). Over the course of droplet
evaporation, the program creates a log file of the changing contact angles and diameters as images
are taken which can be used to plot transient profile behavior (Fig. 3.3c). This entire profile
imaging process is repeated for at least five trials of each case.

Several issues can arise during profile imaging. In any given trial, the droplet can shift

toward one side on the device as it evaporates due to asymmetric pinning. If the droplet shifts left
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or right, the manually entered centerline can eventually leave the droplet area, so the software can
no longer take measurements. Additionally, for droplets with initial contact angles close to 90° as
are used here, it can be difficult to identify the baseline at the start of a trial. Choosing a baseline
too high cuts off part of the droplet, while choosing one too low includes part of the droplet
reflection on the substrate. It is not feasible to adjust the horizontal and vertical positioning of the
stage manually during testing. However, the Ramé-Hart software allows for recalculation of
contact angles and diameters from the saved images of a previous trial. The manually entered
droplet centerline and baseline can be adjusted each time to resolve any mispositioning, should it
occeur.

Another issue arises near the end of each trial when the droplet becomes very small. The
DROPimage Advanced software can have difficulties accurately measuring flatter droplets with
contact angles below 20°[33]. Errors in size measurements at the smaller scale propagates when
fitting a tangent line to the droplet profile. Further, at small sizes the program can misperceive
where the droplet is located and instead detect stray debris or an out of plane deposition in place
of the actual droplet. The program then outputs false measurements of the debris or deposition
instead of the droplet as desired. The detected droplet area and contact angles are shown in the
software during operation, so it can readily be observed by a user when this error occurs. In the
log files, these errors can often be identified as an unusually large contact angle or diameter,
sometimes much larger than the initial values. Recalculating and slightly adjusting the centerlines
and baselines can minimize the number of stray readings or eliminate them entirely.

A final issue with this process is that the droplet can also shift forward or backward on the
device as it dries. This results in the droplet shifting slightly out of focus and the formerly crisp

edges in the recorded images becoming blurred. This makes it more difficult for the software to
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detect the true droplet interface and can introduce error into the measurements taken. It is not
feasible to adjust the focus manually throughout the course of evaporation. Currently it is accepted
that this introduces a degree of error into the profile measurements when reviewing the results.
This is part of the reason that multiple trials are always performed, as they can be used to quantify
profile data repeatability.

After each set of trials, the stored images are reviewed and recalculated to minimize the
effects of droplet shifting and detection that may have arisen during the trials. The final frame in
which the droplet is visible is also recorded for each trial. The new log files and evaporation times
are then imported into an Excel spreadsheet for data analysis. Any portions of data in the log files
where the software recorded an error are deleted. These entries can be denoted as having errors in
the profile data, errors in calculation, or errors in detecting the droplet edge.

A pair of master plots for the set of trials showing the progression of contact angle and
diameter generate automatically. Because each experiment can take a different amount of time to
start due to differences in focusing and positioning times, the trials are aligned based upon the end
of evaporation. This time can be ascertained directly from the recorded images. The end-aligned
data sets are then averaged. The mean values and three standard deviations above and below are
plotted to show the general trend and spread for the entire set. Diameter and time values are
normalized relative to the initial diameter and total evaporation time of the longest trial. The
normalized plots allow for quantitative comparison of data from different experimental cases.

Dimensional plots are also generated for each individual trial. These are reviewed to ensure
no one particular trial is substantially altering the mean plots. If one trial’s plots appear
significantly different from the rest, the evaporation images for that trial are reviewed and

recalculated to ensure they were processed correctly. This also allows for the identification of an
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error in the trial for which it should be discounted. If, for instance, it is found that the DROPimage
software repeatedly measures debris instead of the droplet and cannot be corrected by adjusting

the centerline and baseline, the trial is discounted.

3.4 Deposition Imaging

Deposition imaging is performed using two different microscopes. Both systems are
operated on vibration isolation tables to minimize vibrational effects during imaging. Detector
gain for each system is adjusted between cases to minimize noise without oversaturating the
recorded images.

Fluorescent images of depositions left by polystyrene-laden droplets are taken using a
Leica SP5 spectral confocal laser scanning microscope located in the Confocal Microscopy
Laboratory (CML) at RIT. Depositions are first excited at the manufacturer-recommended
wavelength using an argon laser with an acousto optical tunable filter. A Leica HyD detector then
images the excited depositions. Captured images have a bit depth of 12 and have resolutions of at
least 2048x2048 pixels. The images have black backgrounds and yellow-green depositions. Image
intensity is used as a proxy for particle concentration, as more particles fluoresce more intensely
than fewer particles.

Depending on the particles used, the captured image can vary substantially with the height
of the imaging plane (Fig. 3.5). This is due to the fact that the depositions are not flat or nearly
flat. To accommodate for this variation, ten images at different heights are captured for each

deposition. A single maximum projection of the ten images is then used as a representation of the
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Figure 3.5 Polystyrene-laden droplets can leave depositions that vary with height, shown here
in green. The dotted red line shows one imaging plane. Fluorescent images are taken at
multiple heights, up and down the solid red arrow, to capture more deposition data.

entire deposition. This means that only the brightest value for any particular pixel position in all
ten of the images is used. The starting and ending points are set manually for each deposition
imaged. A live view of the deposition is viewed and the imaging height is gradually increased and
up and down. Since no portion of the deposition is floating above or below the rest of it, the points
at which the deposition only dims everywhere in either direction are used as the starting and ending
points of the sweep. The maximum intensity projection images are then exported from the Leica
imaging software program for analysis.

Grayscale images of depositions left by titanium oxide-laden droplets are taken using a
Zeiss Axio Scope microscope in the Nano-Bio Interface Laboratory (NBIL) at RIT. Because the
depositions were slightly larger than the field of view of the 10x objective lens, four images were
recorded for each deposition. These were stitched together using an open-source MATLAB script,
Lilo.m, to produce a higher-resolution, more detailed image than would be possible with the
alternative 2.5x objective lens (Fig. 3.6). Stitched images used have a bit depth of 8 and have
resolutions of approximately 1600x1200 pixels. The images have less-distinct, light-grey
backgrounds and areas of darker shades of grey where particles deposited. Here, the darker regions
correspond to areas of higher particle concentration, since thicker depositions allow less light to
pass through them.

Once images are collected, they are read into MATLAB and analyzed with a custom code.

The code used is detailed in Appendix C. The two types of images are pre-processed differently.
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Figure 3.6 Four captured images of titanium oxide depositions can be stitched into a single
image for processing. This technique increase the resolution of the image used as compared to
using a lower microscope objective strength to capture the entire deposition at once.
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Fluorescent images of polystyrene depositions are simply converted to grayscale. Brightfield
images of titanium oxide depositions are first inverted so that image intensity corresponds with
increased particle concentration. The background is then removed by changing all areas of the
image with intensities lower than 80% of the Otsu threshold to black. This leaves the titanium
oxide deposition for intensity analysis while eliminating the gray intensities of the background
which would skew later results. The resulting image is visually compared to the original to verify
that deposition data has not also been deleted and the threshold must be lowered.

A black and white image is then created using the Otsu threshold of the current grayscale
image. ldeally, the resulting image is white in regions with deposition and black elsewhere. The
image is filtered to remove any white regions smaller than 150 pixels. A convex hull is then fit
around the remaining deposition area to form an initial mask. The filtering prevents stray pixels
or small foreign debris outside of the deposition from producing a convex hull that poorly fits the
deposition area. Using the grayscale image as a reference, the initial mask is then contoured inward
to fit the deposition area more closely and form the final mask (Fig. 3.7a). The grayscale image
overlaid with the mask perimeter and calculated centroid is saved for later review to ensure the
mask matches the deposition.

This mask generating process excels at analyzing fluorescent images where there are
primarily large regions of deposition. The titanium oxide-laden droplets tend to leave depositions
with sparsely coated regions. The filtering that removes stray pixels for creating the convex hull
can also remove these, which results in deleting a portion of the deposition. However, the
deposition areas are clearly contained in a highly circular area. To create masks for the titanium
oxide depositions, the MATLAB code is modified to detect the deposition circle in the image. An

initial circle mask is created using the radius identified for the deposition but increased by 5% to
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Figure 3.7 The deposition imaging procedure consists of (a) defining the region of interest by
contouring an initial convex polygon to fit the deposition pattern, (b) subdividing the region
into annular sectors, and then quantifying the intensity in each. Intensities at different
azimuthal positions, but the same radial position, are averaged to quantify deposition intensity
at that particular radial position. This is repeated for all radial positions to produce (c) radial
distribution profiles for each deposition.

include any irregular portions of the deposition protruding from the identified circular region. The

circle mask is applied to the black and white image to eliminate all debris outside of the deposition

area. A convex hull is then fit around any remaining objects and contoured inward toward the
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deposition using the initial grayscale image as a reference to form the final mask.

The masked grayscale image is then divided at the centroid into 20 sectors of equal angles.
A mean radius is calculated for each sector based upon the angle and the measured area in each
region. The sector regions are further subdivided by 20 circular arcs equally-spaced along the
radius to form a total of 400 “annular sector” regions over the deposition (Fig. 3.7b). Image
intensity in each is measured. Intensities at the innermost annular sector region in each sector are
averaged to determine the mean intensity for the inner 5% of the deposition. This process is
repeated radially outward to calculate the mean radial intensity distribution for the deposition (Fig.
3.7¢). The final values are normalized relative to the mean intensity of the entire deposition.
Distributions from multiple depositions from a single case are averaged and plotted along with

three standard deviations for profile comparison between cases.

3.5 Actuation

All actuated trials are performed at a DC voltage of either +160 V or -160 V. Droplets of
DI water were previously observed to exhibit contact angle saturation beyond an actuation signal
of 80 V [49]. This limit was doubled to ensure the actuation voltage was well into the saturation
range. In the event of a deviation in dielectric thickness, the apparent contact angle after the
voltage is applied should remain approximately the same value. This allows for results recorded
from droplets on different devices to be comparable since they were subjected to similar conditions
during evaporation.

Actuation is applied using a three-part control system. The first component is a National
Instruments (NI) PXI-5402 signal generator which produces the initial signal. The signal generator
has a maximum output of 5 V. This is too weak to produce observable contact angle deformation

using the device configuration described in Section 3.2. For this reason, the initial low-voltage
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signal is sent to the second component, a Trek PZD700A amplifier. Here, the signal is stepped up
at a gain of 200 V/V and directed to the device electrode. Additionally, a 1/200 V/V stepped-down
signal is also sent to the third component of the system, an NI PX1-4072 digital multimeter. This
is used to monitor the signal used and ensure the applied voltage is correct. The signal generator
and digital multimeter are both housed in an NI PXI-1033 chassis during operation. To complete
the circuit, a ground wire is inserted into the top of the droplet. The wire used is typically made

of tungsten and is 22 um in diameter. Earlier trials utilized a nichrome wire 80 pm in diameter.
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4.0 RESULTS AND DISCUSSION

Colloidal deposition is critical in a variety of applications that involve the deposition of a
wide array of materials, including proteins for biopreservation, DNA and polystyrene particles in
microarray testing, and metal particles in inkjet printing. This work characterizes the effects of
particle size (Sec. 4.1) and particle type (Sec. 4.2) on the contact line dynamics and colloidal
transport of evaporating particle-laden droplets. The experimental conditions for each set of trials
performed are summarized in Appendix D. Particles tested were selected based on their potential
use in these applications. Side-view images of particle-laden droplets are recorded and used to
study the transient droplet profile behavior. The apparent contact angles and diameters of the
droplet over time are then calculated from the images and plotted to observe the contact line
dynamics throughout the duration of evaporation. Final deposition patterns are imaged and then
analyzed using custom MATLAB script to quantify the intensity distribution, and by proxy the
particle distribution, left by each droplet.

The application of electric fields is a promising means for influencing colloidal transport
in evaporating particle-laden droplets. By manipulating the magnitude and polarity of the applied
field, different forces can be applied to the droplet and suspended particles. This, in turn, can
direct particles towards different locations as they deposit. Both AC [37,38,47] and DC [44]
electric fields have previously been used to manipulate colloidal transport in particle-laden
droplets. In the body of literature examined during this investigation, no distinctions are made
regarding the effects of DC polarity on electrowetting effects experienced by an actuated droplet.
Preliminary results examining the effects of DC actuation polarity are presented in Section 4.3.

Transient behaviors of actuated droplets of different particle concentrations are quantitatively
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Table 4.1: Contact angles and pinning forces of droplets seeded with different polystyrene sizes.

Droplet Type Initial Angle Receding Angle Pinning Force
DI Water 89° 73° 19.8 mN/m
25 nm Polystyrene 88° 73° 18.5 mN/m
63 nm Polystyrene 91° 76° 18.7 mN/m
1.1 um Polystyrene 92° 76° 19.9 mN/m

compared. The resultant deposition patterns are also qualitatively discussed. The experimental

conditions of all sets of trials performed during this study are also summarized in Appendix D.

4.1 Effects of Particle Size

In order to understand the effects of particle size, droplets seeded with polystyrene particles
of different sizes were evaporated on SU-8 photoresist. Particles were 25 nm, 63 nm, or 1.1 um in
diameter. Deionized (DI) water was used as the solvent for all droplets. Each was seeded at a
particle concentration of 0.05% by volume. A fourth set of control trials consisted of DI water
droplets without particles to observe the impact of particle presence on transient evaporative
behavior. Deposited droplet volumes were 1 uL. Droplets were not exposed to external electric
fields and did not have ground wires inserted into them during evaporation. A minimum of five
trials were performed for each case.

The contact angle and diameter evolutions for the four cases are presented in Figure 4.1.
Mean values and three standard deviations are shown in black and red, respectively. The dashed
blue lines in Figures 4.1d, 4.1f, and 4.1h indicate the diameters of the final deposition patterns. In
each case, clear evaporation regimes are observable. At different times, droplets exhibited the
constant contact diameter (CCD), constant contact angle (CCA), and mixed regimes. Overall, the
transient behaviors of each case appear largely similar, regardless of particle presence or size. All
start at initial contact angles of approximately 90° (Table 4.1). Droplets are initially pinned in

place on the surface, and their contact angles decrease for the first 30% of evaporation. This
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Figure 4.1 Transient droplet profiles during the evaporation of (a,b) DI water droplets and DI
water droplets seeded with (c,d) 25 nm, (e,f) 63 nm, and (g,h) 1.1 um polystyrene particles.
Mean values are shown in black, and three standard deviations above and below are shown in
red. Dotted blue lines indicate the mean final diameter of depositions left after evaporation.
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continues until the droplets reach their receding contact angle. In all cases, this is observed to be
approximately 75°. At this point, the contact lines begin to recede and the droplet transitions into
the CCA regime. For the particle-laden droplets, this lasts through 85% of the evaporation time.
In the DI water control case, it extends slightly longer until approximately 95% of the total
evaporation time.

For the remainder of evaporation in each case, the droplets seeded with 25 nm and 63 nm
particles return to a CCD evaporation regime where the contact line repins. This repinning may
be the result of the increased particle concentration at the contact line. Concentrated particles can
start to form a ring of deposition which can keep the droplet pinned [50]. The 1.1 um and DI water
cases instead exhibit a mixed evaporation regime where both contact angle and diameter reduce.
The DI water droplet case does not have particles that can aid in repinning the droplet to enter a
CCD regime. This may also be why the CCA regime extends longer. As for the 1.1 pm case, the
particles may not collect at the periphery and increase in concentration enough to cause repinning.
This particle-induced pinning effect can be influenced by particle size, and larger particles can
migrate toward the droplet center instead of toward the periphery [28].

Since the particle-laden droplets and DI water droplets recede at the same angle, it is likely
that particle concentrations at the periphery are not high enough 30% into the evaporation time to
jam the contact line and impede slipping. This is consistent with previous work suggesting it is
more difficult for particle jamming to impede contact line dynamics on hydrophobic surfaces
[51,52]. The magnitude of the pinning force when the droplets slip in each case can be calculated
as,

dF =y (cos 6, — cos Heq), (4.1

where dF is the pinning force per unit length acting on the contact line, yy is the surface tension
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along the liquid-vapor interface, 6 is the receding contact angle, and 6eq is the equilibrium contact
angle [31]. This equation is derived by adding an additional pinning force into the Young equation
(Eg. 3.2) which resists the inward motion of the contact line as the droplet evaporates. Taking the
surface tension of water to be 72 mN/m, the pinning forces for each case can be calculated to be as
shown in Table 4.1. Here, the initial contact angle was taken to be the equilibrium contact angle,
Oeq [31]. In all cases, the pinning force peaks at approximately 19 mN/m. No clear trend is evident
with increasing particle size, and all magnitudes are within 8% of each other. This indicates that
particle presence, regardless of size, does not have a significant affect the depinning threshold in
these cases.

Representative images and fluorescence intensity distributions of depositions left by 25
nm, 63 nm, and 1.1 wm particles are shown in Figure 4.2. All patterns have outer diameters
approximately the same size, 650 um. Despite exhibiting similar transient behaviors (Fig. 4.1),
the deposition distributions in these areas are quite different. The 25 nm particles leave a cracked
coffee-ring pattern similar to the dried colloidal microsphere patterns seen by Deegan et al. [23]
(Fig. 4.2a). The inner and outer diameters of the coffee-ring are clearly defined with little
fluorescence intensity toward the center of the droplet. The intensities in these bands are
approximately 4.7 times the mean intensity. The deposition patterns left by the 1.1 um particles
are much more uniform (Fig. 4.2c). Intensity at any radial position only ranges between 0.65 and
1.2 times the mean intensity. The 63 nm particles also leave coffee-ring patterns (Fig. 4.2b).
However, the inner diameters of the deposition bands are less distinct and fluorescence intensity
more gradually fades toward the center of the deposition area. The peak band intensity in this case
is only 2.7 times the mean intensity. These results suggest that while particle size does not impact

the final diameter of the deposition, it can dramatically change the final deposition distribution
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Figure 4.2 Representative depositions patterns and particle distribution profiles left after
evaporation of DI water droplet seeded with (a) 25 nm, (b) 63 nm, and (c) 1.1 um polystyrene
particles. Error bars span three standard deviations above and below the mean values.
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Figure 4.3 Representative profile images of evaporating droplets of (a) pure DI water and DI
water seeded with (b) 25 nm, (c) 63 nm, and (d) 1.1 um polystyrene particles starting 90% into
evaporation. In (b) and (c), the droplet appears to remain pinned.

pattern.

Late-stage contact line pinning [53,54] seems to account for the differences in the
deposition patterns observed with particle size. As the droplet evaporates, particle concentration
at the contact line increases, and the contact line is predicted to repin once the concentration at the
contact line reaches a linear density of 10% [54]. Evidence of late-stage pinning in the 25 nm and
63 nm particle cases can be observed in the transient behaviors. In the final 10% of the evaporation,

the contact diameters remain relatively constant (Fig. 4.3). This indicates the droplet is pinned in
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its final moments. This pinned contact line means that the radially outward evaporative flow is
active and can work to carry particles toward the outer periphery to form a coffee-ring deposition
pattern. Interestingly, the evolution of the contact diameter for the 1.1 um particles more closely
resembles that of the particle-free droplet where the contact diameter continues to decrease in the
final 10% of evaporation. This supports the idea that droplets seeded with larger particles are less
likely to exhibit late-stage pinning.

Results from Figures 4.1 and 4.2 suggest that larger particles are more likely to sink to the
substrate than to be swept to the contact line. Stokes, or terminal, velocity in a stagnant flow, Us,

can be determined by equating the drag on the particle to the gravitational force as shown,

_2p=ps) 12
Us =55 98w,

4.2)
where, g is the acceleration due to gravity, u is the dynamic viscosity of the fluid, Rp is the radius
of the particle, and pp and pr are the densities of the particle and fluid, respectively. Since the initial

droplet height and evaporation time are known, a vertical Strouhal number, Sr;, can be defined as,

_ b _ 2t epr) po
27 H/ug ~ 9H 9hp,
s u

(4.3)

where, H is the initial height of the droplet and tr is the total evaporation time.

While the Strouhal number is often used to characterize colloidal transport in evaporating
droplets, it is typically defined in the radial direction to compare evaporation time to the time
required for the particle to be transported to the pinned contact line [28]. This vertical Strouhal
parameter estimates the ratio of drying time to the time required for a particle to settle to the surface
at terminal velocity. A larger value of Sr; implies that the particle is more likely to settle to the
substrate due to gravitational effects. By carrying particles toward the substrate, the gravitational
forces may delay or prevent the concentrating of particles at the periphery which can lead to ring
formation and droplet repinning during evaporation [50]. When the evaporative flow is
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diminished, as in the case of a moving contact line, these gravitational effects may play a more
significant role in colloidal transport.

It should be noted that this vertical version of the Strouhal analysis makes two assumptions
that are not considered in more typical radial Strouhal analyses. First, particles are assumed to
accelerate quickly to their Stokes velocity. Particles in fluids experience a gravitational
acceleration up to their Stokes velocity,

Us = k(1 —e~t/"s), (4.4)
where Kk is a proportionality constant and zs is the Stokes velocity time constant,

mp

- 6TTURy'

(4.5)

where mp is the mass of a particle. Even for the largest particles, the time constant much less than
one second. Thus, the exponential term in Equation 4.4 rapidly approaches zero. This means the
particles rapidly approach their terminal velocity and this assumption is reasonable.

Second, the droplet height is assumed to be fixed. During experimentation, the heights
were observed to decrease over time. This is implied in the results shown in Figure 4.2 where
contact angles and diameters both decreased over the course of evaporation. The height of the
droplet must also have decreased. The reduction in droplet height is unavoidable, and it should be
considered that this will aid in carrying particles downward toward the surface faster.

Since Sr; is proportional to Ry?, it decreases rapidly as particle radius diminishes. In the
cases examined here, Sr; for the 1.1 um particles (0.043) is more than 2000 times greater than for
the 25 nm particles (0.000020) and more than 300 times greater than for the 63 nm particles
(0.00014). This suggests that gravitational effects are more important for larger particles. As such,
a larger percentage of the 1.1 xm particles would settle to the substrate than in the 25 nm or 63 nm

cases. This may contribute to a lower concentration of particles at the contact line for the larger
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Figure 4.4 If the interface of an evaporating droplet can collapse faster than particles within
the droplet can diffuse away from the interface, the particles can be captured by the collapsing
interface rather than be swept toward the periphery by the evaporative flow [55].

particles, which could delay late-stage pinning. However, in all cases the magnitude of the vertical
Strouhal number is less than 1, so the droplet evaporates faster than particles reach the surface. In
the case of the 1.1 um particles, because the time for a particle to reach the surface is still within
two orders of magnitude of the evaporation time, gravitational effects may still have some non-
negligible influence on deposition.

The deposition distribution differences may also be due to differences in the diffusion rates
of the different sizes of polystyrene particles. As a particle-laden droplet evaporates, the collapsing
droplet interface can collect the suspended particles across the interface if it collapses faster than
the particles can diffuse away [55] (Fig. 4.4). The speeds of the collapsing interface and particle
diffusion can be compared to quantify this capture effect. The collapsing interface speed, vi, can
be calculated as,

v; = H/tf. (4.6)

Equation 4.6 approximates the speed as constant over the duration of evaporation. Droplets
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containing all three sizes of polystyrene particles exhibited similar transient interface shapes, and
correspondingly had similar interface speeds of approximately 1 um/s. The particle diffusion
distance, Xp, within an evaporating droplet can be calculated as,

x, = 2\[kpt/m, (4.7)
where kp is the diffusion constant and t is the evaporation time. A particle diffusion speed, vp, in

units of distance per second can be approximated from Equation 4.7 by using a value of 1 second

for t and approximating ko from the Stokes-Einstein relation,

__ kpT
- 6T Ry’

D (4.8)

where kg is the Boltzmann constant and T is the temperature of the droplet. The 25 nm, 63 nm,
and 1.1 pm particles have diffusion speeds of approximately 4.9 um/s, 3.1 um/s, and 0.73 pum/s,
respectively. This suggests that the two smaller particle sizes can diffuse away from the collapsing
interface during evaporation. This would allow them to be swept outward toward the periphery to
enhance contact line pinning as they concentrate and form rings. The interface collapses
approximately 1.4 times as fast as the 1.1 um particles diffuse. This would result in a collection
of particles over the droplet interface as the droplet evaporates. This mechanism may have a
greater influence on the formation of the more uniform deposition patterns left by the 1.1 um

polystyrene-laden droplets.

4.2 Effects of Particle Type

In order to understand the effect of the type of particle selected, droplets seeded with
polystyrene and titanium oxide particles of similar sizes were evaporated on SU-8 photoresist.
Polystyrene particles were 25 nm in diameter, while the titanium oxide particles were 21 nm in
diameter. In these experiments, droplets were seeded at a lower particle concentration of 0.02%

by volume. At a concentration of 0.05%, titanium oxide particles tended to begin falling out of

40



suspension and clumping within ones of minutes after sonication. Deposited droplet volumes were
1 pL. Droplets were not exposed to external electric fields and did not have ground wires inserted
into them during evaporation. A minimum of five trials were performed for each case. The results
from these two cases were compared to the DI water case from the particle size study as a control
to observe the impact of particle selection on transient evaporative behavior.

The contact angle and diameter evolutions for the three cases are presented in Figure 4.5.
Mean values and three standard deviations are shown in black and red, respectively. The dashed
blue lines in Figures 4.5d and 4.5f indicate the diameters of the final deposition patterns. All
droplets exhibit an apparent contact angle of approximately 90° when evaporation begins (Table
4.2). Further, all droplets remain pinned for the first 30% of the total evaporation time. In this
constant contact diameter regime, the contact angle and height decrease with droplet volume.
Beyond this point, the DI water and polystyrene-laden droplets exhibit very similar behaviors,
while the titanium oxide-laden droplets deviate significantly.

From approximately 30% to 90%, the DI water and polystyrene-laden droplets transition
to a CCA regime. In both cases, the contact angle reduction halts at a receding contact angle of
approximately 75°. The droplets then begin steadily reducing in diameter, as well as height. The
diameters appear to pin once more near the end of evaporation from 90% to 95%. Beyond this
point, measurements are erratic or zero. This is due to limitations of the Ramé-Hart goniometry
system when measuring small droplet volumes or angles below 20° [33].

The titanium oxide-laden droplets remain pinned until approximately 60% of the total
evaporation time. At this point, the angle reaches the receding contact angle limit of approximately
44°. The droplet then enters a regime of repeated slip-stick behavior [19,38,44] from 60% to 80%.

This is evidenced by the saw-tooth pattern in the contact angle (Fig. 4.5e) and the step-down
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Figure 4.5 Transient droplet profiles during the evaporation of (a,b) DI water droplets and DI
water droplets seeded with (c,d) 25 nm polystyrene particles and (e,f) 21 nm titanium oxide
particles. Mean values are shown in black, and three standard deviations above and below are
shown in red. Dotted blue lines indicate the mean final diameter of depositions left after
evaporation.

pattern in the diameter (Fig. 4.5f). The results of one representative trial are presented in Figure
4.6. The slip-stick behavior is more readily observed in the individual trial plots rather than the
composite plot (Fig. 4.5e,f). The droplets then transition into a mixed regime for much of the

remainder of evaporation. Again, the measurements in the final 5% are erratic or zero due to errors
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Table 4.2: Contact angles and pinning forces of droplets seeded with different particle types.

Droplet Type Initial Angle Receding Angle Pinning Force
DI Water 89° 73° 19.8 mN/m
Polystyrene 92° 75° 21.1 mN/m
Titanium Oxide 95° 44° 58.1 mN/m

in the measuring system at such small droplet sizes.

The peak pinning forces at the end of the initial CCD regime can again be calculated for
each case using Equation 4.1. The resulting values are shown in Table 4.2. The pinning force for
the polystyrene-laden droplets is similar in magnitude to the particle-free case at approximately 20
mN/m. The titanium-oxide laden droplets experience much higher pinning forces. They are
calculated to be nearly triple that of polystyrene-laden droplets at 58 mN/m.

Representative polystyrene-laden and titanium oxide-laden droplet depositions and
deposition distributions are shown in Figure 4.7. Similar depositions are observed in the other
trials of each case. Though all droplets used have an initial diameter of approximately 1.6 mm, the
polystyrene-laden droplets produce much smaller final depositions, approximately 450 um in
diameter, as compared to the titanium oxide-laden droplets, approximately 1400 wxm in diameter.

The polystyrene depositions take a distinct coffee-ring form. The large majority of
particles are deposited at the outer periphery where the droplets pin near the end of evaporation.
The maximum intensity occurs at the periphery of the deposition where it is 2.65 times the mean.
Minimal deposition is present towards the centers. Through the inner 60% of the depositions,
intensity is only a fraction, less than 0.2, of the mean intensity. The polystyrene depositions also
exhibit distinct cracking similar to polymer depositions previously observed by Deegan et al.
[23,56].

The titanium oxide-laden droplets leave a more complex deposition distribution. Two

distinct coffee-rings are observable. At the outer periphery, a thinner ring of titanium oxide
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Figure 4.6 Representative transient profile of an evaporating titanium oxide-laden droplet.

After the initial CCD region, the droplet slips and sticks several times through the rest of
evaporation.

outlines the deposition area where the droplets repinned and deposited material near the end of
evaporation. A thicker partial ring of titanium oxide divides the deposition areas into two regions.
In the first, smaller region, a number of faint coffee rings are visible where a portion of the droplet
appears to have slipped inward a number of times (Fig. 4.7b). Overall, however, there is little total
deposition in this region. In the second, larger region, particle deposition is more uniform.
Intensity hold at approximately 1.45 times the mean intensity through the inner 50% of the entire
deposition area.

This pattern is unusual considering the transient behavior of the titanium oxide-laden
droplets. In these cases, the contact line was initially pinned for the twice the fraction of
evaporation as the polystyrene-laden droplets. This suggests that the evaporative flow carrying
particles to the periphery is active for more of evaporation in the titanium oxide-laden droplet case.
Interestingly, a significant amount of the titanium oxide particles are deposited toward the center
of the deposition. The differences in colloidal transport between the two particle-laden droplet

cases suggest that an additional effect may be at play influencing particle motion.
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Figure 4.7 Representative depositions patterns and particle distribution profiles left after
evaporation of DI water droplet seeded with (a) 25 nm polystyrene particles and (b) 21 nm
titanium oxide particles. Error bars span three standard deviations above and below the mean
values. The representative titanium oxide image has been inverted and has had its background
removed. The red arrow points toward what appears to be one of several faint deposition rings.

While both types of particle-laden droplet were similar in terms of particle size and
concentration, one significant difference between them is the density of the particles used. The
polystyrene particles have a density of approximately 1.055 g/cm®, while the titanium oxide
particles have a density of approximately 4.26 g/cm?, as reported by their manufacturers. In order

for a coffee ring to form, an outward evaporative flow must dominate within the droplet as it dries
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[22]. However, gravitational forces also act upon the particles and could cause particles to settle
to the substrate.

The terminal velocity of a spherical particle falling in a fluid is proportional to the
difference in density between the particle and the surrounding fluid as shown in Equation 4.2.
Taking the density of the deionized water to be 0.997 g/cm?® the density difference of the
polystyrene particles is 0.058 g/cm®. This means the particles are close to neutrally buoyant. This
small value may explain why the addition of the polystyrene particles had no significant impact
on the transient droplet behavior (Fig. 4.5a-d). Meanwhile, titanium dioxide has a density
difference of 3.263 g/cm®. Simply comparing the density differences, the titanium oxide particles
experience a downward terminal velocity approximately 56 times greater than that of the
polystyrene particles.

Using the same analysis presented in Section 4.1, a vertical Strouhal number can again be
calculated for each case using Equation 4.3. Based on the parameters of the trials conducted, the
polystyrene particles have an Sr; value of 0.00022 while the titanium oxide particles have a value
nearly 33 times larger at 0.00073. Because both values are much smaller than 1, by the time a
particle settles in either case, the droplet has likely evaporated. This suggests that gravitational
effects are not responsible for the differences in deposition patterns observed in these cases.

Additionally, interface capture is likely not contributing to the uniformity of the titanium
oxide depositions. Since both types of particles have similar sizes and the evaporation times of
both types of droplet do not vary substantially, interface capture likely has a similar effect in both
cases. Computing the interface speeds using Equation 4.6, the polystyrene-laden droplets had
speeds of approximately 1 pm/s similar to the higher concentration polystyrene-laden droplets

analyzed in Section 4.1. The titanium oxide-laden droplets evaporated slightly faster than the
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polystyrene-laden droplets and had interface speeds of approximately 1.2 um/s. Using Equations
4.7 and 4.8 to calculate the particle diffusion speeds shows that both types of particles diffuse at
rates of approximately 5 um/s. Since the diffusion rates are several times higher than the interface
speeds, particles likely do not accumulate over the interfaces throughout the course of evaporation
in either case.

Another effect must be at play causing the different behaviors exhibited by the two
different particle-laden cases. An effect that concentrates particles at the periphery more quickly
in the titanium oxide case than the polystyrene case could produce the prolonged pinning observed
[50] (Fig. 4.5). If the effect collects particles more quickly across all of the droplet-substrate
interface and not just at the contact line, it could also produce the uniform regions observed in the
final titanium oxide depositions (Fig. 4.7). One possibility is that differences in the electrical
properties of the two particles are contributing to the behavioral differences. These properties can
influence interactions between the particles and between individual particles and the photoresist
surface [36]. Further investigation quantifying the DLVO forces in these cases is necessary to

understand their role in droplet evaporation and colloidal transport.

4.3 Effects of Actuation Polarity

In order to begin characterizing the effects of voltage polarity, DI water droplets were
deposited and evaporated on SU-8 photoresist. Droplets were exposed to external DC electric
fields of either +160 V or -160 V. Tungsten ground wires 22 um in diameter were used to ground
the droplets. A control set of unactuated droplets was also tested. While no voltage was applied,
a similar ground wire was still inserted into each control droplet during evaporation. Deposited
droplet volumes were 1 pL in volume. A minimum of five trials were performed for each case.

Transient profile behaviors were then compared across the three cases.
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Figure 4.8 Transient droplet profiles during the evaporation of (a,b) unactuated DI water
droplets and DI water droplets subjected to (c,d) +160 V DC and (e,f) -160 V DC. Mean values
are shown in black, and three standard deviations above and below are shown in red. All
droplets had a ground wire inserted into them during evaporation.

Contact angle and diameter data for the actuated DI water droplet cases and unactuated
control case are presented in Figure 4.8. The unactuated control case with the ground wire exhibits
behavior very similar to that of the unactuated DI water droplets without wires shown in Figures

4.1aand 4.1b and repeated in Figures 4.5a and 4.5b. Unactuated droplets initially exhibit a contact
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Table 4.3: Contact angles and pinning forces of DI water droplets under different actuations.

Droplet Type Initial Angle Receding Angle Pinning Force
Unactuated 85° 74° 13.6 mN/m
+160 V 70° 55° 16.7 mN/m
-160 V 69° 58° 12.4 mN/m

angle of approximately 85°. They remain pinned for the first 30% of evaporation in a CCD regime
until reaching a receding contact angle of 74°. The droplets then slip and recede in a CCA regime
until approximately 80% of the total evaporation time. They then exhibit a mixed regime for the
remainder of evaporation. The slight reduction in initial contact angle compared to DI water
droplets evaporated without a wire may be due to evaporation occurring during the time it takes
evaporation occurring during the time it takes to insert the wire into the droplet. This may affect
all actuated cases as well.

In the actuated DI water droplet cases, contact angles close to the unactuated initial contact
angle are captured during the time period between the start of profile imaging and the start of
actuation. The droplets then exhibit initial actuated contact angles of approximately 70° (Table
4.3). Both positively and negatively actuated droplets initially pin. They recede in a CCD regime
for approximately the first 20% of evaporation until reaching a receding contact angle of
approximately 55°. This reduction in receding contact angle is characteristic of actuated droplets
[29]. After this point, the droplets in both cases depin, and the two cases recede differently until
80% through the evaporation time. The positively actuated droplets recede in a CCA regime
somewhat like the unactuated DI water droplets. Meanwhile, the negatively actuated droplets
exhibit slip-stick behavior [19,38,44]. Through the final 20% of evaporation, both sets of actuated
droplets exhibit late-stage pinning.

The two distinctly different means of evaporating from 20% to 80% of the total evaporation

time exhibited in these trials is unusual. As shown in Equation 1.3, the electrowetting effects
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manipulating the droplet contact line are driven by the square of the voltage magnitude. Thus,
polarity should not be a factor. This observed deviation suggests either that the electrowetting
effects should depend on polarity or that the voltage is changing how the droplet interacts with the
surface by effect other than electrowetting. The latter is more likely, and further investigation into
the electrical characteristics of the droplets should be performed.

The pinning force in the unactuated case with an inserted wire can be calculated in the
previous two studies to be 13.6 mN/m (Eqg. 4.1). This is approximately 30% smaller than in similar
droplets without inserted wires (Tables 4.1 and 4.2). Again, due to the time it takes to insert the
wire into the droplet, some evaporation may have occurred before the profile imaging began. This
would result in a smaller initial angle and a correspondingly smaller calculated pinning force. The
wire may also have some unknown effect on the pinning experienced by the droplet.

The pinning forces in the actuated cases can be calculated as,

dF, =y, (cos B4, — COS Ha,eq), (4.9
where dF4 is the pinning force per unit length acting on the actuated contact line, #a is that actuated
receding contact angle, and fa.eq is the actuated equilibrium contact angle. This equation is derived
similarly to Equation 4.1, but the electrowetting force applied during actuation has been included.
The pinning force of the positively and negatively actuated DI water droplets can then be
calculated to be 16.7 mN/m and 12.4 mN/m, respectively.

To characterize the effects of voltage polarity further, droplets seeded with 25 nm
polystyrene particles were evaporated on SU-8 photoresist.  Particles were seeded at
concentrations of 0.02% and 0.2% by volume. Deposited droplet volumes were 1 pL. Droplets
were exposed to external DC electric fields of either +160 V or -160 V for a total of six

experimental cases. Tungsten ground wires 22 pm in diameter were used to ground the droplets
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Figure 4.9 Transient droplet profiles during the evaporation under actuation at +160 V DC of
DI water droplets seeded with 25 nm polystyrene particles at concentrations of (a,b) 0.02% and
(c,d) 0.2% by volume. Mean values are shown in black, and three standard deviations above

and below are shown in red.

during evaporation. A minimum of five trials were performed for each case. Results were

compared across cases and to the DI water droplet results to observe the impact of particle presence

and concentration on actuated transient evaporative behavior.

The contact angles and diameters of the evaporating 0.02% and 0.2% polystyrene-laden

droplets are summarized in Figures 4.9 and 4.10 which present the positively and negatively

actuated data, respectively. Both concentrations at both polarities exhibit similar transient

behavior as compared to the actuated DI water droplets (Fig. 4.8) through the first 80% of

evaporation. Further, the positive and negative cases exhibit the same unexpected difference in

behavior of receding smoothly or in a slip-stick pattern through the majority evaporation.

51



120

100 .. 2,

@ 80 . ) -7
') wa. . LA

g 60 %‘?\-—q\\\\f&‘”ﬁ o j‘%
- M AR N cng |y

Bao T NN A

c i

%}

S 20 (a) | \_{

0 - -
0.0 0.2 0.4 0.6 0.8 1.0

120 . . &
100 3

@ I oy

o 80 ¢ : 1‘,“@ &

) gl -
£ o0 S
o . N S L P [
E 40 . % ’ﬁ‘
S L

S 20 (C) [ *‘

i o

0 - - L —
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative Evaporation Time, 1 (s/s) Relative Time, T (-)

Figure 4.10 Transient droplet profiles during the evaporation under actuation at -160 V DC of
DI water droplets seeded with 25 nm polystyrene particles at concentrations of (a,b) 0.02% and
(c,d) 0.2% by volume. Mean values are shown in black, and three standard deviations above
and below are shown in red.

In the positively actuated droplets, droplets of both concentrations continue receding in a
CCA regime until 95% through evaporation after the initial CCD regime. At this point, the 0.02%
droplets cannot be measured due to limitations of the goniometry system [33]. The 0.2% droplets
are observed to complete their evaporation in a mixed regime. The negatively actuated
polystyrene-laden droplets likewise differ from the negatively actuated DI water droplets beyond
80% of evaporation. Droplets of both concentrations continue to recede in a slip-stick pattern until
approximately 90% of the way through evaporation. Beyond this point, both appear to exhibit
mixed evaporation regimes until contact angles recede below the measurement threshold of the

goniometer.
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Table 4.4: Contact angles and pinning forces of actuated polystyrene-laden DI water droplets.

Droplet Type Initial Angle Receding Angle Pinning Force
+160 V, 0.02% 71° 57° 15.8 mN/m
+160 V, 0.2% 70° 56° 15.6 mN/m
-160 V, 0.02% 71° 54° 18.9 mN/m
-160 V, 0.2% 69° 56° 14.5 mN/m

It does not appear that particle presence at these concentrations had a significant impact on
transient droplet behavior. The pinning forces prior to transitioning out of the initial CCD regime,
as calculated by Equation 4.9, are summarized in Table 4.4 for all of the actuated polystyrene-
laden droplet cases. Pinning forces are fairly similar across all cases at approximately 16 mN/m.
The pinning force of each individual case is within 20% of this value.

Representative images of depositions left by the positively and negatively actuated 0.02%
and 0.2% polystyrene-laden droplets are shown in Figure 4.11. All depositions appear
approximately the same size, 500 um in diameter, and have distinct coffee-ring formations. Most
of the particles are deposited at the periphery, and far less deposition appears toward the center
regions. This suggests electrophoretic migration is negligible, but further analysis comparing the
electrophoretic and evaporative flows is necessary to quantify this effect [44]. The higher
concentration depositions have significantly thicker bands of deposition, 30 um, at the periphery
as compared to the lower concentration ones, 10 um. This is to be expected if the droplets are
seeded with more particles and the final depositions are the same size.

Actuation polarity does not appear to influence the final deposition pattern in the higher
concentration case. Interestingly, both polarities of 0.2% droplets left similar depositions despite
exhibiting different behaviors during evaporation. In the lower concentration, the positively
actuated droplets tend to leave a trail of deposition spiraling toward the deposition center. This
was observed in the majority of the positively actuated 0.02% cases, and it was not observed in

any of the negatively actuated ones. One possibility for this difference may be that the actuation
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Figure 4.11 Representative depositions patterns left after evaporation of DI water droplet
seeded with 25 nm polystyrene particles at concentrations of (a,b) 0.02% and (c,d) 0.2% by
volume. Droplets were exposed to actuation polarities of (a,c) +160 V DC and (b,d) -160 V

DC during evaporation.

polarity influences how particles interact with the grounding wire at lower particle concentrations.
It could also be the result of a weak electrophoretic effect. Further study is necessary to understand
this trailing phenomenon more completely. A comparison of the evaporative and electrophoretic

flows similar to that done in [44] is necessary to quantify the impact of electrophoresis.
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Figure 4.12 Transient droplet profiles during the evaporation under actuation at +160 V DC of
DI water droplets seeded with 25 nm polystyrene particles at a concentration of 0.05% by
volume. Trials from (a,b) were performed on the same device as the trials in Figures 4.9 and
4.10. Trials from (c,d) were performed previously on a different device. Mean values are
shown in black, and three standard deviations above and below are shown in red.

As part of the study of actuation polarity, droplets were also seeded at 0.05% by volume
and evaporated under both positive and negative actuation. Two sets of trials, one positive and
one negative, similar to those described for the 0.02% and 0.2% concentrations were performed
on the same device. The same two cases were also performed on a different device using a similar
setup earlier in the investigation. The only exception was that the cases on the earlier device
utilized an 80 um nichrome ground wire.

The transient data from each of the four data sets is shown in Figures 4.12 and 4.13. The
droplets on the newer device used in the majority of the polarity study appears relatively similar

to the 0.02% and 0.2% positively and negatively actuated droplets. However, there is a distinct
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Figure 4.13 Transient droplet profiles during the evaporation under actuation at -160 V DC of
DI water droplets seeded with 25 nm polystyrene particles at a concentration of 0.05% by
volume. Trials from (a,b) were performed on the same device as the trials in Figures 4.9 and
4.10. Trials from (c,d) were performed previously on a different device. Mean values are
shown in black, and three standard deviations above and below are shown in red.

difference in the transient behavior when comparing the results from the newer device to those on
the older device. In the positive cases, droplets on the newer device appear mobile on the surface
through the majority of evaporation, while those on the older device primarily exhibit slip-stick
behavior. This flips in the negative cases. Here, droplets on the newer device slip-stick through
most of evaporation while those on the older device appear more mobile through evaporation.
Representative images from each of the four data sets of 0.05% droplets are shown in
Figure 4.14. Again, there is a very distinct difference in deposition pattern when comparing the
results on the two devices. Depositions on the older devices appear approximately the same

whether actuated with a positive or negative voltage similar to the deposition patterns observed in
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Figure 4.14 Representative depositions patterns left after evaporation of DI water droplet
seeded with 25 nm polystyrene particles at concentrations of 0.05% by volume (a,b) on an older
device and (c,d) on the newer device also used for the 0.02% and 0.2% trials depicted in Figure
4.11. Droplets were exposed to actuation polarities of (a,c) +160 V DC and (b,d) -160 V DC
during evaporation.

the 0.02% and 0.2% droplets on the newer device (Fig. 4.11). Further, they appear to transition

between the 0.02% depositions and the 0.2% depositions. They are of similar size, and the band

thickness appears to be somewhere between that of the other two concentrations. The depositions
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on the newer device, however, are very different. Both polarities leave depositions roughly twice
the diameter of the other concentrations. The negatively actuated droplets leave distinct coffee
rings with very little deposition inside or outside of the ring. The positively actuated droplets still
form aring. However, they also leave a number of distinct deposition tendrils that extend radially
outward from the coffee ring. This may be evidence of surface inhomogeneities on the device that
promoted local pinning. Additionally, they exhibit an inward trail of deposition somewhat similar
to those observed in the positively actuated 0.02% droplets.

The significant differences in transient behavior and final deposition patterns observed in
the 0.05% droplets on the two different devices is of some concern. However, it is not an
uncommon problem in microfluidics. Repeatability is often cited as an issue inhibiting
microfluidic technology adoption [57,58]. An examination of the device fabrication process and
additional testing on more devices are necessary to confirm device and droplet behavior

consistency, respectively.
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5.0 CONCLUSIONS

5.1 Summary

This investigation seeks to demonstrate the importance of particle selection on the coffee-
ring effect for multiple particle types and sizes. To this end, droplets seeded with several sizes of
polystyrene particles as well as titanium oxide were evaporated on SU-8 photoresist substrates.
Droplet interfaces were recorded during evaporation to observe the contact line behavior exhibited
and to provide insight into the evaporation dynamics occurring within the droplet. Final deposition
patterns left after the completion of evaporation were also imaged in order to observe the particle
distributions produced. A custom MATLAB script was used in order to analyze the depositions
and quantify the radial distribution profiles to compare depositions between different cases.
Particle selection was found to affect the pinning behavior and receding contact angles exhibited
during evaporation and the intensity distribution, uniformity, and repeatability of the resulting
particle depositions after evaporation.

Experimental results suggest that the size of carboxylate-modified polystyrene particles
plays an important role in colloidal deposition in evaporating droplets. Unseeded deionized (DI)
water droplets and ones seeded with 25 nm, 63 nm, and 1.1 um polystyrene particles at a volumetric
concentration of 0.05% were deposited and evaporated on SU-8 photoresist. Interestingly, the
presence and size of these particles had little impact on the contact line dynamics of the droplet
for the first 90% of the evaporation time. However, in the final 10% of evaporation, smaller
particle sizes were observed to exhibit late-stage pinning. As a result, particle size did not have a
significant effect on the size of the final deposition, but it did affect particle distribution.

Smaller polystyrene particles formed distinct coffee-ring formations. This appears to be
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the result of late-stage pinning during evaporation [53,54]. Particles concentrate at the periphery
over time and eventually form a ring that can impede further motion of the contact line. Deposition
patterns left by 1.1 um particles were found to be more uniform. Repinning of the contact line in
these cases was not observed, so the outward evaporative flow that drives ring formation was never
reactivated.

Gravitational effects may also play a role in the uniformity of the deposition pattern in
these cases. A ratio of the evaporation time to the characteristic settling time, Sr;, was computed
for each case. Particle settling appears to be negligible for the 25 nm and 63 nm particles which
have very small ratios. However, the 1.1 um particles have a ratio not much less than 1 (0.043).
This suggests that settling may have a non-negligible impact on colloidal transport and some of
the particles in the droplet may settle to surface before being carried to the contact line. This would
delay the concentrating of particles at the periphery that drives late-stage pinning. Due to the fact
that the droplet height decreases over time, the calculated characteristic settling time is
overestimated and the true ratio may even be slightly larger. Further, not all particles within the
droplet must traverse the entire droplet height in order to settle to the substrate surface.

Another possible cause of the differences in deposition distribution is interface capture.
The speed of the droplet interface during evaporation was calculated and compared to the
approximate diffusion speed of the three sizes of polystyrene particle. The interface speeds were
similar for each case, but diffusion speed varied inversely with particle size. The 25 nm and 63
nm particles can diffuse more quickly than the interface collapses. However, the interface
collapses approximately 1.4 times faster than the 1.1 um particles can diffuse. This would result
in a collection of these larger particles across the droplet interface over time and could contribute

to deposition uniformity.
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Particle type was observed to have a more dramatic impact on droplet profile behavior as
evaporation proceeded. DI water droplets seeded with 25 nm polystyrene and 21 nm titanium
oxide particles at a volumetric concentration of 0.02% were deposited and evaporated on SU-8
photoresist. Polystyrene-laden and titanium oxide-laden droplets both exhibited similar initial
contact angles and diameters. However, the addition of titanium oxide particles was observed to
increase the pinning effect at the droplet periphery and extend the duration of the constant contact
diameter (CCD) evaporation regime initially exhibited by both cases. Polystyrene-laden droplets
evaporated until reaching a receding contact angle of 75°, while titanium oxide-laden droplets
remained until reaching a receding contact angle of 44°. The calculated pinning force prior to the
slip out of the initial CCD regime was nearly three times higher for titanium oxide-laden droplets
than polystyrene-laden ones. While polystyrene droplets then entered a constant contact angle
(CCA) evaporation regime, the titanium oxide-laden droplets exhibited a slip-stick pattern as they
receded.

The particle type used also resulted in distinct differences in both size and distribution in
the final depositions. While both droplets began evaporating at similar diameters, titanium oxide-
laden droplets produced patterns approximately three times larger in diameter than the
polystyrene-laden droplets. The polystyrene patterns formed distinct coffee rings. The titanium
oxide patterns were more complex with a thinner outer ring of material bounding the deposition
area and a thicker partial ring subdividing it into two regions. In the larger region, deposition
coated the substrate relatively uniformly. Far less material was deposited in the smaller region,
though several additional faint rings of titanium oxide were visible. These results seem to suggest
that titanium oxide particles may adhere to the surface more strongly than polystyrene particles.

Particle adhesion at the contact line may account for the increase in the pinning force, while
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increased deposition toward the center of the pattern suggest that particles adhere to the entire
surface instead of being carried to the contact line and primarily depositing there.

For droplets of both particle types, the time for a particle to reach the surface due to
gravitational effects is more than two orders of magnitude longer than the evaporation time of the
droplet. This would indicate that gravitational effects do not have a significant impact on
deposition behavior. Further, both types of particles can diffuse several times faster than their
droplet interfaces can collapse. This suggests that neither type of particle collects across the
droplet interface during evaporation. Instead, behavioral differences exhibited by the two particles
may be contributable to electrical effects. Electrical forces are known to influence particle-particle
and particle-surface interactions. Changes in profile evolutions and final depositions between the
two particle types could be driven by the different electrical properties of the two different particle
materials.

Preliminary experimental evidence gathered here suggests that DC voltage polarity may
affect evaporation dynamics. Pure DI water droplets and those seeded with 25 nm polystyrene
particles at volumetric concentrations of 0.02% and 0.2% were deposited on SU-8 photoresist.
Positive and negative DC electric fields were applied to the droplets as they evaporated. Contact
angles in all cases were approximately 70° once the voltage was applied. The receding contact
angle exhibited in all cases was approximately 55°. These are both lower than the initial and
receding contact angles exhibited by unactuated DI water droplets, 89° and 73°, respectively. A
reduction in the initial angle is expected due the application of an electrowetting force at the contact
line [24]. The receding angle is also expected to decreases with applied voltage [29]. Both
positively and negatively actuated droplets initially pin and evaporate in a CCD regime for the first

30% of evaporation. Beyond this point, positively actuated droplet continue in a CCA regime
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through the majority of evaporation. Negatively actuated droplets instead slip and stick repeatedly.
This suggests that actuation polarity can impact droplet mobility on a substrate. However, a
calculation of the pinning forces for each case suggests that polarity does not significantly impact
the maximum pinning force exhibited prior to depinning. Interestingly, the polarity differences
were observed in the particle-free and particle-laden cases alike. This suggests that the behavior
is not the result of an effect of the polystyrene particles. It may be that the electric field is having
an unexpected interaction with the tungsten ground wire inserted into the droplets. If this
interaction introduces additional particles into the droplet, it could change the internal electrical
interactions [36]. Differences in a ground wire reaction at each polarity could possibly contribute
to the changes in droplet profile behavior during evaporation.

Actuation polarity was observed to have only a minimal impact on the deposition patterns
produced. Droplets of both concentrations and actuation polarities produced depositions of similar
sizes with distinct coffee ring formations. Higher concentration droplets produced rings with
thicker bands of material. At the lower concentration, positive actuation resulted in an extra inward
trail of deposition in more than half of the depositions. This trail was not present in any of the
negatively actuated depositions at this concentration or in either of the higher concentration cases.
No differences were observed based on actuation polarity in the depositions left by the more
concentrated droplets. The trail presence at the lower concentration under positive actuation may
again be due to an unknown interaction with the ground wire used. No case exhibited deposition
patterns that would result from downward electrophoretic particle migration as was previously
observed with titanium oxide-laden droplets [44]. This result is not entirely surprising since
electrophoretic forces are a function of particle charge and polystyrene particles were expected to

be more weakly charged than titanium oxide ones.
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5.2 Contributions

This investigation has further characterized the effects of particle selection on colloidal
droplet desiccation. A method for quantifying the deposition distribution patterns after
evaporation was developed for comparing particle cases. Deposition areas are identified in
captured images and isolated from any included background data. Deposition intensities are
measured in a number of annular sectors created from divisioning the droplet area both radially
and azimuthally. Radial intensity distributions, averaged around all azimuthal positions, are then
calculated. These can quantify the increase of intensity at the periphery of a ring deposition and
the uniformity across a spot deposition. Multiple profiles can be analyzed in a single composite
profile to quantify the deposition variation from droplet to droplet.

It was experimentally observed that larger polystyrene particles, on the order of a micron
in diameter, tended to leave more uniform deposition patterns than nanoscale particles. Larger
particles can achieve higher Stokes velocities and correspondingly reach the surface faster for
deposition in a spot pattern prior to being swept to the periphery by an evaporative flow to form a
ring pattern. In the larger particles used here, the characteristic settling time was smaller than, but
within two orders of magnitude of, the evaporation time. This suggests that while evaporative
flows within the droplet may direct the suspended particles elsewhere, gravitational forces may
still play a non-negligible role in bringing particles toward the surface. In the smaller, nanoscale
particles investigated, the settling time is three or more orders of magnitude longer than the
evaporation time and likely plays an insignificant role in particle deposition. Larger particles also
diffuse more slowly than smaller particles and may get captured by the interface of a droplet as it
evaporates. Particles may collect across the interface until the it collapses completely and the

trapped particles are deposited on the surface. The micron-size particles used here diffuse slower
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than their droplet interfaces collapse. This may contribute to the uniformity of deposition at this
particle size. The smaller particles can diffuse fast enough to outpace a collapsing droplet interface
and are likely not trapped.

It was also observed that contact line dynamics in actuated evaporating could be influenced
by actuation polarity. Negative actuation produced a slip-stick pattern to occur throughout the
large majority of the droplet profile evolution. Alternatively, positive actuation allowed for more
uniform changes in the droplet profile evolution with droplets remaining more mobile on the
surface. This occurred in both particle-free DI water droplets and polystyrene-laden DI water
droplets. The cause of this profile behavior dependence on actuation polarity is not yet fully

understood.

5.3 Future Work

This work sought to characterize the effects of particle size, particle type, and actuation
polarity on colloidal transport. This was primarily done by observing the droplet exteriors during
evaporation and the depositions left behind after evaporation. Analyses of the droplet profiles and
final depositions were used to gain some insight as to how particles moved as their droplets dried,
but this was never observed directly. Visualizing the particles within droplets as they evaporated
would be incredibly helpful for characterizing the effects of particle selection and could help to
confirm hypotheses about particle motion that were drawn from profile and deposition behavior.

While several particle characteristic and actuation parameters were characterized in this
work, the mechanisms producing the behavioral difference observed between cases are not yet
fully understood. Gravitational effects and interface capture may be of some significance for the
motion of larger, micron-size particles, but they likely play only a very minimal role for smaller,

nanoscale particles. Other effects, especially in nanoparticle cases, may be at play driving colloidal
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transport. For instance, electrical effects are known to influence particle-particle and particle-
surface interactions [36], but they have not been characterized in the droplets compositions
investigated here. A next logical step toward further understanding the colloidal transport
behaviors observed in this work would be to characterize the electrical properties of each type of
droplet used. Differences in transient profile behavior and deposition distribution could then try
to be related back to differences in specific electrical properties. In particular, this may shed light
onto the observed differences between the titanium oxide-laden and polystyrene-laden droplets
since the electrical characteristics of two different materials are likely very different as well. The
first key properties to measure are the zetapotentials and pH levels of the particle-fluid solutions
from which the droplets are drawn. These have not previously been measured for any case.
Additional particle types could also be tested to study different particle types and electrical
characteristics. These could be new materials that would be ideal to control in evaporating
droplets, such as carbon nanotubes for transparent conductive films [21] or DNA for medical
testing [1], or they could be variants of the particles already examined here with slightly different
properties, such as sulfate-modified polystyrene.

It is also recommended to examine the effects of ground wire material. In the polarity
study, positive and negative actuation were observed to result in different transient droplet
behaviors during evaporation, even when evaporating particle-free DI water droplets. The cause
of this difference is not yet understood, but it may be that the electric field is having an unexpected
interaction with the tungsten ground wire used that changes with polarity. Multiple materials have
previously been utilized for the grounding wire in electrowetting experiments, such as platinum
[38] and copper [44]. Repeating the actuated trials presented using ground wires of these or other

materials may reveal how, if at all, the wire material impacts contact line dynamics and colloidal
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transport during actuated evaporation. Platinum would be an ideal material to try first, since it is
inert. Wire effects should be investigated prior to any other variables under actuation to ensure
observed differences are not the result of the ground wire material. If it is discovered that the
ground wire material causes the observed differences and another material is less reactive and does
not influence evaporation depending on polarity, the new material should be used as the default in
all future experiments.

Finally, it is critical to ensure results are repeatable when trials are performed on different
devices in order for the droplet behaviors observed to be leveraged for practical applications in the
future. Repeatability issues often inhibit microfluidic technology adoption [57,58]. Cases from
the particle size and type studies were performed a single device, but these trials should be repeated
on others to ensure variations in the device were not contributing to the observed droplet behaviors.
The cases from the polarity study were also conducted on a single device, though the 0.05%
concentration case was previously performed on a different device as well. Very different results
were observed in the profile evolutions during and depositions left after evaporation in the two
0.05% concentration sets conducted. In this case especially, trials should be repeated on multiple
devices to ensure observed behaviors are consistent across them. The device fabrication process

should also be closely examined to ensure devices are as identical as possible.
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APPENDIX B

B.1 Cleanroom Processing

Section 3.2 outlines the process for creating experimental devices. The following tables
(Tables B.1-7) detail the methods and recipes used throughout the processing performed. All work
is done in the (SMFL).

Table B.1: SU-8 spin recipe.

Phase RPM Ramp (s) Time (s)
A 500 10 7
B 3000 10 30

Table B.2: Soft bake recipe.
Phase Temperature (°C) Time (min)
A 95 2.5

Table B.3: Exposure recipe.
Phase Notes
A 200 mJ/cm? dose

Table B.4: Post-exposure bake recipe.

Phase Temperature (°C) Time (min)
A 65 60
B 95 120

Table B.5: Development recipe.

Phase Notes
A Immerse in developer for 3 minutes for bulk development
B Spray with developer for 10 seconds to remove stray undeveloped SU-8
C Spray with isopropyl alcohol for 10 seconds to remove SU-8 developer
D Air dry with nitrogen spray gun
Table B.6: Hard bake recipe.
Phase Temperature (°C) Time (min)
A 150 3
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Table B.7: Aluminum deposition recipe.

Phase Notes
A Pump down device-loaded chamber to a pressure of 5 mTorr
B Presputter for 5 minutes to ready tool for deposition
C Sputter for 30 minutes to deposit aluminum
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APPENDIX C

C.1 Supplemental MATLAB Code

Section 3.4 outlines how a custom MATLAB script analyzes the intensity distributions,
and by proxy the particle distributions, in depositions left by a particle-laden droplets. Two
different versions of the script were used and are detailed here. The original script was only
capable of analyzing closed, circular depositions. As experimentation continued, more exotic
deposition patterns were routinely observed. The script was later modified to handle irregularly
shaped, as well as circularly shaped, depositions that do not necessarily close.

In order to process the grayscale titanium oxide images, an alternate version of the script
was developed to accommodate for the lower contrast images. This script works very similarly to
the version for the fluorescent polystyrene depositions. The only difference is that the code shown
in Section C.3 replaces the code marked “polystyrene-specific code” toward the beginning of the
full script in Section C.2. While the polystyrene code is fairly dynamic, the titanium oxide version
is specific to the typical depositions observed in this work. It is tuned to the background intensity,
circularity, and relative deposition size each trial tended to exhibit. Changes will likely be needed
to utilize it for deposition with alternate characteristics.

Both versions of the script cycle through all of the images in the specified folder and
analyze each one. Once the image is read in, and the script runs and described in Section 3.4, it
saves two figures and a data file for each image. One figure is the grayscale version of the read
image with the identified droplet area and centroid marked. The second figure is the intensity
distribution within the deposition. The mean value for each radial position is calculated across all

azimuthal positions and plotted along with three standard deviations above and below. The data
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file contains the mean deposition intensity and the normalized intensities at each radial position
within the deposition. Once all images in a folder are analyzed, a master fie is generated containing
all of the normalized intensity data for simplified import into another program for further analysis
and plotting.

The polystyrene version has an estimated running time of 24 minutes per image based on
20 radial and azimuthal divisions, 400 contouring iterations, and 12-bit input images with
resolutions of 4096x4096 pixels. After altering the code to the titanium oxide version, the code
has an estimated running time of four minutes per image based on similar parameters and 8-bit

input images with resolutions of approximately 2000x1600 pixels.

C.2 Polystyrene Analysis MATLAB Script

close all; clear all; tic
thetadiv=20; % number of azimuthal divisions

raddiv=20; % number of radial divisions
contourit=400; % number of iterations for convex mask contour
myFolder = 'C:\Users\...'; % EDIT THIS LINE WITH IMAGE DIRECTORY

% cycle through all jpg images in the selected folder

filePattern=fullfile (myFolder, '*.jpg');

jpgFiles=dir (filePattern);

for fileloop=1l:length(jpgFiles)
baseFileName =jpgFiles(fileloop) .name;
fullFileName=fullfile (myFolder, baseFileName) ;
FileName=baseFileName (1l:end-4) ;

F mmmm - polystyrene-specific code------------—---—--——-——-—-
% convert to grayscale and generate black and white

RGB=imread (fullFileName) ;

I=rgb2gray (RGB) ;

thresh=graythresh(I); % Otsu greyscale threshold

% generate deposition mask

BWinit = im2bw (I, thresh); % creates BW image using grayscale threshold
BWfilt=bwareaopen (BWinit,150); % removes areas smaller than 150 pixels
BWconvex=bwconvhull (BWfilt, 'Union'"); % fits a convex polygon
BW=activecontour (I,BWconvex, contourit, 'edge'); % contour convex polygon

oe

% calculate image properties, show and save mask
[B, L]=bwboundaries (BW, 'noholes"') ;
boundary=B{1l}; % there should only be one region
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figure (1)

imshow (I); hold on;

plot (boundary(:,2),boundary(:,1),'r', 'LineWidth', 2)

STATS=regionprops (BW, I, 'MeanIntensity', 'Centroid', 'Area', 'Perimeter'");
center=cat (1, STATS.Centroid) ;

intensity mean=[cat (1,STATS (1) .MeanIntensity)];

plot (center(:,1),center(:,2), ' 'rx', 'LinewWwidth',2)

saveas (gcf, [FileName ' 1.fig'])

close (figure (1))

% create azimuthal masks and calculate local mean radii
clearvars masks azimuth

rx=max (abs (boundary(:,1)-center(1,1))); % max deviation in x from center
ry=max (abs (boundary (:,2)-center(1,2))); % max deviation in y from center

Rho=1.1*sqgrt (rx"2+ry”*2); % maximum radius from center, extra 10 percent
Theta=2*pi/thetadiv; % angular increment
for i=l:thetadiv
rho2=linspace (0,Rho)"'; % draw out each sector in polar coordinates
rhol=flipud(rho2);
rho3=ones (300, 1) *Rho;
thetal=ones (length(rhol), 1) * (i) *Theta;
theta2=ones (length(rhol), 1) * (i+thetadiv-1) *Theta;
theta3=linspace ( (i) *Theta+2*pi, (i+thetadiv-1) *Theta, 300)';
rho=cat (1, rhol, rho2, rho3);
theta=cat (1, thetal, theta2, theta3l);
xazi=rho.*cos (theta) +center(l,1); % convert to rectangular
yazi=-rho.*sin (theta) +center(1l,2);
masks azimuth(:,:,1i)=poly2mask(xazi,yazi,size(I,1),size(I,2));
STATS=regionprops (bwareaopen (masks_azimuth(:,:,1i).*BW,5), 'Area');
aziradii (i)=sqgrt(2*cat (1,STATS.Area)/Theta); % sector mean
end

% create radial masks and calculate annular sector intensities
clearvars masks radial;

[xmask, ymask]=meshgrid (- (center(1l,1)-1): (size(I,2)-center(1l,1)),...
-(center(1,2)-1):(size(I,1)-centexr(1,2))):;
for i=l:thetadiv
j=1;
maskradii(l)=1*aziradii (i) /raddiv;
masks radial(:,:,1)=((xmask.”2+ymask.”2)<=maskradii(1l)"2);

[

% only saves radial masks for current sector
mask azirad=masks radial(:,:,1).*masks azimuth(:,:,1);
STATS=regionprops (mask azirad, I, 'MeanIntensity'");
intensity azirad(i,j)=[cat(l,STATS (1) .MeanIntensity)];
% each row is intensities at a particular azimuthal position
% each column is intensities at a particular radial position
for j=2:raddiv
maskradii (j)=j*aziradii (i) /raddiv;
masks radial(:,:,Jj)=and(((xmask.”2+ymask.”2)>maskradii (j-...
1)72), ((xmask.”2+ymask.”"2)<=maskradii (j)"2));
mask azirad=masks radial(:,:,J).*masks azimuth(:,:,1i);
STATS=regionprops (mask azirad, I, 'MeanIntensity');
intensity azirad(i,j)=[cat(l,STATS (1) .MeanIntensity)];
end
end
intensity aziradnorm=intensity azirad/intensity mean;
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% normalize intensities to mean image intensity

[

% calculate final values for plotting

final rad=linspace(.5*100/raddiv,100-.5%100/raddiv,raddiv)"'; % halfway
final intensity=mean(intensity aziradnorm)';

final stdev=std(intensity aziradnorm)';

Q

% plot azimuthally averaged intensity vs. radial position

FS=20; MS=12;

figure (2)

axes ('FontSize',FS-5);

grid on; hold on;

xlabel ('Radial Position (%)', 'FontSize',bFS);

ylabel ('Normalized Mean Intensity (-)', 'FontSize',FS);
title(FileName) ;

plot(final rad, final intensity+0*final stdev, 'k-', 'MarkerSize', MS)

plot(final rad, final intensity+l*final stdev, 'r--', 'MarkerSize',6 MS)
plot(final rad, final intensity-1*final stdev, 'r--', 'MarkerSize',6 MS)
plot (final rad, final intensity+2*final stdev, 'b--', 'MarkerSize',6 MS)
plot(final rad, final intensity-2*final stdev, 'b--', 'MarkerSize',6 MS)
plot(final rad, final intensity+3*final stdev, 'g--', 'MarkerSize',6 MS)
plot(final rad, final intensity-3*final stdev, 'g--', 'MarkerSize',6 MS)

saveas (gcf, [FileName ' 2.fig'])
close (figure (2))

o)

% prepare data for export, save individual trial data
outputl=[intensity mean;final intensity]; % mean and intensities

o)

output2 (:,fileloop)=final intensity; % combined intensities of all images
output3 (fileloop, :)=FileName; % combined names of all images ran
save ([FileName ' mean normintens.txt'], 'outputl',6 '-ascii')

end

% save combined data and trial order
save (['All Combined - data.txt'], 'output2',6 '-ascii')
outputcell = strcat (output3);
fid=fopen('All Combined - labels.txt','w');
for r=1l:size(outputcell, 1)
fprintf (fid, '$s\n',outputcell (r,:));
end
fclose (fid) ;
toc

C.3 Titanium Oxide Analysis MATLAB Snippet

G e e e Ti02 Changes—-————-———————————————"—"—"———————
% invert, remove background, convert to BW

Iinit=imread (fullFileName); % Ti02 starts as GS
Iinv=imcomplement (Iinit) ;

thresh=0.8*graythresh(Iinv); % Otsu greyscale threshold
BWinit=im2bw (Iinv, thresh); % creates black and white image from I

% BWfiltl=bwareaopen (BWinit,50); % filter depending on deposition
I=Iinv.*uint8 (BWinit); % or BwWfiltl

% fit a circle to the deposition
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rl=floor(.82*min(size(I))/2); r2=floor(.92*min(size(I))/2);

[centers, radiuses]=imfindcircles (BWinit, [r1l r2], 'Sensitivity',.996);
[radius, maxindex]=max (radiuses); % assumes largest circle is correct
radius=radius*1.05; % increase circle size to capture entire deposition
center=centers (maxindex, :); % takes corresponding center

% generate deposition mask

[xmask, ymask]=meshgrid (- (centers(1l,1)-1):(size(I,2)-centers(l,1)),...
-(centers(1,2)-1): (size(I,1)-centers(l,2)));

BWcircle=((xmask.”"2+ymask.”"2)<=radius”2);

BWconvex=bwconvhull (BWinit.*BWcircle) ;

BW=activecontour (I,BWconvex,contourit, 'edge'); % contour convex polygon

BW=bwareaopen (BW,50); % removes areas smaller than 50 pixels
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APPENDIX D

D.1 Summary of Experimental Conditions

Section 4 details three different studies examining the effects of particle size, particle type,
and DC voltage actuation polarity on transient profiles and final depositions of evaporating
colloidal droplets. At least five trials where a droplet was evaporated and analyzed were performed
for each set of conditions. The experimental conditions for each data set are summarized in the
following tables (Table D.1-4). The “Device” column in each table identifies the specific device
in the Discrete Microfluidics Laboratory (DMFL) that was used for the set of trials. All devices
have an upper surface of SU-8 photoresist. The “Conc.” column indicates the volumetric
concentration (mL/mL) of the particle added to initially pure deionized (DI) water to create the

droplet solution used. All droplets were deposited at a volume of 1 pL.

Table D.1: Particle size testing matrix.

Date Device Particle Conc. Wire Actuation
2/23/16 S3-Rla DI n/a n/a n/a
2/24/16 S3-R2a 25 nm PS 0.05% n/a n/a
3/11/16 S3-R10 63 nm PS 0.05% n/a n/a
3/14/16 S3-R11 1.1 um PS 0.05% n/a n/a

Table D.2: Particle type testing matrix.

Date Device Particle Conc. Wire Actuation
2/23/16 S3-R1la DI n/a n/a n/a
4/12/16 S3-R12a 21 nm TiO2 0.02% n/a n/a
4/12/16 S3-R12b 25 nm PS 0.02% n/a n/a

Table D.3: DI water actuation polarity testing matrix.

Date Device Particle Conc. Wire Actuation
3/1/16 S3-R6 DI n/a 22 um W n/a
4/20/16 S4-R1 DI n/a 22 um W +160 V
4/20/16 S4-R2 DI n/a 22 um W -160 V
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Table D.4: Polystyrene-laden actuation polarity testing matrix.

Date Device Particle Conc. Wire Actuation
7/31/15 W2L-Cla 25 nm PS 0.05% 80 um NiCr +160 V
7/31/15 W2L-C1b 25 nm PS 0.05% 80 um NiCr -160 V
8/3/15 W2L-C3a 25 nm PS 0.05% 80 um NiCr +160 V
8/4/15 W2L-C3b 25 nm PS 0.05% 80 um NiCr -160 V
5/16/16 S4-R3 25 nm PS 0.05% 22 um W +160 V
5/16/16 S4-R4 25 nm PS 0.05% 22 um W -160 V
5/17/16 S4-R5 25 nm PS 0.02% 22 um W +160 V
5/17/16 S4-R6 25 nm PS 0.02% 22 um W -160 V
5/18/16 S4-R7 25 nm PS 0.2% 22 um W +160 V
5/18/16 S4-R8 25 nm PS 0.2% 22 um W -160 V
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