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Manipulation of microparticles by droplets is a very useful and important technique for many
microfluidics applications. Due to the large specific surface necessary for chemical binding and
easy recovery from a dispersion, utilization of nanospheres or microspheres has become more and
more popular for different medical, biological, and optical applications. The goal of this research
is to understand the mechanism for the manipulation of microparticles by droplets. Dissipative par-
ticle dynamics (DPD), which is extensively used to model mesoscale flow phenomena, is applied
as the numerical tool for this study. A model for solid microparticles is designed to study the in-
teractions among microparticles, liquid droplets, and solid substrates. A spherical shell is used to
represent the microparticle, and the shell surface is packed by dense enough beads to avoid unde-
sired penetration of liquid beads into solid microparticles, conserving the momentum automatically.
After that, the interaction between a rigid microparticle and a solid substrate is modeled based on
contact mechanics, including adhesion forces, normal forces, and friction forces. After the model
for microparticles is built, a baseline case simulating the pickup and transport of a hydrophobic
microparticle by a droplet is demonstrated and compared with experimental observations. Then, the
flow structures within a droplet containing a hydrophobic microparticle are revealed.

With this developed numerical tool, parametric studies are conducted to investigate the effects
on the manipulation processes (including pickup, transport, and drop off) of a microparticle by
droplet sizes, wetting properties of microparticles, and particle-substrate friction coefficients. The
increase of droplet size can speed up the transport of microparticles. However, the increase of
particle-substrate friction coefficients can lead to drop-off of a hydrophobic microparticle. The
mechanism for the drop-off, or delivery, is analyzed by checking the development of the friction
force and driving force on the microparticle during the transport process. The critical velocity,
defined as the instantaneous velocity of the microparticle right before the occurrence of delivery, is
measured, and it is found that the critical velocity is about same for different sizes of droplets. Based
on the numerical results, two different designs, namely passive delivery and active delivery, have
been demonstrated to be capable of controlling the location for the delivery of single hydrophobic
microparticle without any trap design or external field forces. These numerical results provide a
fundamental understanding of interactions among the microparticle, the droplet and the substrate to
facilitate the optimal experimental design of digital microfluidic system utilizing microparticles.
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Chapter 1

Introduction

In this chapter, the application background for this study is presented first. The manipula-
tion of microparticles by droplets is a new and powerful tool for medical, biological, and optical
applications using digital microfluidics. The interaction between microparticles and droplets is of
key importance for different chemical and biological processes. The state of the art research on
droplet microparticle interaction will be reviewed in the next section, including both experimental
and numerical studies. After that, approaches and objectives of this study are presented in detail. In
the last section, an outline for future research is given.

1.1 Background of manipulation of microparticles by droplets

Microfluidics technology is a powerful and effective tool that emerged in the 1990s and can
perform numerous laboratory operations using very small quantities of samples and reagents in a
significantly short time [1]. In the last two decades, there has been a steady increase in the interest
and development of tools for microfluidics technology [2], which has been used for an increasing
number of applications in the fields of biology [3, 4], chemistry [5, 6], medicine [7–9], optics [10],
and so on.

1.1.1 Utilization of microparticles in droplet-based microfluidics

In the early stages of microfluidics technology, continuous-flow microfluidics (CFM) was
the first approach. In continuous flows, the fluid is constrained and guided by well-designed mi-
crochannels, which leads to several drawbacks, including quick increase of complexity to scale up
and low flexibility for even slight design modification [11]. A solution to these drawbacks is found
in droplet-based microfluidics or digital microfluidics (DMF). DMF is an alternative technology for
lab-on-a-chip systems based on the generation and control of discrete droplets inside micro-devices,
in contrast to continuous-flow microfluidics [12–15]. This method produces highly monodisperse
droplets as microreactor units in the nanometer to micrometer diameter range, at rates of up to
twenty thousand per second. Unlike in continuous-flow systems, droplet-based microfluidics allows
for independent control of each individual droplet, by acoustic actuation [16, 17], magnetic actua-
tion [18,19], optoelectrowetting [20], piezoelectric [21], or asymmetrically changing the interfacial
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Figure 1.1: Schematic view of an electrowetting device (cross-section) to manipulate droplet, which
is confined between two plates coated with hydrophobic dielectric layers [14].

tension (e.g., thermocapillary [22] or electrocapillary/electrowetting-on-dielectric (EWOD) [23]).
By far, EWOD is the most popular mechanism used for droplet manipulation (see schematic design
in Fig. 1.1 [14]), including droplet positioning, merging [24], splitting [25], and sorting [26]. Since
multiple identical microreactor units can be formed in a short time, parallel processing and experi-
mentation can easily be achieved, allowing large data sets to be acquired efficiently. In analogy to
digital microelectronics, the basic instructions to control the droplet motions can be combined and
reused within hierarchical design structures so that complex procedures (e.g. chemical synthesis
or biological assays) can be built up step-by-step, instead of building complex microchannels in
continuous-flow systems [12].

Another great advantage that DMF can provide over channel-based microfluidics is its out-
standing capability to handle nano-sized or micro-sized solid particles, without the worry of possible
clogging as in channel-based microfludics. Due to the large specific surface area (SSA) necessary
for chemical binding and easy recovery from a dispersion, utilization of nanospheres or micro-
spheres has become a hot topic for different medical, biological, and optical applications [27, 28],
as a review of different applications shows in Fig. 1.2. The typical size of microspheres ranges from
tens of nanometers to hundreds of micrometers. The microsphere surface is specially treated or
coated to achieve desired binding to specific proteins or cells, so that the capture and transport of
target proteins or cells can be implemented by manipulating motions of microspheres. The manip-
ulation of microparticles is of key importance for the control of multi-step biological or chemical
processes.

To have more flexible and precise control, magnetic microparticles, also called magnetic
beads (MB) in the literature, were recently adopted in different biological and chemical applica-
tions [29–31]. Due to easy manipulation by magnetic fields, MB have been proven as multifunc-
tional manipulation vehicles in various lab-on-a-chip systems. MB can be used as mobile substrates
to capture target antibodies or DNA, carriers of captured target antigens, labels of target cells and
proteins for detection, self-assembled structures to mix fluids, and so on (see Fig. 1.3 [31]).
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Figure 1.2: Typical sizes and applications of polymer microspheres [28]

1.1.2 Sampling of aerosols using droplet-based microfluidics

Besides the applications utilizing microparticles to facilitate biological or chemical processes,
interactions between droplets and microparticles are also important for applications of air-monitoring
systems, where droplets are used as samplers and carriers to pick up and transport aerosols collected
from the environment. The collected aerosols, or microparticles, will be the sole targets, instead of
an auxiliary component of a droplet-based microfluidics system.

Exposure to toxic chemicals or aerosols in environments, such as outdoor, agricultural, and
industrial workplaces, has caused adverse health effects for millions of people all over the world.
During the last decade, increasing research and public concerns have focused on the massive con-
centrations of PM2.5 and PM10 (particulate matter less than 2.5µm and 10µm, respectively), which
threaten people of all ages who perform outdoors activities in cities [32–35]. These fine particles,
including dust, dirt, soot, and smoke, can be characterized by their source, e.g., coal burning prod-
ucts and traffic; origin, e.g., anthropogenic or geogenic; or physical chemical properties such as
solubility. Besides these air pollutants, biological aerosols, including pollen, fungal spores, bacte-
rial cells, viruses protozoa, and so on, also need to be swiftly detected, which is critically important
technology given the increasing risk of bio-terrorism today [36–39].

In order to control and prevent exposure to harmful biological aerosols or particles, an ef-
fective sampling and monitoring system is highly needed for quantitative assessment [40–43]. To
directly measure aerosol levels, lab-on-a-chip systems can be a promising solution due to its advan-
tages over conventional analytical techniques. As mentioned earlier, these advantages include short
processing time, huge reduction in reagent and sample consumption, small mass of the equipment,
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Figure 1.3: Several representative applications of magnetic beads (MB) on lab-on-a-chip de-
vices [31]. By applying magnetic fields, (a) self-assembled regularly-spaced MB can be rotated
around certain axes to stir and mix fluids, (b) target analytes can be selectively captured by MB,
(c) captured analytes are transferred to another fluid along with the motion of MB, (d) target cell or
protein can be labeled and clustered by MB for detection or surface binding, and (e) unbound and
weakly bound species are separated from strong bound species in a stringency process.

high throughput, and so on. These make the lab-on-a-chip system a better tool for the quick assess-
ment of biological aerosols than conventional analytical techniques, which usually suffer drawbacks
of long analysis time due to culture-based analysis, likely misidentification of cultured morphology
and so on [44, 45].

However, there are still some challenges to apply lab-on-a-chip systems for aerosols monitor-
ing, e.g., lack of efficient and compatible samplers. Conventional techniques typically use a large
volume of liquid to impinge particles sucked on filter membranes into liquid for follow-up analyses,
as well as numerous manual handling steps. It is impractical to incorporate these techniques with
a fully automated lab-on-a-chip system that requires a micro-to-pico liter range volume of liquid
and miniaturized electromagnetic components. To solve this issue, some new microparticle sam-
plers were developed using droplets [46–48]. The envisioned portable aerosol-monitoring system is
illustrated in Fig. 1.4 [48]. The aerosol particles of interest are stopped and collected on the micro-
filter membrane, the pore size of which is supposed to be slightly smaller than microparticles. Then
a liquid droplet, actuated by EWOD or surface acoustic waves, is transported along the microfilter
membrane to pick up the collected microparticles.
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Figure 1.4: Schematic design for an envisioned aerosol-monitoring system [48]. Airborne micropar-
ticles are sucked and stopped on the microfilter membrane. Then, a droplet is moved around on the
filter by EWOD to pick up and transport the microparticles to adjacent analysis units for downstream
on-chip analysis.

1.2 State-of-the-art research

For the applications introduced in the previous section, a fundamental understanding of inter-
actions among microparticles, droplets, and substrates is of critical importance to develop new lab-
on-a-chip technologies. However, understandings of the manipulation of microparticles by droplets,
such as the pickup, transport, and delivery of microparticles, is still limited, from both experimen-
tal and numerical aspects. In this section, the state of the art of research on the manipulation of
microparticles by droplets is reviewed from both sides.

1.2.1 Experimental research

The simplest way to manipulate microparticles is to pick them up by droplets [46, 47]. An
experimental setup was designed by Zhao and Cho [46] to sample microparticles efficiently using
moving droplets actuated by EWOD. Both superhydrophobic (7.9 µm diameter Teflon-coated glass
beads, contact angle ∼ 160◦) and superhydrophilic (7.9 µm diameter glass beads, contact angle
∼ 15◦) particles were examined to test efficiency, as shown in Fig. 1.6 and Fig. 1.7, respectively.
Results showed that the superhydrophilic particles were effectively picked up by the droplet, even
clustered together. These particles were suspended inside the droplet and exhibited violent motions
possibly due to electrokinetic forces. However, superhydrophobic particles stayed on the air-to-
water interface of the droplet, which restricted the particle storage for the droplet. Moreover, the
superhydrophobic particles on the interface hindered the droplet movement. A plausible scenario
for the pickup of superhydrophobic particles was described (see Fig. 1.5) as clockwise circulation
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Figure 1.5: Possible scenario of the motion of superhydrophobic particles inside a moving
droplet [46]. (a) Fluid circulates in clockwise direction in the lower part of the droplet and in
counter clockwise direction in the upper part of the droplet, respectively. (b) The particles are trans-
ported to the receding region of the droplet and then are lifted up by the upward fluid motion as the
droplet moves right.

took place in the lower part of the droplet and counterclockwise circulation in the upper part. This
configuration may explain the low efficiency for pickup of hydrophobic particles, but this still lacks
validation to date.

Pickup efficiency was also tested on some other materials, such as microbes and pollen, in the
work by Tan et al. [47]. Since airborne bio-particles generally do not exist as smooth microspher-
ical shapes, using pollen with natural roughness would provide a more realistic model than using
synthetic analogs. Acoustic waves were used to drive droplets instead of EWOD. Results showed
that the pickup efficiency was higher for smaller polystyrene (hydrophobic) particles while lower
for smaller melamine (hydrophilic) particles. Another important finding was that the collection
efficiency of pollens was always significantly higher than that of comparably sized melamine (hy-
drophilic) particles, due to the roughness of pollen’s surfaces. Furthermore, changing the amount
of microparticle density on the substrate did not change the collection efficiency appreciably. In
addition to studies on the pickup efficiency for different microparticles, the efficiency for the same
bioparticles on different surfaces was also studied [49]. Superhydrophobic surfaces (contact angle
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Figure 1.6: Sampling of Teflon-coated hydrophobic glass beads with diameter of 7.9µm. (a) The
initial setup of particles and a water droplet before sampling; (b) Particles are sampled by the wa-
ter droplet along its path; (c) Magnified view of the droplet containing particles; (d) Particles are
deposited on the surface after the evaporation of the droplet. [46]

∼ 160◦) showed higher pickup efficiency by water droplets than hydrophobic surfaces (contact angle
∼ 112◦) for all investigated particles.

Besides the pickup of microparticles, the concentration and separation of different types of
electrically charged microparticles from one mother droplet into two daughter droplets were imple-
mented by electrophoresis [50]. Three steps were needed to complete the separation process: (1)
isolate two different types of particles by electrophoresis into two different regions inside a mother
droplet, (2) physically split the mother droplet into two daughter droplets by electrowetting so that
each daughter droplet contains only one type of particles, and (3) transport the daughter droplets
by electrowetting to desired locations for further manipulation (see Fig. 1.8). The concept of con-
centration and separation was successfully demonstrated by a series of experimental results. For
the concentration of a single type of particle, 83% of total particles were concentrated into a split
droplet having half the volume of the mother droplet. However, due to the undesired vortex gen-
erated in the middle of the mother droplet during the separation process, the separation became
less controllable. One possible scenario for the vortex generation was due to collision between the
particle-dragged flow and the rebound flow inside the fixed meniscus boundary. More studies are
needed to understand the physics behind that, which will lead to better control of the manipulation
of droplets and microparticles. A similar idea was implemented by Zhao et al. [48], using traveling-
wave dielectrophoresis to conduct concentration and separation of microparticles inside a droplet.
Using this technique, long-distance transport of various particles can be achieved without liquid
pumping, and more importantly, these particles need no charge treatments, thus leading to a wide
range of applications. To obtain optimal results for concentration and separation efficiency, applied
frequency and medium conductivity are the key parameters to adjust.
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Figure 1.7: Sampling of 7.9 µm diameter borosilicate glass beads (superhydrophilic) [46]. (a) The
path of the droplet is indicated by the dashed line; (b) The droplet is displaced on a glass plate
covered by superhydrophilic beads; (c), (d) Two snapshots during the transport; (e) End of the
transport process; (f) From a close-up view, sampled particles are distributed within the droplet.

In the discussions above, all the results obtained are phenomenological behaviors of a group
of microparticles. Though pickup efficiency was obtained for different types of microparticles, the
mechanisms for the interaction between droplets and different microparticles were not understood
clearly. To have better control of the manipulation, a detailed understanding of flow physics inside a
droplet containing microparticles is necessary, as well as interactions between single microparticle
and a droplet, from which the behavior of a group of microparticles can be predicted. However,
experimental measurements may not be a good option due to experimental costs for a more com-
plicated system design, as well as the microsized scale. The challenge for experimental research
at the microscale is to extract flow fields inside a droplet. The conventional micro-particle image
velocimetry (µPIV) method is no longer applicable as it needs a sufficient amount of fluorescent
tracing microparticles (µm size) to be seeded inside the liquid and tracked by a high speed cam-
era [51–53]. Due to the comparable size with target microparticles, these tracing microparticles
will have more effects on the flow fields than target microparticles and affect the desired flow phe-
nomena. On the other hand, numerical simulations can provide qualitative as well as quantitative
insights into the phenomena directly and quickly at desired length scales and time scales, at only
a fraction of the experimental cost. Numerical research relating to manipulation of droplets and
microparticles will be introduced in the following subsection.
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Figure 1.8: Schematic views of binary separation of microparticles in a droplet. After the separation,
the droplet is split from the middle. [50]

1.2.2 Numerical research

Computational tools become more and more popular for different fields of scientific research,
with exponentially dropping cost and fast developments in computational modeling softwares and
packages. In the field of fluid dynamics, computational fluid dynamics (CFD) has already been
an important branch for several decades, with theoretical and experimental tools as the other two
branches. Numerical tools can be applied to validate analytical models, elucidate experimental
results, show design feasibility, and also determine values of variables that cannot be measured
experimentally at relatively low cost, in both microfluidics or macro-scale fluids [54].

To examine the problem of droplet microparticle interaction from the numerical perspective,
it can be decomposed into several types of numerical problems. These include the free interface
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Figure 1.9: Four types of problems coupled for the droplet microparticle interaction: air liquid
interface, solid-solid contact, liquid flow with finite size particles and thermal fluctuations.

between liquid and air, solid-solid contact between microparticles and substrates, liquid flow with
finite size particles, and thermal fluctuations, as illustrated in Fig. 1.9. Each of them can be a chal-
lenging topic to solve, and many numerical methods and models have been developed, as introduced
in detail in the following.

The first type of numerical problem to discuss is the simulation of the free interface between
liquid and air, or more generally, the moving contact lines in two-phase flows with large (hundreds
or thousands of times) density difference. In single-phase flow simulations, finite difference methods
(FDM), finite volume methods (FVM), and finite element methods (FEM) are widely applied for
different types of flows, e.g., supersonic/subsonic, compressible/incompressible, viscous/inviscid,
and so on. For these grid-based methods, to capture the interface of two-phase flows, an additional
interface capturing or tracing method has to be incorporated [55]. Four popular and representative
methods are briefly introduced here. First, in the level-set method, a signed level-set function is
used to track the interface, as the function value represents distance from the interface and the sign
represents two different fluids [56–59]. The motion of contact lines is captured by updating the
level-set function at each time step. Similarly in the volume-of-fluid method, the volume fraction
of the trace fluid, instead of distance function, is used to track the interface [60–63]. Different from
these two methods above, the front-tracking method uses a group of discrete Lagrangian markers
to represent the interface [64–66]. These Lagrangian markers are explicitly updated according to
local flows. Instead of treating the interface as a mathematically sharp interface in the previous three
methods, the diffuse-interface method treats it as an interface of finite thickness [67–72].

Besides the grid-based methods mentioned above, there are also various meshfree methods,
also called particle methods. Particle methods have been developed as a more convenient numer-
ical simulation tool for certain specific applications, such as the Direct Simulation Monte Carlo
(DSMC) method originally designed for modeling rarefied gas dynamics [73–75], particle-in-cell
(PIC) method widely used for plasma simulation [76–78], and so on. For the moving contact lines
problem, there are also some appropriate particle methods available. The droplet motion and in-
ternal three-dimensional velocity field have been studied using smoothed particle hydrodynamics
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Figure 1.10: The three-dimensional velocity field of the moving droplet by using dissipative particle
dynamics (DPD) [82]. Vector V denotes the direction the droplet is moving.

(SPH) [79, 80], lattice Boltzmann method (LBM) [81], molecular dynamics (MD), and dissipa-
tive particle dynamics (DPD) [82] (see Fig 1.10). Unlike grid-based techniques, which have to track
fluid boundary or interface, these particle methods can represent a free interface for two-phase flows
naturally and directly. To have a liquid air interface in particle methods, a convenient way is to use
particles to represent denser fluid (usually water) and use empty space to represent air.

The second type of numerical problem pertaining to the droplet microparticle interaction is
liquid flow with finite size particles, also called flow past moving rigid bodies. Different computa-
tional techniques have been developed using both grid-based methods and particle methods. The
grid-based methods first compute the flow fields by solving the Navier-Stokes equations discretized
on grids, and then calculate the hydrodynamic forces acting on each solid particle from the solu-
tions of the flow field [83, 84]. The fluid-solid boundaries are tracked and updated for each time
step, which is extremely computationally expensive. To save computational load, a fictitious do-
main method was developed using a fixed grid [85, 86]. The entire domain is computed by solving
augmented Navier-Stokes equations on a single fixed grid, and then the velocity field inside each
moving body is constrained to a rigid body motion via a Lagrangian multiplier. Compared to these
two kinds of grid-based methods, particle methods can easily deal with multiphase flows by directly
using different particles to represent different phases [87–89]. To simulate flow with moving rigid
bodies in particle method, a rigid body can be formed by a group of particles fixed at their rela-
tive positions to the body centroid, as the surfactant nanoparticles modeled in Fig 1.11. Without
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Figure 1.11: Representative snapshot for the oil water system containing nanoparticles at the inter-
faces by using DPD method [89]. Cyan and pink beads represent oil and water, respectively. Each
surfactant nanoparticle is formed by two types of beads, polar beads (green) and nonpolar beads
(purple).

refreshing grids at every time step and extra implementation of the complex Lagrangian multiplier,
the motion of the rigid body can be solved easily by summing up the hydrodynamics forces from
surrounding fluids, or fluid particles.

The third type of numerical problem regarding simulations of droplet microparticle interac-
tion is thermal fluctuations. Thermal fluctuations are an essential part of fluid mechanical problems
at microscopic and mesoscopic length scales [90–93]. Particles of a few micrometers, suspended
in a quiescent fluid, are small enough to be subject to Brownian motion [94, 95]. To consider ther-
mal fluctuations in numerical simulations, fluctuating hydrodynamics was developed by adding an
additional stochastic flux into the deterministic Navier-Stokes equations [96–98]. These fluxes are
the macroscopic manifestation of microscopic degrees of freedom, which give rise to hydrodynamic
fluctuations and cause Brownian motion. Similarly, a fluctuating LBM was developed to incorpo-
rate thermal fluctuations and satisfy the fluctuation-dissipation theorem (FDT) [99–101]. Unlike
previous methods, there also exist several mesoscopic particle methods that originally include ther-
mal fluctuations, such as dissipative particle dynamics (DPD) [102,103], Brownian dynamics (BD),
and multi-particle collision dynamics (MPCD) [104, 105], which is a modification of DSMC. In
DPD and BD, the random force is explicitly calculated and incorporated into the total force exerted
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on each particle, while in MPCD and DSMC the stochastic process happens during the collision of
particles.

The last type of numerical problem to investigate is the interaction between microparticle
and substrate, or contact mechanics between two solid objects. For simple geometries, such as a
solid regular body on an elastic half-space, a good estimation of forces and deformations can be
achieved easily by theoretical modeling with appropriate assumptions [106,107]. However, to solve
real engineering problems with complex geometries or contacts, numerical simulation tools are
needed to have a good estimation [108]. Different grid-based methods are available for calculating
elastic and plastic deformations, such as FEM [109, 110] and boundary element method [111, 112].
Meanwhile, particle methods have also been developed and applied for the simulation of contact
and frictional problems, e.g., movable cellular automata [113–115].

From this brief review, it can be seen that there have been many specific numerical methods
developed for different types of applications and problems. For each type of numerical problem
mentioned above, there are always several options from both grid-based methods and particle meth-
ods. However, there still is no universal numerical method for solving many types of problems
altogether. For simulation of droplet microparticle interaction, none of the current methods can deal
with the four types of problems mentioned above altogether.

1.3 Objectives and approaches

Considering the state of the art reviewed above, there is no experimental or numerical tool at
hand to study the manipulation of microparticles by droplets in digital microfluidics. Although some
phenomenological results have been obtained from experimental studies, to reveal details such as
flow fields inside a droplet and forces on microparticles, current experimental technologies are not
capable to quantify them in such small length scales. In contrast, using numerical tools can always
show the desired flow variables as long as the numerical model applied is physical and suitable,
while the difficulty now is to develop such an appropriate model.

Therefore, in this work numerical approaches are used to study interactions among micropar-
ticles, droplets, and substrates. To solve the four types of numerical problems in a coupled fashion,
including moving contact lines, flow past moving rigid bodies, thermal fluctuations, and contact
mechanics, DPD is chosen as the basic framework according to its advantages introduced in the
previous subsection, which are summarized here:

1. As a particle method, DPD can be easily applied to solve three-phase contact line dynam-
ics and interface dynamics. The advantage of particle methods over conventional grid-based
methods is that there is no need to explicitly track the interface dynamics or to model the
interface motion, because the interface moves naturally with particles. So the contact line dy-
namics are implicitly handled and controlled by modeling fluid-fluid and fluid-solid particle-
particle interactions. In recent studies, DPD has been successfully used to simulate capillary
wetting [116, 117] and multiphase flows [118, 119].

2. Also due to the nature of particle methods, DPD can easily deal with multiphase flows, or
flow past moving rigid bodies [87–89]. Both liquid and solid phases are represented and
solved by Lagrangian particles, with rigid bodies formed by a group of particles fixed at
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their relative positions to the body centroid. Then, the motion of each rigid body is updated
according to hydrodynamics forces from surrounding fluid particles.

3. DPD is a mesoscopic tool with consideration of thermal fluctuations, which could be a crucial
factor for hydrodynamics at nano-scale and micro-scale. For hydrodynamics in microscopic
or mesoscopic scales, effects of thermal fluctuations on the droplet, nanojets, and other wet-
ting phenomena have been studied both experimentally and numerically [82, 90–93]. The
thermal fluctuations are incorporated into the DPD scheme by applying the stochastic force
between each pair of particles. DPD has already been used to show that thermal fluctuations
are beneficial for the transportation of the droplet [82].

However, the current DPD method is not capable of solving a problem coupled with both
air-liquid interface and moving rigid bodies, let alone contact mechanics between two solid objects.
So, the first objective of the present study is to develop such a tool to simulate interactions among
microparticles, droplets, and substrates. Then, based on this tool, we can determine what is happen-
ing during the droplet microparticle interaction, from among several possible scenarios shown in
Fig. 1.12. Besides phenomenological results, flow fields inside a droplet containing microparticles
and relevant forces on microparticles will also be analyzed. Based on these, we can have more
flexible manipulation of microparticles by droplets. A setup will be designed to control the delivery
location of microparticles without any other assistant devices or external forces, which is of much
importance for chemical and biological applications. The itemized step-by-step research objectives
are briefly outlined below:

1. Literature review for applications and research on the manipulation of microparticles by
droplets in digital microfluidics.

2. Use of an in-house DPD code package to simulate benchmark cases and validate the results.

3. Develop a numerical model based on the current DPD method to study the manipulation of
microparticles by droplets.

4. Analyze effects from different factors on the manipulation of microparticles by droplets.

5. Design a setup to actively manipulate microparticles by droplets, e.g., control the pickup,
transport and delivery of microparticles by droplets.

The numerical results to be obtained from the present work will have a guidance for the design
of an effective sampling and monitoring system [40–43]. Based on this new model, the sampling
performance for different types of microparticles under different conditions can be analyzed and
predicted. Besides that, the flow physics during the transport of a droplet containing a microparticle
between neighbor electrodes will be revealed. These results will be beneficial for the control of
multi-step biological or chemical processes [27, 28], even without the introduction of magnetic
fields. For future work, the magnetic force, which is simply one type of body force, can be easily
added into this new model to study and analyze more biological or chemical processes.
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Figure 1.12: Six possible scenarios during the interaction between the droplet (blue) and the mi-
croparticle (green). Spheres with boundary in dashed lines represent initial positions, spheres with-
out boundary lines represent the positions afterwards, and the arrow shows the direction of motion.
(1) The microparticle is bounced away by the droplet; (2) the microparticle is pushed forward by
the front of the droplet; (3) the microparticle is picked up and contained in the bottom middle of
the droplet; (4) the microparticle is pushed forward by the rear interface of the droplet; (5) the mi-
croparticle is picked up and suspended in the middle of the droplet; and (6) the droplet passed the
microparticle and moved away with itself.

1.4 Outline

• In Chapter 2, algorithms and implementation of the current DPD method will be introduced,
and validation of the in-house DPD code package will be conducted using benchmark cases.

• In Chapter 3, models of solid microparticles will be designed based on the current DPD
framework, and manipulation of a single microparticle by a droplet will be studied.

• In Chapter 4, a parametric study will be conducted of the effects of different factors on the
manipulation of microparticles, such as droplet sizes and microparticle properties. Then, a
setup which can control the delivery of the microparticle will be designed and demonstrated.

• In Chapter 5, the conclusions of this dissertation will be given by summarizing important
achievements in this work and proposing some research topics for the future.
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Chapter 2

Dissipative Particle Dynamics

In this chapter, the features of dissipative particle dynamics are presented in the beginning.
After that, the theoretical fundamentals and the governing equations of this simulation tool are
introduced. The link between DPD and MD, as well as the link between DPD and the Navier-
Stokes equations is explained to show that DPD is a method applicable to fluid dynamics, which
is specially designed for the mesoscale (between the size of a quantity of atoms and of materials
measuring micrometres). Finally, the numerical implementation of the DPD method is introduced,
with benchmark validation cases using Poiseuille flow and a moving droplet driven by wettability
gradient.

2.1 Fundamentals of Dissipative Particle Dynamics

In this section, the development of mesoscopic simulations tools, especially dissipative par-
ticle dynamics, is briefly reviewed, with discussion on the resemblance and difference with other
traditional numerical methods.

2.1.1 Mesoscopic particle method by coarse graining

In recent decades, as a powerful particle method solving equations of motion of atoms, MD
simulation has been developed to facilitate the understanding of nano-scale physics from the nu-
merical point of view. It is a technique for simulating the movements of atoms and molecules in
a classical many-body system, computing the equilibrium and transport properties of the system.
The motion of the constituent particles is due to mutual interactions between each pair of them,
obeying the laws of classical mechanics. This is an excellent approximation when the frequency
of translational, rotational, or vibrational motion is not high enough to cause quantum effects, as
well as when the speed is not comparable with the speed of light. To conduct a MD simulation, a
model system of N particles needs to be initialized first, by specifying initial temperature, number
of particles, initial positions and velocities of particles, density, time step and so on. Then, at each
time step, the forces on each particle are calculated, based on which the position and velocity of
each particle are integrated using Newton’s equations of motion. After the designated time step is
finished, quantities of interest are measured for the particular system [120, 121].
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Figure 2.1: Coarse graining from MD beads into DPD beads

With the capability to predict properties and behavior of various molecular systems, MD is
limited by its characteristic length and time scales, even with the rapid development of computa-
tional power. Current state-of-the-art MD simulations on supercomputers can deal with million-
atom systems, amounting to a volume of less than a cubic micron, for a short period of time less
than 100 ns [122]. However, in soft matter, many interesting and important technologies are focused
on complex fluids at mesoscopic scales, such as suspended macromolecules, bubbles, droplets, lu-
bricants, liquid crystals, and so on. To capture essential features of such systems with limited
computational resources, different coarse graining (CG) models have been developed to represent
a system with fewer degrees of freedom than those actually present in an atomic system [123].
One way is to assume atomic-scale homogeneous deformations to reduce the degrees of freedom
of the systems, however the computational time step in such CG models cannot be increased since
atomic interactions are still calculated. Another way is to apply a field representation based on the
invocation of a continuum field assumption, which at the same time brings in limitations due to the
continuum assumption of the microstructure and micromotion of the material particles [124, 125].
The third way is based on grouping several atoms or molecules into one CG bead, representatives
of which are DSMC, PIC, and DPD (see Fig. 2.1). An effective force or interaction model between
CG beads needs to be constructed to match the structure or thermodynamics properties with those
of the atomic model.

To study a multiphase fluids problem at the mesoscopic scale, several popular numerical
methods have been developed in recent decades, including smoothed particle hydrodynamics (SPH),
lattice Boltzmann method (LBM), dissipative particle dynamics (DPD), and so on. Originating from
the lattice gas automata (LGA) method, the LBM method models fluids using fictive particles. These
particles can perform consecutive propagation and collision processes over a discrete lattice mesh.
The LBM method has already been applied to various complex fluid systems, such as bubble/droplet
dynamics, wetting, and interfaces [126, 127]. However, due to the introduction of a discrete lattice
mesh, this may induce spurious dynamics due to the absence of perfect isotropy, when dealing with
complex flows in complex boundaries [127]. Also, for multiphase/multicomponent models, the in-
terface thickness is usually large and the density ratio across the interface is small when compared
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with real fluids, such as the air/liquid interface. Therefore, a grid-free method is desirable to over-
come these problems. SPH is a Lagrangian grid-free method for obtaining approximate numerical
solutions of continuum equations [128, 129]. By interpolating flow properties over a discrete set
of points, the macroscopic governing equations are discretized without the use of a spatial mesh.
In contrast with complicated interface-tracking techniques in grid-based methods, the interfaces
in SPH are naturally formed by the distribution of particles, regardless of the number of phases
involved. However, in numerical computations using traditional SPH, several shortcomings are
generally encountered, such as tensile instability, interpolation inconsistency, zero-energy mode,
and difficulty in enforcing essential boundary conditions [130, 131].

DPD is another popular grid-free method, which incorporates thermal fluctuations. Com-
pared with other mesoscopic methods, the DPD method is flexible for modeling different rigid
structures by simply freezing DPD beads located inside the solid domain and letting them interact
with fluid beads. Studies show that the DPD method can give equivalent or more accurate results in
some simple flow problems, though taking much more time due to the calculation of thermal fluc-
tuations [132]. One shortcoming of the DPD method is a lack of direct connection between model
parameters and physical parameters of a system. Some efforts have been done for the connection of
parameters, using kinetic and transport theories based on statistical mechanics [133–136]. A greater
shortcoming of the DPD method is absence of physical scales at which a DPD simulation operates.
Special efforts are needed to identify the scales of the simulation, which will be addressed in detail
later.

To overcome these shortcomings in various numerical methods, a new mesoscopic method,
known as Smooth Dissipative Particle Dynamics (SDPD), recently has been developed via the ad-
dition of thermal fluctuations into the SPH model [137]. The SDPD method is thermodynamically
consistent and allows for a direct specification of transport coefficients. In spite of these attractive
advantages over other methods, the applications of the SDPD method are still limited so far, because
it is not capable of generating boundary conditions past surfaces [138, 139].

From the discussion above, in spite of the shortcomings for scaling, DPD is still a promising
method due to the incorporation of thermal fluctuations and the capability to implement complex
boundary conditions in a flexible way, as applied in many applications of complex fluids. These
features make DPD a preferred choice over other mesoscopic numerical methods for the focuses in
this work.

2.1.2 Governing equations of DPD

In DPD, the actual atoms or molecules are packed together by coarse-graining to form virtual
beads. The motion of each DPD bead is governed by Newton’s laws given by

d~ri

dt
=−→vi

mi
d~vi

dt
=
−→
fi =

∑
i, j

(
−−→
FC

i j +
−−→
FD

i j +
−→
FR

i j) (2.1)

where −→ri , −→vi , and
−→
fi denote the ith bead’s position, velocity, and the total force that acts on it, re-

spectively. The interaction force between DPD beads is composed of three components, namely
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conservative force
−−→
FC

i j, dissipative force
−−→
FD

i j , and random force
−→
FR

i j. The conservative force is
responsible for thermodynamic behaviors of a DPD system, which is a repulsive force given as
−−→
FC

i j = ai jωc(ri j)−→ei j, with weight function as [103]

ωc(ri j) =

(1 − ri j/rc), (ri j < rC)
0, (ri j ≥ rC)

(2.2)

where ai j is the repulsion force amplitude between bead i and j, ri j = |−→ri j|, −→ri j = −→ri −
−→r j , −→ei j = −→ri j/ri j,

and rC is the cutoff radius. From this expression, the DPD potential can be obtained as

U(ri j) =

ai jrC
2

(
1 − ri j

rC

)2
, (ri j < rC)

0, (ri j ≥ rC)
(2.3)

which has a slope much shallower than the slope of the Lennard-Jones (L-J) potential commonly
used in MD simulations (see Fig 2.2). The L-J potential is very well established, but it is difficult
to apply a large time step due to the sharp increase of the potential at closer distance. This is the
main motivation to design such a DPD potential with a much shallower slope as in Eq. (2.3), which
overcomes the constraint of time step and allows a much larger time step than that used in MD
simulations. Due to the lack of attraction, this DPD potential can only be used to simulate single
phase flow, by matching the macroscopic properties of the system. Recently, some enhanced DPD
methods incorporating both attraction and repulsion in the potential have been developed, and this
will be introduced in the future Section 2.4.

The dissipative force is responsible for viscous effects due to relative velocity between each
pair of DPD beads, and the random force acts like thermal fluctuations to account for the lost degrees
of freedom during coarse-graining, as given by

−−→
FD

i j = − γωD(ri j)(−→ei j ·
−→vi j)−→ei j

−→
FR

i j =ϕωR(ri j)ζi j∆t−1/2−→ei j (2.4)

where −→vi j = −→vi −
−→v j , ωD and ωR, are weight functions for dissipative and random forces, respectively,

ζi j is the Gaussian white noise with zero mean and unit variance, i.e., 〈ζi j〉 = 0 and 〈ζi jζi′ j′〉 =

(δii′δ j j′ + δi j′δ ji′), and γ and ϕ are amplitudes of dissipative and random forces, respectively. The
factor ∆t−1/2 is included in the random force to make sure there is no dependence of the random
force on the stepsize of integration [103]. To have a Gibbs canonical ensemble (NVT ensemble) for
the steady state solution at equilibrium, Espanol et al. [134] demonstrated that the coefficients and
weight functions in the dissipative and random forces have to satisfy the conditions

ωD(ri j) = [ωR(ri j)]2

ϕ2 = 2γkBT (2.5)

where kB is the Boltzmann constant and T is the temperature of the system. This is the fluctuation-
dissipation theorem (FDT) for the DPD method. The weight functions for the dissipative and ran-
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Figure 2.2: The comparison of DPD potential and Lennard-Jones (L-J) potential. r∗ = r/rC for DPD
and r∗ = r/σ0 for L-J potential. σ0 is the distance at which the L-J potential reaches its minimum.

dom forces are taken to be

ωD(ri j) = [ωR(ri j)]2 =


(
1 − ri j

rC

)2
, (ri j < rC)

0, (ri j ≥ rC)
(2.6)

Due to the fact that each force is pairwise additive, conservation of momentum is satisfied
naturally. On the other hand, the use of relative positions and velocities for the pairwise forces makes
the DPD method fully isotropic. From the DPD equations of motion, the transport properties of a
DPD fluid with specified simulation parameters, as well as the macroscopic conservation equations,
can be derived systematically [133, 136, 140].

2.1.3 From DPD to Navier-Stokes equations

As mentioned in the previous subsection, the macroscopic conservation equations can be
derived from the DPD equations of motion. The detailed derivation process is provided by Satoh
and Majima [141]. A brief summary is given in this subsection to show that the solution obtained
by the DPD method agrees well with that obtained from the Navier-Stokes equations.
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By substituting the conservative, dissipative, and random force into Eq. (2.1), the set of
Langevin equations for DPD beads can be obtained as

d~ri

dt
= −→vi

mi
d~vi

dt
=

∑
i, j

ai j(1 −
ri j

rC
) −

∑
i, j

γωD(ri j)(−→ei j ·
−→vi j)−→ei j +

∑
i, j

ϕωR(ri j)ζi j∆t−1/2−→ei j. (2.7)

By integrating Eq. (2.7) over a small time interval from t to t + ∆t, finite difference equations can be
obtained as

∆~ri = −→vi ∆t

∆−→vi =
1
mi

∑
i, j

ai j(1 −
ri j

rC
) −

∑
i, j

γωD(ri j)(−→ei j ·
−→vi j)−→ei j

 ∆t +
1
mi

∑
i, j

ϕωR(ri j)−→ei j∆Wi j (2.8)

where ∆Wi j = ζi j
√

∆t.
To derive the macroscopic conservation equations, the Fokker-Planck equation for the DPD

method needs to be introduced. The probability that a bead position and velocity are found within
the range from (~r,~v) to (~r +∆~r,~v+∆~v) is denoted by W(~r,~v, t)d~rd~v, then the probability density func-
tion W(~r,~v, t) satisfies the following stochastic formula, i.e., the Chapman-Kolmogorov equation

W(~r,~v, t) =

∫ ∫
W(~r − ∆~r,~v − ∆~v, t − ∆t) × Ψ(~r − ∆~r,~v − ∆~v; ∆~r,∆~v)d(∆~r)d(∆~v) (2.9)

where Ψ(~r − ∆~r,~v − ∆~v; ∆~r,∆~v) is the transition probability for the state (~r − ∆~r,~v − ∆~v) transferring
to another state during a short time interval ∆t, which does not depend on the time t. If the velocity
~v does not change appreciably during the short time interval ∆t, then Ψ can be given as

Ψ(~r − ∆~r,~v − ∆~v; ∆~r,∆~v) = ψ(~r − ∆~r,~v − ∆~v; ∆~v)δ(∆~r −~v∆t) (2.10)

where ψ is the transition probability and is independent of ∆~r. By substituting Eq. (2.10) into
Eq. (2.9) and reforming the result in terms of Taylor series expansions with Eq. (2.8), the final result
for the Fokker-Planck equation in phase space can be achieved as [142]

∂W
∂t

+
∑

i

~vi ·
∂W
∂~ri

+
∑

i

(i, j)∑
j

ai j(1 −
ri j
rC

)−→ei j

mi
·
∂W
∂~vi

=
∑

i

(i, j)∑
j

−→ei j ·
∂

∂~vi

{
1
mi
γωD(ri j)(−→ei j ·

−→vi jW)
}

+
1
2

∑
i

(i, j)∑
j

1
m2

i

σ2ω2
R(ri j) × −→ei j ·

∂

∂~vi

(
−→ei j ·

∂

∂~vi
−
−→ei j ·

∂

∂~v j

)
W (2.11)

For an arbitrary physical quantity A(~r,~v), not dependent on time explicitly, the time average
〈A〉 can be obtained based on the probability density function W, given as
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〈A〉 =

∫ ∫
AW(~r,~v, t)d~rd~v (2.12)

where
∫ ∫

AW(~r,~v, t)d(~r)d(~v) = 1. So from Eq. (2.11), the time variation of 〈A〉 can be expressed as

∂

∂t
〈A〉 =

∫ ∫
A
{1

2

∑
i

(i, j)∑
j

1
m2

i

σ2ω2
R(ri j) × −→ei j ·

∂

∂~vi

(
−→ei j ·

∂

∂~vi
−
−→ei j ·

∂

∂~v j

)
W −

∑
i

~vi ·
∂W
∂~ri

+
∑

i

(i, j)∑
j

−→ei j ·
∂

∂~vi

( 1
mi
γωD(ri j)(−→ei j ·

−→vi jW)
)
−

∑
i

(i, j)∑
j

ai j(1 −
ri j
rC

)−→ei j

mi
·
∂W
∂~vi

}
d~rd~v (2.13)

which can be simplified using integration by parts, as

∂

∂t
〈A〉 =

〈∑
i

~vi ·
∂A
∂~ri
−

∑
i

(i, j)∑
j

ai j(1 −
ri j
rC

)−→ei j

mi
·
∂A
∂~vi
−

∑
i

(i, j)∑
j

γ

mi
ωD(ri j)(−→ei j ·

−→vi j)−→ei j ·
∂A
∂~vi

+
1
2

∑
i

(i, j)∑
j

1
m2

i

σ2ω2
R(ri j)(−→ei j ·

∂

∂~vi
) ×

(
−→ei j ·

∂

∂~vi
−
−→ei j ·

∂

∂~v j

)
A
〉
. (2.14)

Now, we are ready to derive the continuity equation and the momentum equation. If A is
defined as

A =

N∑
i=1

miδ(~r − ~ri) (2.15)

then the average given from Eq.(2.12) is equal to a local density, as

〈A〉 =

〈 N∑
i=1

miδ(~r − ~ri)
〉

= ρ(~r). (2.16)

By substituting Eq. (2.15) into Eq. (2.14), the whole equation can be simplified to

∂ρ

∂t
+
∂

∂~r
· (ρ~u) = 0 (2.17)

which is the equation of continuity.
If A is defined as

A =

N∑
i=1

mi~viδ(~r − ~ri) (2.18)
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then the average given from Eq.(2.12) is

〈A〉 =

〈 N∑
i=1

mi~viδ(~r − ~ri)
〉

= ρ(~r)~u(~r). (2.19)

where ~u(~r) is the macroscopic fluid velocity at position ~r. Then, by substituting Eq. (2.18) into
Eq. (2.14), after simplification, the result can be obtained as

∂

∂t
(ρ~u) = −

∂

∂~r
· (ρ~u~u) +

∂

∂t
· (τK + τU) (2.20)

where

τK = −〈
∑

i

mi(~vi − ~u)(~vi − ~u)δ(~r − ~ri)〉

τU = −
1
2

〈∑
i

(i, j)∑
j

(
−−→
FC

i j +
−−→
FD

i j )
−→ei j
−→ei j

∫ ri j

0
δ(~r − ~ri + ξ−→ei j)dξ

〉
(2.21)

Based on Eq. (2.17), Eq. (2.20) can be reduced to

ρ

(
∂~u
∂t

+ ~u ·
∂~u
∂~r

)
=
∂

∂~r
· (τK + τU) (2.22)

where τK and τU are stress tensors due to the bead momentum and the forces between beads, re-
spectively. Now, it has been demonstrated that the solution from the equation of motion in DPD is
consistent with the solution from the momentum conservation law in macroscopic fluid mechanics.

2.1.4 Temporal integration

In the original DPD model developed by Hoogerbrugge and Koelman [102], the Euler scheme
is used for the implementation of the equations of motion. Actually, more accurate schemes can be
used for the temporal integration. However, this will lead to a great complexity and more iteration
times for the forces at each time step, which is the main portion for computational time (consumes
more than 50%). This will also lead to a great complexity for the coding and debugging. Therefore,
although we have options for higher temporal accuracy, but they are not recommended to be used
here. Based on the Euler scheme, the new velocities and positions at time t + ∆t are calculated
based on information at time t, after which the forces at time t + ∆t are calculated based on the new
velocities and positions, given as

−→ri (t + ∆t) = −→ri (t) + ∆t−→vi (t)

−→vi (t + ∆t) = −→vi (t) + ∆t
−→
fi (t)
mi

(2.23)

−→
fi (t + ∆t) =

−→
fi

(
−→ri (t + ∆t),−→vi (t + ∆t)

)
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However, the Euler-type algorithm is not time reversible [143], since the probability to move
one particle from ~ri to ~ri + ∆~r is determined by the force acting on that particle at its initial position
~ri, but the probability to move one particle from ~ri + ∆~r to ~ri is determined by the force acting on
that particle at its initial position ~ri + ∆~r. In MD simulations, a standard Verlet-style algorithm can
be used for integration, such as the leap-frog scheme, satisfying time reversibility. In the leap-frog
scheme, the velocities are defined at half the time interval, and the values for the next time step are
calculated based on the positions at the previous time step, given as [143]

−→vi (t +
∆t
2

) = −→vi (t −
∆t
2

) +

−→
fi (t)
mi

∆t

−→ri (t + ∆t) = −→ri (t) + −→vi (t)∆t +

−→
fi (t)
2mi

(∆t)2 (2.24)

In this implementation, the velocities at the intermediate time step are given by~v(t) = 1
2 (~v(t−∆/2) +

~v(t + ∆/2), which means that the force term in Eq. (2.24) depends linearly on both ~v(t − ∆/2) and
~v(t + ∆/2). The velocity-Verlet scheme is time reversible and also simple enough to implement.

Unlike in the MD model, the forces in DPD depend on the velocities−to be specific, the
dissipation force. To account for this complication, a modified velocity-Verlet integrator has been
proposed by Groot and Warren [103]. The dissipative force is evaluated based on intermediate
predicted velocities, instead of the old velocities at time t. The forces are still updated once during
one time step, thus there is little increase in computational cost, with details given as [103]

−→ri (t + δt) = −→ri (t) + δt−→vi (t) +
1
2

(δt)2
−→
fi (t)
mi

ṽi(t + δt) = −→vi (t) + λδt
−→
fi (t)
mi

(2.25)

−→
fi (t + δt) =

−→
fi

(
−→ri (t + δt), ṽi(t + δt)

)
−→vi (t + δt) = −→vi (t) + δt

−→
fi (t) +

−→
fi (t + δt)

2mi

where λ denotes an empirical parameter. If the forces are independent of velocities, then actual
velocity-Verlet scheme [144] would be recovered for λ = 1/2. The optimal value is found by Groot
and Warren as λ = 0.65, though still empirical.

A thorough comparison of different integrators [145–147] has shown that the approaches
above still exhibit systematic drift in temperature, but not pronounced with a short time step as 0.01
(dimensionless). Some other self-consistent approaches show better performance, but are more
cumbersome to implement and time consuming. In later DPD studies, this modified velocity-Verlet
integrator using Eq. (2.25) was widely applied, mainly due to its simplicity and sufficient accuracy
and efficiency. Consequently, this study will adopt this approach as well.
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Table 2.1: Conversion from reduced units to real units for Lennard-Jones argon [120]

Quantity Reduced units Real units
Length r∗ = 1 r = 3.405 × 10−10m
Temperature T ∗ = 1 T = 119.8K
Density ρ∗ = 1 ρ = 1680kg/m3

Time ∆t∗ = 0.005 ∆t = 1.09 × 10−14s
Pressure P∗ = 1 P = 41.9MPa

2.1.5 Scaling from DPD units to physical units

In MD simulations, it is more convenient to use quantities in reduced (nondimensional) units
for numerical implementation, such as temperature, density, pressure, and so on. With a conve-
nient unit of energy, length and mass, all other quantities can be expressed in terms of these basic
units [120]. There are two main advantages of using reduced units instead of real (SI) units in sim-
ulations. First, many combinations of density, temperature, length, and energy in real units may
correspond to the same state in reduced units, by the principle of corresponding states. Second,
the absolute numerical values of the quantities expressed in real units are either much less or much
larger than one. This may create an overflow or underflow in numerical integration when several
such quantities are multiplied together using standard floating-point multiplication. After simula-
tions, results obtained in reduced units can always be converted back into real units, as one example
for the simulation of Lennard-Jones argon shows in Table 2.1 [120].

Similarly, as a mesoscopic particle method, it will also be convenient to use a set of reduced
units in the DPD simulations. The characteristic length and mass in the DPD simulations can be
related to those in the MD simulations or other physical units with careful choice. As an example,
a simple and direct scaling method from MD units to DPD units is first given as

mDPD = n · mMD (2.26)

where mDPD is the mass of one DPD bead, mMD is the mass of one molecule or atom in the MD
scheme. Their ratio depends on coarse-graining level n, which means the number of molecules
grouped into one DPD bead. By equaling the mass densities of MD and DPD system

mDPD · ρbead

r3
C

=
mMD

r3
MD

(2.27)

the cut-off radius rC can be determined as

rC =

(
mDPD · ρbead

mMD

)1/3

rMD (2.28)

where ρbead is bead density (number density), which means the number of DPD beads inside unit
volume r3

C . rMD is the radius of one molecule or atom in the MD scheme. After that, a time scale
is also needed. By equaling viscosities (or some other key property for the specific study) of DPD
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and MD fluids, tDPD is determined as

tDPD =
νDPD

νMD

(
rC

rMD

)2

tMD (2.29)

where νDPD and νMD are kinetic viscosities of DPD and MD fluids respectively, tMD is a character-
istic time in the MD scheme.

After establishing a set of fundamental units, including mass, length, and time scale, other
derived units can be built accordingly. However, to match a full set of physical properties for some
specific problems remains a challenging task in DPD, such as one example given below from the
work by Groot and Warren [103], discussing the compressibility and Schmidt number. In their study,
the repulsion parameter is specially chosen to make sure the compressiblily of the liquid system is
satisfied. However, with these parameters, the Schmidt number, characterizing the ratio of particle
diffusion to momentum diffusion, is calculated to be S c = 1.00 ± 0.03, which is about three orders
of magnitude lower than that of a real fluid [103, 135, 136].

In another work by Kumar et al. [148], by matching the density and viscosity of water and
Reynolds number of the flow, they successfully obtain the hydrodynamics of water using Nm =

107 − 109, though having low diffusivity and high Schmidt number. Similar procedures have been
used by many researchers to match the desired properties with experimental or physical values, such
as dimensionless compressiblity [140,149], diffusion constant [150], mechanical property [151], or
material structure [152].

As for another concern regarding the upper limit for the coarse-graining level in the DPD
method, it has been demonstrated by Füchslin et al. [153] that, the DPD method is scale-free for
equilibrium systems by the usage of an appropriate scaling scheme for the usual DPD interactions
as given in Eq. (2.1), Eq. (2.2) and Eq. (2.4). Two systems with different coarse-graining levels in
DPD can be chosen in such a manner that the different physical systems represented by the reduced
DPD dynamics share some physical properties, such as compressibility.

In this work, the simulation results will be represented in DPD units if there is no scaling
methodology specified.

2.2 Boundary Conditions in DPD

As a particle model, the issue of boundary conditions has to be addressed in DPD scheme
with special efforts, which is different from the implementation of boundary conditions in macro-
scopic computational fluid dynamics. Two main types of boundary conditions are periodic bound-
ary conditions [120] and wall boundary conditions, modeled by different research groups in many
different ways [154–164]. Recently, a symmetric boundary condition is also developed for DPD
scheme [165]. The details for different implementation methods, especially for the no-slip wall
boundary condition, are introduced in this subsection.

2.2.1 Periodic boundary condition

In particle-based simulation models, whether DPD or MD, the number of particles under
simulation, even with the use of supercomputers, is still far away from the thermodynamic limit. In
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Figure 2.3: Schematic representation of periodic boundary condition in two-dimensional system.
The particles in the middle (red) primitive cell can interact with with all other neighbor particles
within cutoff radius in both primitive cell and neighbor cells.

order to simulate bulk phases, it is essential to apply boundary conditions that mimic the presence
of an infinite bulk surrounding the simulation system with a limited number of particles. This
objective is achieved by applying periodic boundary conditions, with the use of periodic mirror
images (Fig. 2.3). In two dimensional situations, the native simulation cell is mirrored to all the
eight neighbor cells (in three-dimensional, 26 neighbor cells), and a given particle can interact with
all other neighbor particles within cutoff radius in both native cell and neighbor cells. Whenever a
particle leaves the primitive cell during integration, it will enter the neighbor cell in that outgoing
direction, and there is another particle entering the primitive cell from the opposite side, maintaining
the total number of particles constant during the entire simulation.

Although the periodic boundary condition is an effective way to simulate homogeneous bulk
systems, it may lead to spurious correlations not present in a truly macroscopic bulk system. One
possible deficiency is, with the use of periodic boundary condition, only those fluctuations that have
a wavelength shorter than the primitive cell dimension can be captured. Another deficiency is that
the radial distribution function is not exactly isotropic for a system with high density [166].
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Figure 2.4: A comparison of reflection modes for fluid particles traversing through the solid wall:
(1) Specular reflection; (2) Maxwellian reflection; and (3) Bounce-back reflection.

2.2.2 Wall boundary condition

One of the major factors determining the correctness of DPD simulation is the accurate im-
plementation of physical boundary conditions. So far, significant research has been performed on
the implementation of the commonly encountered solid wall boundary condition in flow systems.
Lees-Edwards boundary condition can be used for simulating simple shear flow with a linear ve-
locity profile [144]. However, this treatment is not applicable for more complex flow patterns or
impenetrable boundaries, which requires real solid walls. Three conditions have to be satisfied for a
real solid wall: (1) impenetrability, which means no particles are allowed to penetrate the wall; (2)
no slip; and (3) the wall should not affect the fluid properties in the system.

Due to the soft interaction between DPD particles, it is difficult to prevent particles from
penetrating a solid wall boundary by utilizing only the repulsive forces from wall particles. So, dif-
ferent reflection modes have been used to achieve the wall impenetrability by returning the particles
traversing the solid boundary back into the fluid domain. Traditionally, three reflection modes have
been proposed for particle methods [154]: (1) Specular reflection; (2) Maxwellian reflection; (3)
Bounce-back reflection (see Fig. 2.4). In specular reflection, the normal component of the particle
velocity is inverted, and the tangential component is unchanged. In Maxwellian reflection, the par-
ticles that penetrate the solid boundary are introduced back with a velocity following a Maxiwellian
distribution centered around the wall velocity. In the bounce-back reflection, both the normal and
tangential velocity are reversed. According to Revenga et al. [154], the specular and Maxwellian
reflections produce an excessive slip velocity at the wall while the bounce-back reflection satisfies
the no-slip condition. However, to satisfy the no-slip condition, a high wall density is required,
which produces undesirable density distortions near the wall, affecting fluid behavior near the wall.

In later work by Visser et al. [158], an improved reflection mechanism has been designed to
make the wall impenetrable without causing side effects (see Fig. 2.5). By a thorough analysis of
the bounce-back method, they found that the no-slip action solely relies on the velocity treatment
and perpendicular positioning to the wall. So in their method, the displacement tangential to the
wall during a reflection is preserved, while the position perpendicular to the wall and the velocity
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Figure 2.5: Bounce-forward reflection for a particle i that jumps out of the solid boundary in a time
step ∆t.

change is same as the original bounce-back reflection method. In this “bounce-forward” method,
the unrealistic accumulation of particles in the corner is canceled.

Some other new boundary conditions have also been developed based on different techniques,
such as combination of bounce back and Maxwellian reflections [159], addition of a weak external
repelling force on liquid particles penetrating the solid boundary [160] or construction of probability
distribution functions of different DPD force components [161]. Though the density fluctuations
near the solid boundaries is well controlled, the complexity for these new methods requires more
effort for the implementation of complex geometry. In the new boundary condition designed by
Ranjith et al. [163,167], fixed wall particles are no longer used. Instead, the wall interacts with each
fluid particle within the cut-off radius rC as if there is a wall particle on the boundary located at the
shortest distance from the fluid particle (see Fig. 2.6). These “instantaneous frozen particles (IFP)”
appear on the boundary at each time step and disappear after interactions with each corresponding
fluid particle. With fewer wall particles to be considered, this method is computationally more
efficient than other previous boundary methods. By tuning the lateral dissipation (friction) between
the fluid particles and their corresponding IFP, no slip or controllable slip boundary conditions can
be obtained.

2.2.3 Symmetric boundary condition

A very common boundary condition for the simulation of macroscopic fluid systems is sym-
metric boundary condition. The application of symmetric boundary condition (SBC) allows for
modeling only a part of the system, e.g., one half or one quarter, thus significantly reducing com-
puter memory requirement and computational time. For instance, for Poiseuille flow between two
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Figure 2.6: Each fluid particle within cut-off radius rC interacts with its corresponding IFP. The size
of IFP is that of the fluid particle, its angular velocity is zero, and its linear velocity is that of a solid
wall [163].

parallel plates, the resulting flow field is symmetric with respect to the central plane between the
two plates.

In our recent study [165], a numerical scheme for the implementation of the symmetric
boundary condition is proposed using a combination of ghost particles and specular reflection
method (see Fig. 2.7). A layer of ghost particles is introduced, which is just the mirror image
of the layer of real fluid particles above the boundary. In this way, the particle distribution becomes
exactly symmetric in a region on both sides of the symmetric boundary. Specular reflection method
is used whenever the penetration into the symmetric boundary occurs. The results demonstrate that
this method can accurately reproduce the system properties, such as shape, velocity, and viscosity
of a full system by simulating just a subsystem. By reducing the original full system one to half, or
even quarter in some cases, significant savings in computation time is achieved.

2.3 Validation Case 1 − Poiseuille flow

Poiseuille flow is a benchmark case for traditional computational fluid dynamics (CFD) mod-
eling and validation case. It is also a good candidate for code validation of the DPD scheme, which
as well demonstrates the capability of DPD for typical problems solved by Navier Stokes solvers
on grid methods previously. The first study for Poiseuille flow in DPD has been tested by Fan et
al. [168], where the DPD fluids are found to behave just like a Newtonian fluid in three-dimensional
computational domain, and the quadratic velocity profile matches excellently with the analytical so-
lution. The following studies have compared their results with that and showed a good agreement as
a validation in three-dimensions [169], and even two-dimensions [148]. In the DPD method, liquid
viscosity is not a direct input parameter, but has to be obtained from necessary derivations. However,
based on the studies on static and dynamic fluid properties in DPD [135, 136, 141], the theoretical
prediction for viscosity should be different when in two-dimensional and three-dimensional config-
urations applying the same set of simulation parameters and weight functions. So, the maximum
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Figure 2.7: Schematic representation of Symmetric boundary condition [165]. (a) The configu-
ration of DPD particles and their ghost images are presented. The real particle layer and ghost
particle layer are marked; (b) the specular reflection mechanism for updating fluid particle position
is illustrated; and (c) the updating mechanism for ghost particle position.

velocity for Poiseuille flow using the same parameters should be different in 2D and 3D simula-
tions according to different predictions for viscosity, which have been applied successfully in other
2D [143] and 3D [168] DPD simulations. So far, there is still no study to include both 2D and 3D
simulations in one work and compare the difference.

In the following subsections, the Poiseuille flows in both 2D and 3D configurations are stud-
ied to analyze the difference and relation between 3D and 2D simulations in DPD. Reduced units
are used for DPD in a standard way, i.e., length in rC , energy in kBT and mass in m of single DPD
bead.

2.3.1 Poiseuille flow in 3D configuration

To validate the code for the Poiseuille flow first, the computational domain used by Fan et
al. [168] is applied for the simulation (see Fig. 2.8). The fluid domain is set as −30 < x < +30
and −1.5 < y < +1.5, and periodic boundary condition is applied in both the x direction and the
y direction. For the z direction, the two walls are located at z = ±15.25. The bounce-forward
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Figure 2.8: Computational setup for Poiseuille flow

reflection boundary condition is applied to obtain a no-slip wall boundary [156–158]. The gravity
force in x direction or the external body force g = 0.02 is applied to each fluid bead to mimic the
pressure-driven flow. The bead density is chosen as ρbead = 4, leading to a unity period of the
face-centered-cubic (fcc) lattice. To satisfy the compressibility of water [103], the coefficient of the
conservative force for interaction between liquid beads should be

ai j = 75kBT/ρbead (2.30)

Then ai j = all = 18.75, ϕ = 3 with λ = 0.5 in the velocity Verlet scheme when ∆t = 0.02. Subscripts
l and w represent the liquid and wall beads, respectively. The coefficient of the conservative force
between wall beads is aww = 5.0, thus leading the force parameter between liquid bead and wall
bead to be alw =

√
all · awwl = 9.68.

For the Newtonian fluid, the velocity profile is known to be quadratic, where the maximum
velocity happens in the center of the channel

u(z) = u(0)[1 − (
z
h

)2], u(0) =
ρbeadgh2

2µ3D
(2.31)

where h is the half channel width h = 15.25, and µ3D is the viscosity of fluid in 3D, which can be
obtained as [103, 135, 136]

µ3D =
45kBT
4πγr3

C

+
2πγρ2

beadr5
C

1575
(2.32)

where the first term is kinetic contribution and the second term comes from the dissipative contri-
bution, with the contribution from conservative forces neglected. Based on the parameters given
above, the viscosity of fluid should be µ3D = 1.077 from Eq. (2.31), thus leading to the maximum
velocity to be umax = 8.63.

To get the velocity profile, the simulation runs for 130,000 time steps to make sure the the
flow reaches steady state, after which 20000 more time steps are taken to perform the temporal
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Figure 2.9: Velocity profiles for 3D Poiseuille flow by theoretical prediction and DPD simulation

averaging to get rid of the random effect. Besides that, to get the Eulerian velocity distribution
from the lagrangian system, the region is divided into 300 bins in z direction, 60 bins in x direction,
and 3 bins in y direction to perform spatial averaging, since the velocity variation mainly happens
in z direction. The beads located at each individual cubic unit are summed and then averaged
to get the velocity vector for that unit. Then, the velocity profile along z direction is obtained by
extracting at the center of x direction and averaging over y direction, as shown in Fig. 2.9. The result
from the simulation is in good agreement with theoretical prediction, though it still exhibits slight
fluctuations. The maximum velocity by simulation is 8.60, which is less than a 1% difference from
the theoretical value, thus validating the algorithms and implementation of the in-house program.

2.3.2 Poiseuille flow in 2D configuration

As mentioned above, some previous studies claimed that they regenerated the 2D simulation
result to be the same as the 3D simulation using the same parameters. However, based on earlier
theoretical work [135, 136, 141], the viscosity of fluid in 2D from statistical analysis should be
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Figure 2.10: Velocity profiles for 2D Poiseuille flow by theoretical prediction and DPD simulation

different from the expression in 3D, which is given as

µ2D =
6kBT
πγr2

C

+
πγρ2

beadr4
C

480
(2.33)

when the same weight functions for conservative forces are used. With the parameters given in the
previous subsection, the viscosity of fluid in 2D is µ2D = 0.896 by Eq. (2.33). So, a maximum
velocity of 10.39 is expected from Eq. (2.31), which is larger than that in the previous subsection.

Using the same parameters, the 2D simulation result is shown in Fig. 2.10. The maximum
velocity from simulation is 9.18, which is far below the theoretical prediction represented by the
black dash dotted line. The reason for this discrepancy is that the apparent density in 2D simulation
is not 4, as the number directly means. The ρbead = 4 in 3D and 2D simulations has different
physical meanings, since one means 4 DPD beads in unit volume r3

C , and the other means 4 DPD
beads in unit area r2

C , which is more dense.
To have a reasonable comparison and conversion between density in 3D and 2D simulation,

the bead density in each dimension should be same. Since the beads are arranged in fcc lattice,
which has 4 entire beads in unit volume r3

C , the 2D bead density can be converted to apparent
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density in 3D following

ρapparent

ρ f cc
=
ρ2D

ρ2/3
f cc

(2.34)

where ρ f cc is 4 as discussed above. In this way, the apparent density should be ρapparent =
ρ f cc

ρ2/3
f cc

·ρ2D =

6.35. By substituting this number into Eq. (2.33) and Eq. (2.31), a new prediction result can be
achieved, per the blue solid line shown in Fig. 2.10, which almost overlaps with the simulation
result.

From these results, the simulations results in both 3D and 2D configurations are validated,
with the introduction of apparent density.

2.4 Validation Case 2 − Droplet driven by wettability gradient

After the validation of Poiseuille flow simulations, a moving droplet driven by the wettability
gradient is studied as a second case for validation for two reasons. First, the many-body DPD
(MDPD) scheme, which is designed to model liquid-air interfaces, will be introduced and validated
in this simulation. Second, the manipulation of a droplet will serve as a prerequisite case for our
ultimate goal, manipulation of microparticles by a droplet. To initiate the motion of the droplet, the
wettability of the wall is specially designed to change from hydrophobic to hydrophilic. Here, the
“hydrophobic” refers to the physical property of a substance that is seemingly repelled from a mass
of water, and the “hydrophilic” refers to the physical property of a substance that tends to be attracted
to a mass of water. So, the droplet will move from hydrophobic end to hydrophilic end due to the
wettability gradient, which is the mechanism for droplet manipulation in EWOD as well as other
experimental studies with permanent surface coatings [24,170]. By setting two neighbor electrodes
with different voltages, the droplet in contact with both electrodes will be actuated towards the more
hydrophilic side. In the following, the governing equations of MDPD scheme will be introduced
in the first subsection. Then, a surface with wettability gradient will be specially designed. After
these, the motion of droplets will be simulated and compared with theoretical approximations.

2.4.1 Governing equations of MDPD

The main advantage of the DPD method is the adoption of soft repulsive potentials, which
is in contrast to the common use of interaction potentials with hard cores in molecular dynamics.
However, the DPD method with repulsive force only is not applicable to free surface fluid dynamics
problems, such as wetting, spreading, and capillary problems. To capture vapor-liquid coexistence,
MDPD has been developed, which uses both repulsive and attractive conservative forces between
beads [171]. The vapor-liquid interface can be formed by using different cut-off radius for attractive
and repulsive forces. Another model simulating phase segregation based on mean-field theory has
also been used to generate an equation of state with a van der Waals loop [119]. Using MDPD,
surface tension calculations have shown good agreement with atomistic simulations [117,160,172–
174]. The dynamic wetting process has also been simulated with different constructions of the
conservative force and wall model [82, 117, 160, 173].
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To capture the free surface fluid dynamics problem, Warren [171] has proposed a new con-
servative force including both attractive and repulsive components instead of purely repulsive force
in standard DPD, given as

−−→
FC

i j =
[
Ai j · ωC(ri j) + Bi j · (ρi + ρ j) · ωd(ri j)

]
−→ei j (2.35)

where the repulsive part Bi j · (ρi +ρ j) ·ωd(ri j) depends on a weighted average of bead density, while
the attractive part Ai j ·ωC(ri j) is density independent. The Ai j and Bi j are the amplitudes of attractive
and repulsive forces, respectively. The values of Ai j are negative and the values of Bi j are positive.
The weight function ωc(ri j) is same as Eq. (2.2), and ωd(ri j) is in a similar form as

ωd(ri j) =

(1 − ri j/rd), (ri j < rd)
0, (ri j ≥ rd)

(2.36)

where rd is a cut-off radius for the repulsive component, set to be a shorter range than rc. The
density for each bead ρi is defined as

ρi =
∑
j,i

ωρ(ri j) (2.37)

where weight functionωρ vanishes for r > rd. For convenience, it is normalized so that
∫
ωρ(ri j)dV =

1, where V is volume. The weight function is given as

ωρ(ri j) =


15

2πr3
d
(1 − ri j/rd)3 three dimensional

12
2πr2

d
(1 − ri j/rd)2 two dimensional

(2.38)

2.4.2 Design of wettability gradient

A droplet on a surface can be moved by the wettability gradient of the surface, which means
gradient of surface energy along the surface or explicitly refers to the contact angle variation along
the surface. For experimental designs, to induce wettability gradient and move the droplet by elec-
trowetting (EWOD), a difference in the applied voltage on neighbor electrodes is needed. In the
pioneering work by Cho et al. [23], the applied voltage is 25V and the contact angle changes from
117◦ to 90◦ over a distance of 154µm. In recent works [46,49], the applied voltage is 62.5V and the
contact angles ranges from 160◦ and 50◦. In some other numerical works [175], the contact angle
applied to drive the droplet ranges from 20◦ to 120◦.

In the present work, the range of contact angle is chosen as from 150◦ to 40◦, corresponding
to a voltage of 63V based on the design by Jönsson-Niedziółka et al. [49]. In the MDPD method,
to have a wettability gradient on the wall, or a difference in contact angle along the wall, interaction
parameters between liquid and solid wall can be adjusted accordingly along the wall. After fixing
the repulsion parameter for liquid wall interaction Blw, the static contact angle θ depends solely on
the attraction parameter for liquid wall interaction Alw, and the relation between them needs to be
established first.
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Table 2.2: Computational parameters for calculation of contact angle

Parameter Symbol Value
Fluid bead density ρbead 6.00
Attractive force range rc 1.00
Repulsive force range rd 0.75
Amplitude of random force ϕ 6.00
Amplitude of attractive force All −40.00
Amplitude of repulsive force Bll 25.00
Amplitude of repulsive force Blw 25.00
Time step ∆t 0.01

To measure the solid-liquid contact angle at certain Alw, one way is to extract it from a menis-
cus shape. Liquid beads are initially positioned inside a rectangular cube between two parallel
infinitely large plates and then form a stable meniscus shape after equilibrium. The whole compu-
tational domain is 40 by 40 by 40 (dimensionless length). The 128,000 liquid beads fill the whole
domain in the y and z directions, and occupy the middle half in the x direction. A periodic boundary
condition is applied in the y direction. To avoid penetration of liquid beads, bounce-back reflection
is used for the wall, which is constructed by three frozen layers of wall beads. The interaction pa-
rameters between liquid beads are shown in Table 2.2 [82, 117, 171]. Bll represents the repulsion
between liquid (l) and liquid (l) beads, while Blw represents the repulsion between liquid (l) and
wall (w) beads. Reduced units are used for DPD in a standard way, i.e., length in rc, energy in kBT ,
and mass in m.

To extract the contact angle from the equilibrium shape, the bead density is calculated and
selected to extract the outer layer of the shape, as one representative case shows in Fig. 2.11a.
The bead density, ranging from 6 to 7, mainly distributes at the inner region, and the bead density
gradually reduces to the range of 4 to 6 while approaching the outer surface. So the bead density
raging from 4 to 6, which is shown in green in Fig. 2.11b, can be used to extract the contact angle.
The top and bottom layers of these selected beads are removed, and only the curvature part is used
to find the best fit circle and contact angle, including about 20% of the total liquid beads. In this
way, the contact angle using the different liquid wall interaction parameter Als can be obtained.

Another way to get the contact angle is to use the sessile droplet method (see Fig. 2.12),
which means capturing the profile of a pure liquid droplet on a solid substrate. The initial setup is
a spherical droplet merely in contact with a solid wall. Periodic boundary conditions are applied in
both x and y directions parallel to the wall. Bounce-back reflection is also used for the wall. Due to
the attraction between solid liquid beads, the droplet will attach to the wall and finally form a stable
shape on it. After that, a similar approach used in the meniscus case can be applied here to extract
the contact angle by detecting the boundary shape from bead density distribution.

By applying the same parameters in Table 2.2, a comparison of contact angle between sessile
droplet and meniscus can be obtained. A droplet of radius 12 is simulated for 20,000 time steps
and then sampled for every 2,000 time steps. By averaging 20 samples, the contact angle for Alw

is calculated to be 143.43◦. Using the meniscus simulation, the contact angle for Alw = −10.00 is
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(a) (b)

Figure 2.11: The meniscus between two parallel walls: a) meniscus shape after reaching the equi-
librium state-water beads are in blue and solid wall in red; b) bead density distribution inside the
meniscus.

Figure 2.12: Computational configuration for a sessile droplet on a solid wall
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Figure 2.13: Relation between static contact angle θ and liquid wall interaction parameter Alw; error
bar is not shown since the standard error is always less than 1%.

140.53◦ after averaging 20 samples. These 20 samples are also sampled for every 2000 time steps
after the 10000 time steps needed for the equilibrium of the meniscus shape. From the comparison
between these two methods, there is only 2% difference in the measurement of contact angles.
So this matched result validates the implementation for the meniscus simulation and contact angle
calculation. This 2% difference can be further reduced by taking more samples from more time
steps, since it is a statistical method. Another way to reduce the error is use more beads in a larger
computational domain. Both will improve the accuracy for the result, but at the same time increase
the computational time.

After the method for contact angle calculation is validated, the relation between static contact
angle θ and attraction parameter for liquid wall interaction Alw can be established by a series of
simulations using the sessile droplet with different Alw. The results are shown in Fig. 2.13, as 20
measurements are repeated and averaged for each value. Once the relation is known, we can change
the wettability of the wall from hydrophobic to hydrophilic gradually, by tuning Alw along the wall
surface in x direction. A location-dependent Alw is specially designed to make contact angle θ
change linearly with x position, expressed as

Alw =


8.765 x < x0

−1.211 −
√

552.125 − 3.30033 × θ0 + 3.300 × θ0−θ f
x f−x0

(x − x0) x0 ≤ x ≤ x f

21.707 x > x f

(2.39)

where x0 and x f are the initial position (hydrophobic end) and final position (hydrophilic end) of
the region with wettability gradient, θ0 and θ f are static contact angles at x0 and x f respectively. A
droplet is dropped at x0, and will move in x direction to x f in the end, due to the unbalanced surface
energy caused by the wettability gradient [176–178].
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Table 2.3: Scaling between nondimensional MDPD units and physical units for the manipulation of
droplets

Variable Symbol MDPD system Physical value
length rc 1.0 10.0µm
mass mMDPD 1.0 7.0 × 10−13kg

surface tension γ 7.53 0.073N/m
time t 1.0 8.5µs

2.4.3 Results and validation

After the preparation of the wall surface with a wettability gradient, a droplet of radius 10
is simulated to study the motion driven by a linear wettability gradient as given by Eq. (2.39) (see
Fig. 2.14). The initial and final positions of the wettability gradient region are chosen as x0 = −40
and x f = +40. The contact angles at these two locations are θ0 = 150◦ and θ f = 40◦. Other
parameters are the same as those given in Table 2.2. The simulation is conducted by using a constant
Alw = −8.765 for the first 20,000 time steps, in order to have the droplet reach equilibrium state
from the initial lattice arrangement. After that, the linear wettability gradient is applied, and the
simulation is continued for another 300,000 time steps, which is enough for the droplet to travel the
whole path.

In experiments, the typical range for a droplet size to be studied in digital microfluidics is
from 3 nl to 3 µl, or even larger [179]. Also, the typical range for gap distance between electrodes
in digital microfluidics is from 150 µm to 1.5 mm [179]. To match with experimental works, the
unit length in simulations is set to 10µm, thus the volume of the droplet is 4.19nL. The region of
wettability gradient is 800µm long, which corresponds to the physical value of the gap between two
neighbor electrodes with different voltages. To match the density and surface tension of water, the
unit mass is 7.0 × 10−13kg and the unit time is 8.5µs. So, the wettability gradient in Eq. (2.39)
corresponds to a voltage of 63V over a distance of 800 micrometer. The summary for the scaling
between nondimensional MDPD units and physical units is shown in Table 2.3.

The time history of the droplet center is shown in Fig. 2.15. The position of the droplet
center is recorded for every 10 time steps, corresponding to every 0.1 time unit. It takes about 1800

Figure 2.14: Motion of liquid droplet on a substrate with wettability gradient
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Figure 2.15: Time history of the position of droplet

DPD time units to travel from hydrophobic end to hydrophilic end, as the velocity of the droplet
increases first and decreases after it reaches about x = 10. As the droplet moves, it spreads out from
a spherical shape to a wide cap.

To validate the numerical method for obtaining the droplet velocity, a series of cases are
simulated for a droplet at different local equilibrium contact angles. The wettability gradient (WG)
is set as a constant WG = ∆θ

∆x =
θ0−θ f
x0−x f

= 150−40
(−40)−40 = − 11

8 . Based on the wedge approximation of
Subramanian et al. [180], the droplet velocity can be predicted according to the equilibrium contact
angle at different locations as:

U =
γRθ2

e

6µ ln(2ε)
dθe

dx
(2.40)

where γ is liquid-gas interfacial tension, R is the radius of the droplet footprint, θe is the equilibrium
contact angle, and ε represents the ratio of the length of the slip region to the radius of the footprint
of the droplet. To examine the overall velocity of the moving droplet from simulations, the thermal
fluctuation in velocity has to be removed from the transient numerical results. A post-processing
method using quasi-stationary state can be applied, proposed by Li et al. [82]. In this method,
the droplet is forced to move at a constant speed without changing shape. This is implemented
by applying and keeping a fixed wettability gradient on the moving droplet. The position of the
droplet is recorded, and the wettablity gradient moves at the same pace as the droplet to maintain
this quasi-stationary state. The slope of the trajectory represents the overall velocity of the moving
droplet.

The comparison of droplet velocity obtained by wedge approximation and numerical sim-
ulation is shown in Fig. 2.16, where 5 measurements are repeated and averaged for each value
obtained from the above-mentioned quasi-stationary method. Both numerical results and theoreti-
cal approximations show a decreasing velocity. The theoretical approximation is always higher than
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Figure 2.16: Comparison of droplet velocity at different equilibrium contact angles.

the numerical simulation, but their difference diminishes as θe decreases. The observed differences
between the simulation and prediction are the result of several factors. First, the theoretical predic-
tion is approximate since the governing equations for the driving force and viscous force are not
solved based on a complete numerical solution. As noted by Subramanian et al. [180], an exact so-
lution should predict a larger resistance than the value based on wedge approximation, which would
reduce the difference between simulation and theoretical results. Second, in the wedge approxima-
tion, the shape of the droplet is assumed to be a spherical cap, and the footprint is assumed to be a
circle. However, the shape in simulation can be affected by hydrodynamic effects, and the footprint
is wider in y direction than in x direction since the wettability gradient is actually stripped in x
direction. Third, the theoretical model is developed using small contact angles and approximation,
so the value predicted at small contact angles should be more accurate to the real physical values.
This also explains well the decreasing difference between theoretical and simulation results as the
contact angle decreases.

To obtain internal flow fields, the computational domain is divided into cubical cells, and the
local velocity of each cell is obtained by averaging all the beads at each sample time step in each
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(a) (b)

Figure 2.17: The flow vectors of the droplet and relative flow to the droplet center

cubic cell using the quasi-stationary method mentioned above. One result is shown in Fig. 2.17a,
which is the flow field at t = 500. The absolute velocity near the wall is relatively small compared
with the velocity of the upper portion. By subtracting the velocity of droplet center, the relative
motion to the droplet center is shown in Fig. 2.17b, which exhibits the rotational motion clearly.

2.5 Conclusion

In this chapter, we have briefly reviewed the development and basics of the DPD method.
The difference and resemblance between the DPD method and other typical CFD tools, such as MD
and Navier-Stokes solvers, were also discussed. Different methods to implement the no-slip wall
boundary conditions in the DPD scheme were compared, and our newly designed symmetric bound-
ary condition was also introduced. By using this symmetric boundary condition, the computational
time required can be greatly reduced. After that, to validate our in-house codes, Poiseuille flow and
a moving droplet driven by wettability gradient were simulated, and the results were found to agree
well with theoretical predictions.
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Chapter 3

Modeling of solid microparticles in
MDPD

In this chapter, we investigate the interaction of a single microparticle with a liquid droplet
on a flat substrate using many-body dissipative particle dynamics (MDPD). The modeling of a solid
microparticle in the MDPD scheme is introduced first. Then, the manipulation processes for a
hydrophobic microparticle by a droplet are studied in detail, including pickup and transport of the
microparticle.

3.1 Modeling of solid microparticle

To model the solid microparticle, relevant forces must be included to capture enough physical
details. For an object of such small size, the dominant forces are the surface adhesion force viz. van
der Waals (vdW) force, liquid-solid interfacical force, normal force, and resistance (friction) forces
between two solid phases in contact. Other forces like gravity turn out to be much smaller than
these [181–184]. A comparison of the adhesion force and gravity force of different particles is given
in Table 3.1 [184], showing that the gravity force is always several orders of magnitude smaller than
the adhesion force. Without consideration of the negligible gravitational body force in this study,
the forces to be considered and modeled are either due to droplet microparticle interactions or wall
microparticle interactions. So, from these two aspects, the details for the modeling of a microparticle
are introduced in the following subsections. The geometrical formation of a spherical microparticle
is represented first. After that, the droplet microparticle interaction is modeled to avoid unphysical
penetration of liquid bead into the solid microparticle. Then, the wall microparticle interaction is
designed based on contact mechanics. In the end, the algorithm for updating the motion of the
microparticle is given.

3.1.1 Solid spherical shell

As for the shape of a microparticle, the spherical shape will be ideal for experimental manip-
ulation due to its isotropy and low resistance. From the numerical perspective, a microsphere will

45



Table 3.1: Comparison of adhesion force and gravity force for particles of different sizes and mate-
rials [184]

Particle Adhesion force (N) Gravity force (N)
32 µm glass particles 1.83 × 10−6 4.03 × 10−10

72 µm glass particles 4.21 × 10−6 4.60 × 10−9

70 µm glass particles 1.59 × 10−6 1.40 × 10−8

also be an ideal start to test the algorithms of modeling before considering any complex geometries
or surface roughness.

To generate a solid sphere in the MDPD method, there are two natural choices. First, one
“large” bead can be used to represent a sphere with a certain core radius. The interaction between
the sphere and other fluid beads is then determined by the surface-to-surface distance, rather than
the natural center-to-center distance in this particle method. In this way, the advantage is that the
sphere can be perfectly smooth, but the critical disadvantage is not being able to easily model a
microparticle of any shape. The other way for modeling a sphere is to pack its surface or volume
with uniformly distributed beads, which are fixed at their relative positions to the sphere center. The
interaction between beads composing the sphere and other fluid beads is determined by the center-
to-center distance, which is the natural implementation in this particle method. The disadvantage
of this spherical packing modeling is lack of isotropy, but the situation can be improved by packing
more beads and doing so more evenly. On the other hand, a great advantage of this model is the
capability to be extended to other complex geometries by simply filling the beads into the geometry.
In this study, a spherical shell is used to represent the microparticle, formed by 612 beads uniformly
distributed on the shell surface [185]. The reasons for choosing this shell structure and this number
will be given in the following subsection, in consideration of computation cost, spherical isotropy,
and liquid microparticle interaction.

3.1.2 Microparticle liquid interaction

In multiphase DPD simulations involving liquid microparticle interactions, both liquid phase
and solid microparticles are composed of soft beads that by default allow overlap and penetration
between different kinds of beads. For solid objects without any porosity, this penetration process is
not a physical phenomenon. To prevent the undesired penetration of liquid beads into solid bodies,
intuitively, a spherical reflection boundary condition can be applied at the sphere surface. How-
ever, since both liquid beads and solid microparticles are free to move, it will require great effort
to deal with multi-body collisions to conserve the momentum and represent the details during col-
lisions. This will also lead to an increase in computational time, since an iterative method for this
multi-body collision problem will be required for each time step. To avoid this complicated and
time-consuming reflection method, the liquid beads can be prevented from penetrating solid bound-
aries by utilizing the repulsive conservative force in the DPD method. Following this idea, there are
two schemes reported in the literature to avoid penetration of liquid beads into spherical micropar-
ticles, as shown in Fig. 3.1.The first scheme is to configure a solid DPD microsphere by arranging
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Figure 3.1: Spherical microparticles formed by a group of solid beads. (a) beads in a face-centered-
cubic lattice via rigid or super strong bonds; (b) beads packed on the surface of the spherical shell

many DPD beads in a face-centered-cubic (fcc) lattice via rigid or super strong bonds [186–189].
In previous studies, to avoid the undesirable penetration of liquid beads into the solid microspheres,
the fcc lattice constant of the microspheres was specially chosen at 0.73 rc. By reducing this lattice
constant, denser beads are packed into these solid microspheres so that a strong enough repulsive
force will be generated once the liquid bead gets close to it. The second scheme is to model the
microparticle as a hollow sphere with some solid beads packed on the surface [89, 190]. By suffi-
cient number of beads arranged on the surface, the liquid beads are spontaneously prevented from
penetrating the microparticles. Using this hollow sphere, less solid beads are needed compared with
the first scheme to fill the whole solid sphere, thus saving computational cost.

However, in the MDPD method, the pairwise conservative force is composed of not only a
repulsive component but also an attractive component, as shown in Eq. (2.35). The attractive force
between liquid beads and solid microparticle beads tends to induce penetration of liquid beads into
the microparticle. By examining Eq. (2.35) again, it can be found that the repulsive force strongly
depends on the bead density given in Eq. (2.37), which increases quickly when two beads get very
close. So the overall force for two beads close to each other is repulsive, and it finally becomes
attractive when the distance between beads increases to some value larger than the repulsive cutoff

radius rd but still less than the attractive cutoff radius rC . According to this, a promising solution can
be found by densely packing solid beads on the shell surface or into the solid sphere. This is also in
accordance with the scheme for generating the microparticle mentioned in the previous subsection.
In this study, microspheres formed by different numbers of solid beads are tested, following the
reference work for choosing and uniformly locating these beads on the shell surface [185]. As a
result, without modifying any weight functions or cutoff radius for the conservative force between
liquid beads and solid beads, penetration is successfully avoided for microspheres formed by 312
beads, 612 beads, and 1242 beads. The number of solid beads used to form a uniform microsphere
cannot be any arbitrary number, so it is not feasible to double this number exactly, as is the common
practice in grid-based methods. In fact, the number and positions of these solid beads are specially
chosen so as to uniformly distribute the beads on the surface of the sphere [185]. Considering the
trade-off between computation cost and spherical isotropy, an intermediate value, a microsphere
with 612 beads, is used in this study for all of the following simulations. After that, different inter-
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Figure 3.2: Relevant forces to be modeled for the microparticle substrate interaction, including
adhesion force, normal force, and friction force. The microparticle is assumed to be rigid and the
contact between the rigid microparticle and the elastic wall will lead to an indentation, noted as din.

facial behaviors of the microparticle, like hydrophobic or hydrophilic, can be obtained by adjusting
the repulsive force component and attractive force component between liquid beads and solid beads
forming the microparticle. In fact, the repulsive force component is fixed, while the attractive force
component is adjusted to achieve hydrophobic or hydrophilic properties, the same as in the method
used in Section 2.4.

3.1.3 Microparticle substrate interaction

After the interactions between liquid beads and microparticle beads are dealt with as desired
in the previous subsection, the interaction between wall beads and microparticle beads needs to be
modeled as well. The relevant forces to be modeled are shown in Fig. 3.2, including adhesion force
viz. van der Waals (vdW) force, normal force, and friction force.

Due to the microsize of the solid particle, the adhesion force may mainly originate from van
der Waals bonds, without considering any other ionic, covalent, or acid-base bonds. Though it is
impossible or extremely complicated to model the exact forces from physical principles, this at-
tractive behavior can be easily implemented by adjusting the conservative interaction force between
wall beads and microparticle beads. The attractive and repulsive components between wall beads
and microparticle beads can be adjusted accordingly to have a desired adhesive behavior and even
controllable adhesive strength. Due to this adhesion force, which is obtained by summing all the
forces exerted on microparticle beads by the wall, the microparticle is dragged toward the fixed wall
and tends to penetrate it. To avoid penetration, this adhesion force can be physically balanced by
a normal force from the wall due to the contact so that no other reflection modeling or boundary
conditions are needed. This normal force is directly related to the shape deformation of geometries.
Based on the contact mechanics for modeling solid-solid contact [107, 191], the wall material is
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assumed to be elastic and the spherical microparticle is assumed to be rigid. Then the normal force
can be calculated based on the depth of indentation din as given by

Fnormal =
4
3

R1/2
s d3/2

in E (3.1)

where Fnormal is the normal force, E is the elastic modulus of the wall, and Rs is the radius of
the solid microparticle. Meanwhile, once there is contact between two solid surfaces, the level
of friction also needs to be considered if there is relative motion between them. Since the wall
is fixed, there will be static friction on the microparticle if it has a potential to slide along the
wall. When the driving force on the microparticle goes beyond the maximum static friction, the
microparticle starts to move but is retarded by translational friction. Besides translational friction, a
rolling motion possibly occurs for the microparticle in contact with the wall if there is a net torque
on the microparticle. The translational friction force and rolling friction force on the microparticle
are obtained based on the normal force, as given by

Ftrans = fs × Fnormal

Froll = fr × Fnormal (3.2)

where fr is the rolling friction coefficient and fs is the maximum static friction coefficient, which is
assumed to be the same as the translational friction coefficient.

3.1.4 Motion of the microparticle

After modeling of relevant forces on the microparticle, position and velocity of the micropar-
ticle can now be calculated based on all these relevant forces. The microparticle moves as a rigid
sphere, and the motion can be decomposed into two completely independent parts: translation and
rotation, which can be determined by the total force and torque exerted on the entire microparti-
cle [192, 193]. The force and torque acting on the entire microparticle are calculated by summing
the forces and torques on each bead composing the microparticle. Then, the translational motion
and rotational motion of the microparticle are integrated independently, which is explained in detail
in the following.

First, for the translational motion, the position and velocity of the microparticle can be inte-
grated straightforwardly, as given by

d~rs

dt
= −→vs

ms
d−→vs

dt
=

Ns∑
i=1

−→
fi (3.3)

where Ns is the total number of beads forming the microparticle, ms is the mass of the solid mi-
croparticle obtained by summing the mass of the Ns beads on the sphere surface, −→vs is the velocity
of the solid microparticle, ~rs is the position of the microparticle, and

−→
fi is the total force exerted on

each bead of the microparticle from all neighbor beads as given before. In fact, the position and
velocity of the microparticle are calculated using the centroid of the sphere.
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As for the rotational motion or rolling motion of the microparticle, some additional calcu-
lations are needed to update the orientation of the microparticle and positions of each bead on the
surface. If there is net torque on the microparticle, it may cause a rotational motion when the mi-
croparticle is suspended. Once the microparticle is in contact with the wall, the net torque may lead
to a rolling motion of the microparticle, which can be treated as a combination of rotational motion
and translational motion. Thus, if there is net torque, one can always start with the integration of
rotational motion. Once the microparticle has a rotation of angle φ, the position of each bead will
change accordingly, as given by [193]

Rnew
xyz = RotφRold

xyz (3.4)

where Rold
xyz and Rnew

xyz are the old and new positions of one bead on the microparticle surface, respec-
tively, and Rotφ is the rotation matrix. This rotation matrix is directly evaluated based on the value
of φ, as

Rotφ =

Rot11 Rot12 Rot13
Rot21 Rot22 Rot23
Rot31 Rot32 Rot33

 (3.5)

where

Rot11 =
ω2

x

ω2 (1 − cos φ) + cos φ

Rot12 =
ωxωy

ω2 (1 − cos φ) −
ωz

|ω|
sin φ

Rot13 =
ωxωz

ω2 (1 − cos φ) +
ωy

|ω|
sin φ

Rot21 =
ωxωy

ω2 (1 − cos φ) +
ωz

|ω|
sin φ

Rot22 =
ω2
y

ω2 (1 − cos φ) + cos φ (3.6)

Rot23 =
ωyωz

ω2 (1 − cos φ) −
ωx

|ω|
sin φ

Rot31 =
ωxωz

ω2 (1 − cos φ) −
ωy

|ω|
sin φ

Rot32 =
ωyωz

ω2 (1 − cos φ) +
ωx

|ω|
sin φ

Rot33 =
ω2

z

ω2 (1 − cos φ) + cos φ

whereωx, ωy, andωz are components of angular velocity ~ω in x, y and z directions, respectively, and
φ = |ω|∆t and |ω| is the amplitude of ~ω. In order to obtain the angular velocity of the microparticle
~ω due to a net torque on it, a position vector relative to the centroid of the microparticle RC can be
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defined first as

−→riC = −→ri −
−→
RC (3.7)

where −→ri is ith’s bead position in global computation coordinates. Then the angular momentum of
the microparticle ~L can be obtained as

−→
L =

Ns∑
i

−→riC ×
−→
Pi (3.8)

where
−→
Pi is the momentum of each bead defined by definition as

−→
Pi = mi

−→vi . Then the rotational
velocity can be found from the relation

−→ω = I−1 ·
−→
L (3.9)

where I is the momentum of inertia. Since the microparticle in this study is represented by a spher-
ical shell, the momentum of the inertia tensor can be replaced by a constant value for a spherical
shell as I = 2NsmiR2

s/3. This is another reason to pack more beads uniformly on the shell surface
so this approximation can be more accurate. Then the rate of change of the angular momentum is
determined by the externally applied torque summarized over all beads on the surface

d
−→
L

dt
=

Ns∑
i

−→riC ×
−→
fi (3.10)

The updated value of the rotational velocity ~ωnew after a time step ∆t is found from the first-order
approximation by combining Eq. (3.9) and Eq. (3.10)

~ωnew = ~ω +
d~ω
dt

∆t (3.11)

= ~ω +
1
I
· ∆t ·

Ns∑
i

−→riC ×
−→
fi (3.12)

Once the microparticle stays in touch with the wall, a rolling motion will take place, instead
of the rotational motion for a suspended microparticle. Based on the assumption that there is no
slipping at the contact point, this rolling motion can be decomposed of a rotational motion in a
reference frame fixed to the microparticle and a translational motion of the centroid in a reference
frame fixed to the wall, as shown in Fig. 3.3. The rotational motion component can be solved in
a similar way as mentioned above for a suspended body. For the translational motion component,
a displacement of an arc length Rsφ has to be added to the microparticle centroid and all of the
beads on the sphere surface. So, to decide whether there is a rotational motion or rolling motion,
the microparticle’s position has to be monitored during the simulations to determine whether there
is contact with the solid wall.
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Figure 3.3: Rolling motion of the microparticle on the wall: the sphere with a solid black boundary
shows the previous position and the one with a dashed black boundary shows the updated posi-
tion. The marker in orange illustrates the rotational motion, and the centroid in black shows the
translational motion.

3.2 Pickup and transport of a hydrophobic microparticle

After modeling of the microparticle, we are now ready to study the interactions among a
microparticle, a droplet, and a wall. As a baseline case, the pickup and transport of a hydrophobic
microparticle by a droplet is simulated and analyzed in detail. The problem setup and parameters
will be given first in the following subsection. Then the trajectory of the microparticle, as well as the
flow fields inside the droplet containing the microparticle, will be examined. A phenomenological
comparison with experimental observations will be used to validate our numerical model.

3.2.1 Simulation setup

A design based on the case in Section 2.4 is used to study the interactions among liquid
droplet (l), wall (w), and solid microparticle (s), as the initial setup at t = 0 shown in Fig. 3.4. It
simulates a moving droplet driven by the wettability gradient (such as voltage difference between
two electrodes), with an addition of a microparticle in the midway. The simulations are performed
in a three-dimensional computational domain of size 150(x) × 70(y) × 20(z). The origin point is set
at the center of the computational domain. The start position of the wettability gradient region x0 is
set as −40, which is also the initial position of the liquid droplet center. The wall surface is set at
z = −10. Some other parameters are shown in Table 3.2, which are unchanged throughout the study.
Rl is the radius of the liquid droplet, Rs is the radius of the solid microparticle, and d is the initial
distance between the droplet and the microparticle. The scaling between nondimensional MDPD
units and physical units is shown in Table 3.3.
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Figure 3.4: Initial setup of liquid droplet (blue) and solid microparticle (green) resting on the sub-
strate (red); d is the initial distance between the droplet and the microparticle.

Besides the parameters mentioned above, the effects of the remaining parameters on the ma-
nipulation of the microparticle will be parametrically studied in the next chapter. These parameters
include droplet radius Rl, friction coefficients fr and fs, and attraction parameter between liquid
beads and microparticle beads Als, which determines the hydrophilicity of the microparticle. For
the current baseline case, droplet radius Rl is 5 and the attraction force between liquid beads and
microparticle beads Als is −15, indicating that the microparticle is hydrophobic. The initial distance
between the droplet and the microparticle d is 10, which means the initial x position of the mi-
croparticle is −30. The friction coefficients between the microparticle and the substrate are fs = 0.2
and fr = 0.1. The wettability gradient region ends at x f = 40, so according to Eq. (2.39), the
location-dependent Alw is obtained as

Alw =


8.765 x < −40

−1.211 −
√

552.125 − 3.30033 × θ0 + 3.300 × θ0−θ f
40−(−40) (x − (−40)) −40 ≤ x ≤ 40

21.707 x > 40
(3.13)

3.2.2 Results and discussion

The simulation is conducted in two stages. In the first stage, a uniform wettability condition
is applied on the wall so that the liquid beads initialized on the structured fcc lattice are allowed to
gradually form a natural droplet shape with a certain contact angle with the wall, like the droplet
shown in Fig. 3.4. Physically, this refers to the state when all electrodes are charged with the same
voltage. After that, a specific wettability gradient is applied on the wall to actuate the droplet from
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Table 3.2: The computational parameters for modeling of the microparticle and wettability gradient.
Adapted with permission from [194]. Copyright 2015 American Chemical Society.

Parameter Symbol Value
Elastic moduli of wall E 1.00e+6
Initial position of liquid droplet x0 −40.00
Radius of solid microparticle Rs 1.00
Amplitude of attractive force Asw −1.00
Amplitude of repulsive force Bls 3.00
Contact angle at hydrophobic end θ0 150.00◦

Contact angle at hydrophilic end θ f 40.00◦

Initial distance between droplet and microparticle d 10.00

Table 3.3: Scaling between nondimensional MDPD units and physical units for the manipulation of
microparticles

Variable Symbol MDPD system Physical value
length rc 1.0 4.0µm
mass mMDPD 1.0 4.48 × 10−14kg

surface tension σ 7.53 0.073N/m
time t 1.0 2.16µs

the hydrophobic end to the hydrophilic end, which physically means the voltage on one electrode is
suddenly switched to trigger the motion of the droplet. The microparticle, initially positioned near
the hydrophobic end, will be picked up and transported by the droplet to the hydrophilic end. To be
specific, in this baseline case, the first stage runs 2,000 time steps using a uniform contact angle at
150◦. The second stage runs for another 800,000 time steps using the wettability condition as given
in Eq. (3.13).

For one representative run, the time histories of the x and z positions of the microparticle
center are shown in Fig. 3.5, sampled for every 10 time steps starting from the second stage. Fluc-
tuations of the curve can be observed for the x position of the microparticle due to the Brownian
motion. For the z position, the fluctuations may not be observed clearly from the figure due to
limited resolution and dense data points. Actually, the amplitude of fluctuations in the z direction
remains within a tiny range less than ±0.01. The z position of the microparticle is always slightly
below −9, which is the horizontal position of the wall surface, indicating that the microparticle is
always in contact with the substrate and friction forces always exist. The x-position curve of the
microparticle is composed of two segments: a concave (upward) segment and a convex (concave
downward) segment. The microparticle is accelerated in the concave upward segment, while it is
decelerated in the convex segment. There exists an inflection point between t = 2000 and 4000. Af-
ter passing x = 40 at t = 4800, the velocity of the droplet will slow down to zero due to friction and
the lack of a driving force (the trivial wettability gradient exerted on a small portion of the droplet).
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Figure 3.5: Variation of the position of the microparticle center with time. Adapted with permission
from [194]. Copyright 2015 American Chemical Society.

To present the results more visually, the droplet shape and position as well as the microparticle
position at four different times, t = 80, 1600, 3200, 4800, are shown in Fig 3.6. Similar to the results
in Section 2.4, the droplet deforms gradually from a spherical shape to a cap shape, spreading more
widely in the more hydrophilic area. When the droplet moves from the hydrophobic end to the
hydrophilic end along the x direction, its front end contacts the microparticle first. Due to the
adhesion and friction between the microparticle and the substrate, the microparticle is not pushed
away by the droplet at the beginning but gradually gets submerged into the droplet. After most of
the droplet bypasses it, the microparticle is finally pulled away by the droplet. During the whole
transport process, the microparticle always stays near the vapor/liquid interface in the receding
region of the droplet and keeps contact with the substrate. The simulation results on the transport of
a single hydrophobic microparticle are consistent with the experimental observation on collection
of superhydrophobic PTFE particles by Zhao [46], as shown in Fig. 1.6. In their experimental
observations, the collected hydrophobic particles also stayed near the air-to-water interface but not
inside the water droplet. Due to the friction between the microparticle and the substrate, the droplet
is significantly decelerated. From an auxiliary case using the same setup and parameters without
the microparticle, the travel time for the droplet from x = −40 to 40 is 2973 . With the existence of
the microparticle, the travel time increases to 4800.

To examine the flow fields inside the droplet containing a microparticle and to compare it
with the situation without a microparticle in Section 2.4, the quasi-stationary method mentioned in
Section 2.4 is applied here again. The quasi-stationary state can be obtained in this case, because
the position of the hydrophobic microparticle is relatively fixed to the droplet when a constant wet-
tability gradient is applied. To save computational time, the position of the microparticle center
is tracked instead of the droplet center, which requires averaging all of the liquid beads for every
time step. Due to the complexity and randomness introduced by the existence of the microparticle,
2,000,000 time steps are sampled to average out the fluctuations by cutting the computational do-
main into many small cells and averaging the particles inside each cell. The flow structures in the
x-z plane are represented in Fig. 3.7, as the position of the microparticle center equals x = −10. The
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Figure 3.6: Shape and location of the droplet and microparticle at four different times, t = 80, 1600,
3200, 4800. Adapted with permission from [194]. Copyright 2015 American Chemical Society.

result is taken in x-z plane along the middle of droplet as well as going through the center of the
microparticle. Different from the combined motion of translation and rotation in a droplet without
a microparticle (Fig. 2.17), there is a clear downward and pushing motion in the rear side of the
microparticle. In the front end of the droplet, there is a small rotational motion in a limited domain.
Compared with the rotational motion inside the whole droplet in Section 2.4, this also explains the
smaller velocity than the case without the microparticle. Although the deformation of the droplet
is similar to the case without the microparticle, the existence of the microparticle greatly alters the
flow fields inside the droplet, thus reducing the overall moving velocity of the droplet.

From a different view angle, the flow fields inside the droplet are also shown for the y-z plane
in Fig. 3.8. The microparticle lies in the middle of the droplet in the y direction. Near the bottom
of the droplet, rotational motions exist at both sides of the microparticle, which is similar to the
droplet motion without the existence of the microparticle obtained by Li et al. [82]. The flows are
both upward in the area close to the microparticle on both sides. As a result, the droplet tends to lift
up the microparticle due to the liquid motion inside. This also helps reduce the friction between the
microparticle and the substrate, thus enhancing the forward motion along the wettability gradient
direction. However, this hydrodynamic drag itself is not too strong to counteract the adhesion force
from the substrate. The hydrophobic microparticle still lies on the substrate, causing friction forces.
In the area near the air droplet interface, the flow is outward in the y-z plane and forward in the x
direction (Fig. 3.7). The liquid particles move gradually from the rear to the front so the droplet as
a unified whole moves forward together with the microparticle.

3.3 Conclusion

In this chapter, the modeling of microparticles in the MDPD scheme is introduced. Using
a spherical shell to represent the microparticle, the droplet-microparticle interaction is modeled by
packing dense beads on the shell surface to avoid the penetration of liquid beads into the micropar-
ticle, while conserving the momentum automatically. After that, the interaction between the rigid
microparticle and the solid wall was modeled following the principles of contact mechanics. The
adhesion force, normal force, and friction forces between the microparticle and the wall are all con-
sidered. When all relevant forces are obtained, the translational motion and rotational motion of
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Figure 3.7: The flow vectors of the droplet in the x-z plane with the existence of the microparticle

the microparticle are integrated independently by summarizing the forces and torques on each bead
forming the microparticle.

After the model was designed, a baseline case was conducted to simulate the pickup of a hy-
drophobic microparticle by a droplet, which is actuated by the wettability gradient of the wall. The
pickup and transport of the microparticle are obtained successfully once the droplet encounters the
microparticle. During the transport, the droplet deforms from a spherical shape at the hydrophobic
end to a cap shape at the hydrophilic end. The microparticle is dragged by the droplet toward the
hydrophilic end, staying on the wall near the air liquid interface. Due to the contact and friction be-
tween the microparticle and the wall for the whole process, the motion of the droplet is decelerated
compared to the motion of a droplet without the microparticle. Using the quasi-stationary method,
the flow structures inside the droplet are found to be greatly different from a droplet without a mi-
croparticle, especially the flows along the droplet moving direction. There is a hydrodynamic lift
force on the microparticle, but not enough to lift it up from the wall.
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Figure 3.8: The flow vectors of the droplet in the y-z plane with the existence of the microparticle
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Chapter 4

Effects of different factors on pickup and
delivery of microparticles

In this chapter, effects of different factors on the manipulation processes (including pickup,
transport, and drop-off) are investigated. These factors include the droplet size, wetting properties of
the microparticle, and particle-substrate friction coefficients. These are important and controllable
parameters for a DMF system to perform different functions. However, to control the delivery of
microparticles, a trap design or an external magnetic field is always required in a DMF system,
adding to the complexity of the experimental system [31]. To find a better solution, a trap-free
delivery of a hydrophobic microparticle is designed and demonstrated in our numerical work based
on the previous results and understanding of the droplet-microparticle interactions, without adding
any new structures or external forces.

4.1 Effects of different factors on the pickup of a single microparticle

In this section, the effects of different factors on the pickup and transport of the micropar-
ticle will first be studied. Based on the baseline case in the previous chapter, parametric studies
are performed on several important factors, including droplet radius Rl, wetting property of the mi-
croparticle Als, and friction coefficients of the wall fr and fs, as shown in Fig. 4.1. The results for
the effects of each factor will be introduced in the following subsections, respectively. All of these
parameters can be physically and easily adjusted in experimental designs and manufacturing. For
example, as introduced in Chapter 1, microparticles of different sizes and different coating materi-
als have been employed in different kinds of biological and chemical applications. Droplet size can
be controlled by a nozzle, and properties of a wall can be changed by coating it with materials of
different properties.

4.1.1 Droplet size

The effect of droplet size is first studied in this subsection by using droplets of different
radii with other parameters given in Table. 3.2. The initial setup of the simulation is the same as
the baseline case in Section 3.2.1. Similarly, the simulation for each case in this section is also
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Figure 4.1: Different factors to be studied for their effects on the manipulation of the microparticle.

composed of two stages. The first stage runs 3000 time steps using a uniform contact angle at
150◦ before actuating the droplet. Because more liquid beads are required for larger droplets, more
time steps are used for the first stage compared to the baseline case. The second stage runs for
another 1,000,000 time steps using the same wettability condition as given in Eq. (3.13). Friction
coefficients between the microparticle and the substrate are fs = 0.2 and fr = 0.1. The attraction
force parameter between the liquid beads and the microparticle beads Als is −15, indicating that the
microparticle is hydrophobic.

The results of one representative run for each case are analyzed in the following. The time
history of microparticle movement (in terms of the x position of the microparticle center) is shown in
Fig. 4.2 for four different droplet sizes, i.e., Rl = 5, 6, 7, and 8. The curves are obtained by recording
the microparticle position for every 10 time steps. It can be seen that, in all cases, the microparticle
is successfully picked up and transported from the hydrophobic end x = −30 to the hydrophilic end
x = 40, as the five lines finally overlap after t = 8000. Meanwhile, as seen from Fig. 4.2, the larger
the droplet size is, the faster the microparticle is transported to the hydrophilic end. The travel time
for the microparticle from x = −30 to x = 0 is shortened from 2317 to 1673, 1324, and 1140 as
the droplet radius increases from 5 to 6, 7, and 8. For a larger droplet, the difference of wettability
across the droplet is larger due to the larger contact surface between the droplet and the substrate.
So the motion of the droplet becomes faster as the droplet size becomes larger and larger, though
the difference gets gradually smaller with further increases in Rl. Therefore, by increasing droplet
size, the driving force on the droplet is increased and the duration of the microparticle transport
is shortened. This result can be a helpful guidance for experimental design, since considering the
cost of solutions, a much larger droplet size is not beneficial at all for the pickup and transport of
a microparticle, as well as a waste of materials. The optimal droplet size for the microparticle, not
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Figure 4.2: Time history of the microparticle position for different droplet sizes. Reprinted with
permission from [194]. Copyright 2015 American Chemical Society.

too small to pick up the microparticle nor too big, can be determined by more tests within a wider
range.

4.1.2 Wetting property of the microparticle

As discussed in the Introduction, the wetting property of the wall can be tuned from hy-
drophobic to hydrophilic by controlling the liquid wall interaction parameter Alw. Similarly, the
wetting property of the microparticle can also be adjusted by tuning the liquid microparticle inter-
action parameter Als. The surface wettability of the microparticle can be changed from hydrophobic
to hydrophilic by decreasing the value of Als. Since the droplet in the present study is always a
water droplet (as the surface tension in the scaling tables shown above), not any other oil or ethanol
droplet, the wetting property of the microparticle is in fact referring to the wetting behavior between
the microparticle and water. In experimental works [46], different types of particles with different
contact angles (in parentheses) have already been studied, such as polystyrene (66◦), Teflon coated
glass (120◦), and Teflon powder (110◦). So the values of my parameters are inside the range of phys-
ical possibilities. In this subsection, six different cases with Als = −15, −16, −17, −18, −19, and
−19.5 are simulated to study the effect of the wetting property of the microparticle. As Als changes
from −15 to −19.5, the corresponding contact angle varies from 109◦ to 66◦. The numerical setup
is the same as that in the previous subsection except with varied values of Als and the fixed droplet
size of Rl = 5.

The results of one representative run for each case are analyzed in the following. Figure 4.3
shows the time history of the microparticle for six different values of Als = −15, −16, −17, −18,
−19, and −19.5. The curves are obtained by recording the microparticle position for every 10 time
steps. In all cases, the microparticle is successfully picked up and transported from the hydrophobic
end x = −30 to the hydrophilic end x = 40, while in cases Als = −18, −19, and −19.5 the final
position of the microparticle is slightly further than in the other three cases. It is also found that,
as the microparticle becomes more hydrophilic, less time is needed for the microparticle to be
transported over the whole region, though the results for cases Als = −19 and −19.5 are quite close.
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Figure 4.3: Time history of microparticle x-position with different hydrophilicity parameter Als.
Adapted with permission from [194]. Copyright 2015 American Chemical Society.

To illustrate the reason for the different average speeds using different hydrophilicity, the
temporal change of the z position of the microparticle center is shown in Fig. 4.4. It is found that
the final z positions of the microparticle center stay at z = −9 for three cases with Als ≤ −17.
Since the z position of the wall surface is −10 and the radius of the microparticle is 1, the fact
that the z position of the microparticle center is equal to −9 indicates that the microparticle is in
contact with the wall surface. For the cases with Als = −18, −19, and −19.5, the final z positions
of the microparticle center are lifted up to z = −8, i.e., about 1.5 above the substrate surface. For
Als = −19, it should be noted that there is a sudden rise of the z position (up to z = −5.5) at
t = 234, which means the microparticle is fully engulfed in the droplet, and then the microparticle
center gradually returns to about z = −8 and keeps around this level after t = 1000. The inset
of Fig. 4.4 clearly shows the relative position of the microparticle and the droplet at t = 2000 for
Als = −19. The microparticle is already engulfed in the droplet and stays in the core area of the
droplet. This is phenomenologically matched with the experimental observations for the sampling
of superhydrophilic microparticles [46], as shown in Fig. 1.7(f). In these experimental works, the
microparticles are suspended and distributed almost evenly within the droplet, due to the strong
hydrophilicity. This phenomenon is totally different from the results for hydrophobic microparticles
studied in Section 3.2. For Als = −19.5, there is also a similar sudden rise of the microparticle in
the z direction at t = 150, which means engulfment, just a little bit earlier than the case Als = −19.
For Als = −18, the rise of the microparticle in the z direction occurs much later and more weakly
at t = 1153. Before the microparticle is lifted up, it is pulled forward on the substrate surface by
the droplet. Because the friction between the microparticle and the substrate lasts longer in the
Als = −18 case compared with the cases Als = −19 and Als = −19.5, there is slower transport of
the microparticle in the Als = −18 case compared with the cases Als = −19 and Als = −19.5 (see
Fig. 4.3). For the other three cases, Als = −15,−16, and −17, the microparticle stays almost constant
around z = −9, implying that it is always attached to the substrate. For these cases, the trajectory
curves overlap with each other, as the difference is too small to be easily detected from a graph. To
reveal the tiny difference by averaging over the whole temporal domain, the averaged values of the
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Figure 4.4: Time history of the z position of the microparticle center with different values of wetta-
bility parameter Als. The inset shows that the center of the microparticle is lifted up from the wall
surface at t = 2000 for Als = −19, due to the engulfment in the core area of the droplet. Adapted
with permission from [194]. Copyright 2015 American Chemical Society.

z position are: −9.00249 for Als = −15, −9.00216 for Als = −16, and −9.00170 for Als = −17. Five
decimal places have to be used here to detect the difference between their z positions. The slightly
higher z position for smaller Als results from stronger attractive force between the droplet and the
microparticle. This more attractive interaction between the microparticle and the droplet slightly
lifts up the microparticle in the z direction. Though the difference in the z position is quite small,
it can lead to a big difference for normal force due to the strong elastic moduli of the substrate. A
higher z position of the microparticle will lead to a smaller deformation on the wall surface, which
results in a smaller normal force and friction for the motion of the microparticle. Consequently, the
smaller the frictions are, the faster the microparticle is transported. This explains why there is faster
transport of the microparticle for the case Als = −17 than the case Als = −16, which is slightly faster
than the case Als = −15, as shown in Fig. 4.4.

As mentioned in previous paragraphs, the final positions of the microparticle in different
cases are different in Fig. 4.3. The microparticle reaches the same final position at t = 8000 for
Als = −15,−16, and −17, but not as far as the position for Als = −18, −19, and −19.5. The reason
is that, for these three cases, the overall attractive force from the droplet on the microparticle is not
large enough to engulf it, so the microparticle is always attached to the substrate and stays at the
rear side of the droplet. When Als decreases to −18, the attractive force between the droplet and
the microparticle is strong enough to pull the microparticle away from the substrate surface, and the
microparticle stays in the middle of the droplet.

4.1.3 Frictions between the substrate and the microparticle

In experimental designs, the surface friction conditions can be different when different ma-
terials and different techniques are used for the layer-by-layer coatings on the substrate. In this
subsection, the effect of surface frictions on the pickup and transport of the microparticle will be
studied by tuning both the static friction coefficient fs and rotational friction coefficient fr. The
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friction condition between the substrate and the microparticle depends on both objects. As for the
microparticles, as some examples mentioned above, they are usually made of glass, polystyrene, or
coated with Teflon [46]. And in some other studies [47], they also have worked with melamine and
some airborne bio-particles, such as pollen with natural roughness from different species and bacte-
ria. As for the substrate, it is usually made of a glass substrate coated with extreme thin insulator and
hydrophobic layers (tens or hundreds of nanometers thickness), which can be made by silicon diox-
ide with Teflon, or Teflon alone [13]. However, to the author’s best knowledge, detailed roughness
conditions or friction conditions between the microparticles and the substrate have not ever been
provided in the literature, because it is pretty hard to find out or measure the exact roughness based
on their different manufacturing process for the substrate layers. Therefore, the levels of friction to
be studied in the present work is based on the estimation between several main types of known ma-
terials, such as glass to glass (static friction coefficient is 0.9-1.0), polystyrene to polystyrene (0.5),
rubber to rubber (1.16), PTFE to steel (0.05-0.2) [195]. In the present study, the choices of the static
friction coefficients are ranging from 0.2 to 1.6, which are close to these common materials. As for
the rolling friction coefficients, it is even harder to find such exact information in the literature or on
websites. But in general it should be much smaller than the sliding friction.

The numerical setup used here is similar to that in Section 4.1.1 except for the friction co-
efficients. Six different combinations of fs and fr are selected to conduct the parametric study,
including fs = 0.2 & fr = 0.2, fs = 0.4 & fr = 0.2, fs = 0.4 & fr = 0.4, fs = 0.8 & fr = 0.4,
fs = 0.8 & fr = 0.8, and fs = 1.6 & fr = 0.8. The simulation for each case in this section is also
composed of two stages. The first stage runs 3000 time steps using a uniform contact angle at 150◦

before actuating the droplet. The second stage runs for another 3 000 000 time steps using the same
wettability condition as given in Eq. (3.13), considering the slower motions due to greater friction
compared with previous cases.

Results of one representative run for each case are analyzed in the following. The time
history of x positions of the microparticle center for six cases is compared in Fig. 4.5. The curves
are obtained by recording the microparticle position for every 500 time steps. The results show
that there is a significant increase in the transport time of the microparticle as friction coefficients
increase. But the effects of two friction coefficients can be quite different as we compare different
curves in the sequence. Between cases fs = 0.2 & fr = 0.2 (green line) and fs = 0.4 & fr = 0.2
(blue line), the transport time of the microparticle is greatly increased compared with the increase
between cases fs = 0.4 & fr = 0.2 and fs = 0.4 & fr = 0.4 (black). These results indicate that, when
the static friction is increased twice, there is a great increase for the transport time needed, which is
also seen between the pair of case fs = 0.4 & fr = 0.4 and case fs = 0.8 & fr = 0.4, and the pair
of case fs = 0.8 & fr = 0.8 and case fs = 1.6 & fr = 0.8. However, when the rotational friction
is increased twice, only a slight increase is observed for the transport time needed, as is also seen
between the pair of case fs = 0.8 & fr = 0.4 and case fs = 0.8 & fr = 0.8. So the manipulation of
the microparticle is much more sensitive to the change in fs than to that in fr, hence only the effect
of static friction coefficient fs is discussed in the following text.

In cases of fs = 0.2, 0.4, and 0.8, the microparticle is picked up and transported to the end
of the wettability gradient region, which takes more time for a larger friction coefficient. However,
when fs is increased to 1.6, the microparticle is picked up by a droplet at the beginning but is not
able to be transported to the hydrophilic end x = 40. Midway through the transport, at about x = 20,
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Figure 4.5: Time history of microparticle x-position using different friction coefficients. The inset
shows the position of microparticle and droplet at t = 30, 000, using fs = 1.6, fr = 0.8. Reprinted
with permission from [194]. Copyright 2015 American Chemical Society.

the microparticle is dropped off from the droplet and stays there with a few liquid beads attached,
as the subfigure shows in Fig. 4.5. This drop-off of the microparticle happens at the position where
the maximum slope is observed in its trajectory in Fig. 4.5, which is called critical velocity. To
eliminate the randomness from the statistical process, four repeated runs were made for this case
using the same parameters, and the drop-off of the microparticle happens in all repeated runs at
almost the same location (1% difference). Our hypothesis is that the drop-off of the microparticle
and the breakup of the droplet are related to the critical velocity of the droplet. Below the critical
velocity, the droplet can carry the microparticle. Beyond the critical velocity, the instantaneous
acceleration of the microparticle is less than that of the droplet, which will result in a difference
of velocity between the microparticle and the droplet. Finally, the microparticle is dropped off

from the droplet and some liquid enveloping the microparticle is separated from the main droplet
and remains attached on the surface of the microparticle. To validate our hypothesis, more studies
are performed in the following section to better understand physics underlying the occurrence of
microparticle drop-off.

In the previous cases, the microparticle is observed to be dropped off from the droplet when
the substrate microparticle friction increases to a certain large value. To understand this phenomena
better, the driving force and friction force on the microparticle will be analyzed at different locations
along the path under different friction coefficients. For this part, we also use the quasi-stationary
method to sample and average out the microparticle’s velocity, as well as relevant forces. Each value
in the following content is averaged out over five repetitive runs, with 2,000,000 time steps used for
each run. In the first group of cases, the results for the forces and velocity at location x = −5 and
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(a) (b)

Figure 4.6: The driving force from the droplet on the microparticle, the friction force from the
substrate on the microparticle, and the velocity of the microparticle with different fs at (a) x = −5
and (b) x = 15.

x = 15 with different values of friction coefficient fs are shown in Fig. 4.6. At both locations, as
fs becomes larger, the friction force between the microparticle and the wall becomes larger as well,
which requires a larger driving force to keep the motion. The transport velocity naturally becomes
smaller due to larger resistance.

For the second group of comparison, the velocity and forces at different locations along the
transport path are recorded using fs = 0.4 and fs = 0.8, as shown in Fig. 4.7. The driving force and
friction force on the microparticle are always close to each other, and there is a positive correlation
between the velocity and the forces in both figures. As velocity first increases and then decreases
along the path from x = −15 to x = 15 at fs = 0.4 in Fig. 4.7a, the variation of forces shows the
same trend. As fs = 0.8 in Fig. 4.7b, the velocity is always increasing though at a decreasing rate,
and the forces show an increasing trend as well. A clearer trend can be observed in Fig. 4.8, as
fs is increased to 1.6. The data points are sampled from x = −15 to x = 5 before the occurrence
of the drop-off of the microparticle from the droplet. From the trends in Fig. 4.8, the forces and
velocity are monotonically increasing, which are typically different from the trends in Fig. 4.7,
especially in Fig. 4.7a for fs = 0.4. The maximum force magnitudes in this case are higher than
those in all previous cases mentioned. As mentioned previously, the driving force on the droplet
is provided from the wettability gradient of the substrate, which is always strong enough to move
the droplet forward. However, the driving force on the microparticle is due to the interactions from
liquid particles, which is limited by the cohesive attraction of the droplet. Hence, when the required
driving force keeps increasing and finally goes beyond the maximum value the droplet can provide,
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(a) (b)

Figure 4.7: The driving force from the droplet on the microparticle, the friction force from the
substrate on the microparticle, and the velocity of the microparticle at different locations using (a)
fs = 0.4 and (b) fs = 0.8.

the microparticle cannot keep pace with the droplet, and it will be dropped off from the droplet with
some liquid particles attached.

4.2 Effects of different factors on the delivery of a single hydrophobic
microparticle

From the results in Fig. 4.5 in the previous section, strong friction ( fs = 1.6) is found to
give rise to the drop-off of the microparticle from the droplet. As introduced in Chapter 1, the
continuous transport of the microparticle without drop-off and the accurate delivery (drop-off) of
the microparticle are both useful and necessary ways to complete certain biological and medical
implementations. In order to better avoid or control this drop-off, more studies are conducted in this
section to develop the understanding of the drop-off mechanism. From the results and discussions in
the previous subsections, it is already known that droplet size and microparticle hydrophilicity can
strongly influence the motion of the microparticle. So the effects of droplet size and microparticle
hydrophilicity on the drop-off of the microparticle will be studied in the following subsections.

4.2.1 Droplet size

Following the parameters and setups in Subsection 4.1.3, the effect of droplet size on the
drop-off process is studied by using four different radii of droplets: Rl = 5, 6, 7, and 8. The friction
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Figure 4.8: The driving force from the droplet on the microparticle, the friction force from the
substrate on the microparticle and the velocity of the microparticle at different locations from x =

−15 to x = 5 using fs = 1.6.

coefficients are fs = 1.6 and fr = 0.8. The results of one representative run for each case are
compared in Fig. 4.9. For all four cases, the microparticle is dropped off before reaching x = 40,
where the wettability gradient ends. As droplet size becomes larger, the drop-off of the microparticle
occurs at an earlier time as well as at a closer location from the hydrophobic end (starting location).
This can be explained from the results and analysis of the transport processes in Subsection 4.1.1.
As the droplet size increases, the driving force on the droplet from the wall is increased, but not
the driving force on the microparticle from the droplet, which is determined by mutual interactions
between the droplet and the microparticle. So, as the droplet size increases, the droplet motion
together with the microparticle is faster due to the larger driving force from the substrate, and then
the critical velocity for drop-off is reached faster at a shorter distance.

Another commonality worth noting from Fig. 4.9 is that, for all four cases, the velocity is
always increasing as the trajectory is always bending upward (concave up) until the occurrence of
drop-off. Though it is not possible to measure the critical velocity and the critical driving force that
the droplet can provide using the quasi-stationary statistical method, there is still another rough way
to determine the critical velocity from the trajectory of the microparticle. To be more specific, the
critical velocity can be estimated using quadratic equations to fit the curvature portion before the
occurrence of the drop-off. Five repetitive runs are conducted for each size of droplet Rl = 5, 6, 7,
and 8. From the results in Table 4.1, it can be seen that the critical velocities differ only as much as
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Figure 4.9: Time history of transport of the microparticle under strong friction using different
droplet sizes. Reprinted with permission from [194]. Copyright 2015 American Chemical Soci-
ety.

Table 4.1: Critical velocity for the drop-off of the microparticle using different sizes of droplets

Radius of droplet Critical velocity
5 0.00420 ± 2.24 × 10−5

6 0.00429 ± 1.87 × 10−5

7 0.00438 ± 2.55 × 10−5

8 0.00433 ± 2.74 × 10−5

6% from each other. This is reasonable because the drop-off of the microparticle only depends on
the cohesive force of the droplet, which is a liquid property that cannot be affected by the droplet
geometry.

4.2.2 Wetting property of the microparticle

Following the parameters and setups in Subsection 4.1.3, the effect of the wetting property
of the microparticle on the drop-off process is studied with four different values of Als, i.e., −15,
−16, −17, and −18, respectively. The friction coefficients are fs = 1.6 and fr = 0.8. The results
of transport processes of the microparticle are compared in Fig. 4.10. For both case Als = −18
and case Als = −17, the microparticle is not dropped off during the transport processes. For the
case with Als = −18, the microparticle is pulled away from the surface of the substrate so that the
friction between the microparticle and the substrate surface disappears (see inset (a) in Fig. 4.10).
For the case Als = −17, the microparticle remains in contact with the substrate surface and stays
in the receding region of the droplet during the transport process (see inset (b) in Fig. 4.10). Due
to the friction between the microparticle and the substrate surface for the case Als = −17, it takes
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a much longer time (seven times longer) for the microparticle to travel from x = −30 to x = 40
compared with the case Als = −18. For the case Als = −16, the drop-off of the microparticle occurs
at the same x location compared with the case Als = −15, but at an earlier time due to larger average
velocity. The satellite droplet in the case with Als = −16 continues to move the microparticle toward
the hydrophilic end at an extremely low speed (see inset (c) in Fig. 4.10).

Figure 4.10: Time history of transport of the microparticle under strong friction using different
attraction parameters Als. Inset (a): Relative position of the microparticle and the droplet in the
case of Als = −18; Inset (b): Relative position of the microparticle and the droplet in the case of
Als = −17 at t = 9050; Inset (c): The satellite droplet attached on the microparticle in the case of
Als = −16 at t = 25500; Inset (d): The satellite droplet attached on the microparticle in the case
of Als = −15 at t = 29500. Reprinted with permission from [194]. Copyright 2015 American
Chemical Society.

4.3 Controllable delivery of a single hydrophobic microparticle

As introduced in Chapter 1, the transport and controllable delivery of microparticles is of
critical importance to many medical and biological applications. The transport of droplets and mi-
croparticles carried by droplets has already been experimentally performed in digital microfluidics
systems by alternatively switching the potentials of a series of electrodes along the designated path.
However, to accurately control the delivery of microparticles, either a mechanical trap design or an
extra magnetic field is required, adding to the complexity of the digital microfluidics system. So,
in this section, two different designs are tested numerically for the controllable delivery of a single
microparticle without the addition of traps or magnetic fields. To be more specific, only a single
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hydrophobic microparticle will be studied here, since the drop-off of a hydrophobic microparticle
has already showed up in the previous studies. By designing and tuning the potential of electrodes
or wettability gradient along the designated path, the delivery of a hydrophobic microparticle can be
controlled utilizing the friction between the microparticle and the wall. However, for a hydrophilic
microparticle, it is pretty difficult to separate it from a droplet without any other external forces
because, as previous results have shown, it tends to stay inside the core area of the droplet.

In the previous subsections, the effects of droplet size and the wettability property of a mi-
croparticle on its transport and delivery/drop-off have already been analyzed. Based on these results,
two designs for trap-free delivery of a hydrophobic microparticle (Als = −15) will be demonstrated
in the following numerical simulations. For both designs, the main purpose is to demonstrate the
controllable delivery, not necessarily the delivery after a long distance of transport, so a short dis-
tance of transport will be designed to minimize the computational cost.

4.3.1 Passive delivery

The first method is to utilize the previous results for the drop-off of the microparticle directly,
which is called “passive delivery”. The location and wettability condition when the microparticle is
dropped off on the wall with strong friction fs = 1.6 and fr = 0.8, have already been obtained for
different droplet sizes. So if the designated area for drop-off is coated with this specific wettability
condition, the microparticle is expected to be dropped off there. The requisite for this method is
that the friction must be strong enough to cause the drop-off and that we have to know beforehand
exactly where the microparticle will be dropped off under such strong friction for a certain size of
droplet.

To implement the passive delivery of a microparticle, a droplet of radius 7 is used. The
hydrophilicity of the microparticle is Als = −15, as mentioned above. The initial x positions of the
droplet and the microparticle are still −40 and −30, respectively. The strong frictions are needed
to cause the dropoff, set as fs = 1.6, fr = 0.8. The designated location for dropping off the
microparticle is x = −15, or the region between x = −17.5 and x = −12.5 (see Fig. 4.11), given some
statistical uncertainty for drop-off. To achieve that goal, the wettability gradient of the substrate is
specially designed, as given by

Alw =


−8.765 x < −40.0
−1.211 −

√
373.769 + 7.917x −40.0 < x ≤ −20.0

−1.211 −
√

306.194 + 4.539x −20.0 < x ≤ 25.1
−21.707 x > 25.1

(4.1)

This wettability design can be achieved by using either EWOD or permanent surface coatings [24,
170]. With this design, the microparticle is expected to be transported quickly from x = −40 to
x = −20 by the stronger wettability gradient than that in Subsection 4.2.1, to save computation
time. Though a stronger wettability gradient is applied for this region, the critical velocity will not
be reached inside this short region to allow the microparticle to be safely transported through this
region. After that, the same wettability gradient as that in Subsection 4.2.1 is applied from x = −20
to x = 25.1 to make the microparticle’s velocity continue to increase but more smoothly. Based on
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the result in Subsection 4.2.1, the microparticle is expected to be dropped off near x = −15.

Figure 4.11: Initial setup of liquid droplet (blue) and solid microparticle (green) resting on the wall
(red)

Figure 4.12 shows the time history of the manipulation processes with six insets to show
the shape and positions of the microparticle and the droplet at six different times (t = 1700, 2300,
2700, 3100, 3300, and 3500 for insets (a) - (f), respectively). During the transport process, the
hydrophobic microparticle remains in contact with the wall and stays in the receding region of the
droplet as expected. The microparticle is picked up at x = −30 and moves together with the droplet
(see insets (a) and (b) in Fig. 4.12). When it moves to the designated region between x = −17.5 and
x = −12.5 (see insets (c), (d), (e), (f) in Fig. 4.12), the microparticle detaches gradually from the
droplet and stays in that designated region. The droplet continues to move to the hydrophilic end of
the wettability region by itself.

From the results above, the goal of the controlled delivery to the designated area is achieved,
though there is no good way to control the specific location where the microparticle will be dropped
off. This is because the interactions between microparticle and liquid beads are a stochastic process,
so that it is hard to determine the location or state for drop-off. For this passive delivery design,
the prediction or control of the location of drop-off is totally based on our results and knowledge
beforehand. So the limitation is that, in order to implement this method, cases using the exact same
parameters have to be conducted in advance to find out the drop-off location or wettability condition
under certain specific conditions, including friction conditions, droplet sizes, and so on.

4.3.2 Active delivery

After the discussion on passive delivery of a microparticle, an advanced delivery system
was designed to actively control the dropoff location for the microparticle. The second proposed
method, which is called “active delivery”, is more flexible to control the dropoff location requiring
less knowledge beforehand but uses more complex designs for the wettability gradient. The droplet
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Figure 4.12: Time history of the manipulation of the microparticle with a droplet. The six insets
show the shapes and positions of the microparticle and droplet at six different times: (a) t = 1500;
(b) t = 2280; (c) t = 2520; (d) t = 3000; (e) t = 3480; (f) t = 3600.

is expected to transport and drop off the microparticle to the designaged location, which can be any
position along the path of the transport process. To achieve that goal, enough forces of friction,
but not necessarily very strong friction, are needed. The initial x positions of the droplet and the
microparticle are still −40 and −30, respectively. The designated location for dropping off the
microparticle is between x f = −2 and x f = 2. The droplet size is Rl = 5 and the friction is fs = 0.8
and fr = 0.4, with other parameters the same as those in the passive delivery case in the previous
subsection, except for the design of the wettability gradient, which will be given in details later.

To implement a controlled delivery of a microparticle, the whole process is divided into two
stages. In stage 1, the droplet is driven to move in the x direction, picking up and carrying the
microparticle to the destination near x = 0. In stage 2, the microparticle is separated from the
droplet and remains in the drop-off region (−2 ≤ x ≤ 2) while the droplet is moved away. For each
stage, the wettability gradient of the substrate is specially designed.
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Figure 4.13: Distribution of the contact angle along the substrate in two stages. Reprinted with
permission from [194]. Copyright 2015 American Chemical Society.

In stage 1, the wettability parameter Alw is designed as

Alw =


−16.66 x ≤ −40
−1.211 −

√
420.11 + 4.54x −40 < x ≤ 0

−21.71 0 < x ≤ 2
−1.211 −

√
429.19 + 4.54x x > 2

(4.2)

The corresponding distribution of the contact angle is shown in Fig. 4.13. The key design of the
wettability gradient of the substrate in stage 1 is to have a “V-shape” distribution of the contact angle
with a valley near x = 0 so that the droplet and the microparticle will stop near x = 0. For x ≤ −40,
the contact angle keeps a constant of 95◦. In the region of 40 ≤ x < 0, the contact angle (θ) decreases
linearly from 95◦ to 40◦. A moderate wettability gradient (−55◦ per 40 unit x) is applied here for two
reasons: (1) a large wettability gradient may lead to unintended early drop-off of the microparticle
before reaching the destination; and (2) it takes a long time for controlled delivery with a small
wettability gradient that only generates a weak capillary driving force. The reversed wettability
gradient for x > 2 is designed to generate capillary force pointing in the negative x direction, which
functions as a break to stop the droplet movement. With this design, the droplet center is expected
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to stop at x = 1 due to the symmetry of the wettability gradient around that position. Considering
the fact that the hydrophobic microparticle tends to stay in the receding region of the droplet, the
stop position of the microparticle is expected to be around x = 0. The time assigned for stage 1 is
12,000, which is much longer than the droplet travel time (∼ 8000) from x = −40 to x = 1. This
extra-long time is to ensure that the droplet and the microparticle will absolutely reach to and stop
at their designated locations.

The target for the second stage is to separate the microparticle from the droplet. The mi-
croparticle is expected to be kept around x = 0 as the droplet is moved away. With the above
consideration, a specially designed wettability distribution is given in stage 2:

Alw =


−8.77 x ≤ 2
−1.21 −

√
−15.53 + 36.30x 2 < x ≤ 12

−21.71 x > 12

(4.3)

The corresponding contact angle distribution is also plotted in Fig. 4.13. For x ≤ 2, the contact
angle keeps at a constant of 150◦. In the region of 2 < x ≤ 12, the contact angle linearly decreases
from 150◦ to 40◦. For such a high wettability gradient exerted on only the advancing portion of the
droplet, it is expected that the droplet will separate from the microparticle quickly without dragging
the microparticle forward. The time for stage 2 is from 12,000 to 13,000, which is long enough for
the droplet to separate from the microparticle and move away. This two-stage wettability design can
only be achieved by using EWOD due to the required switching of wettability distribution/electrode
potentials, which is not possible for permanent surface coatings technique [24, 170].

Here, we assume the switch time for the surface wettability (or electrode potentials in exper-
imental setups) from stage 1 to stage 2 is extremely short so that the droplet shape will not change
during the switch time. With this assumption, we conduct the numerical simulation for stage 1 and
stage 2 while ignoring the transition time. The main purpose is to demonstrate the controlled deliv-
ery of the microparticle to the destination, including the pickup, transport, and drop-off processes.
Figure 4.14 shows the time history of the microparticle position. Three insets in Fig. 4.14 show the
shapes and positions of the microparticle and the droplet at 3 different times (t = 9000, 12,100 and
13,000 for insets (a) - (c), respectively). In stage 1, the microparticle is picked up by the droplet
and transported to the position x = 2.30. At t = 9000, the droplet and the microparticle completely
stop, and their positions and status are shown in inset (a) in Fig. 4.14. At t = 12000, the wettability
gradient suddenly changes from stage 1 to stage 2. A strong wettability gradient is imposed on
the advancing portion of the droplet to quickly move away the droplet itself. Inset (b) in Fig. 4.14
shows the status of the droplet and the microparticle near the end of the separation at t = 12100.
The microparticle is dragged forward a little bit from x = −2.3 to x = 1.5 by the droplet before
the complete separation. After that, the main droplet moves while the microparticle enveloped by
the satellite droplet is dropped off at x = −1.5 (see inset (c) in Fig. 4.14). Using precise control of
substrate wettability in two stages, we successfully demonstrate an active trap-free delivery of the
hydrophobic microparticle to a destination on the substrate with a droplet carrier in the numerical
simulation.

Comparing these two designs for controllable delivery, the active delivery is more flexible for
parameter setup and does not require too much knowledge beforehand as that in passive delivery.
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Figure 4.14: Time history of the manipulation of the microparticle with a droplet. Three insets
show the shapes and positions of the microparticle and droplet at three different times: (a) t = 9000;
(b) t = 12100; (c) t = 12800. The droplet is shown in blue and the solid microparticle is green.
Reprinted with permission from [194]. Copyright 2015 American Chemical Society.

The main idea for active delivery is to transport and stop the microparticle in a designated area. After
that, the droplet is quickly and accurately dragged away by a strong wettability gradient, so that the
microparticle is left behind. The key requirement for active delivery is the accurate prediction of the
location of the microparticle and wettability gradient region in the second stage, which requires an
accurate control of the switching of electrode potentials in experimental implementations. On the
other hand, the passive delivery design does not need to switch the wettability gradient during the
process. So it does not require such a switch of electrode potential in the experimental setups, and
it can even be fabricated as a device without usage of electrodes.
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4.4 Conclusion

In this chapter, in order to obtain a better understanding of the manipulation (pickup, trans-
port, and drop-off) mechanisms of a single microparticle in a digital microfluidic (DMF) system,
we numerically studied the interaction among a solid microparticle, a solid substrate, and a liquid
droplet using MDPD simulations by varying different control parameters. The droplet can be used
as a carrier to pick up, transport, and deliver a single microparticle to a designated destination.

We conducted parametric studies to investigate the effects on the manipulation of the mi-
croparticle from the droplet size, wetting properties of the microparticle, and particle-substrate
friction coefficients. The results show that the microparticle manipulation processes are signifi-
cantly affected by these parameters. First, an increase in droplet size will speed up the microparticle
delivery process due to the larger contact area between the droplet and the wall. Second, as the
microparticle becomes more hydrophilic, the transport process is also accelerated, but for different
reasons. It is also found that the relative positions of the microparticle inside the droplet are dif-
ferent for hydrophobic and hydrophilic microparticles during the manipulation processes. For the
hydrophobic microparticle, it remains in contact with the substrate surface in the receding region
of the droplet, which retards the transport process due to the friction between the microparticle and
the substrate. For the hydrophilic microparticle, it is lifted up from the substrate surface so that the
friction disappears and the motion is accelerated. After studying the effects of droplet size and the
wetting properties of the microparticle, it is also found that the increase of particle-substrate friction
coefficients can lead to drop-off of a hydrophobic microparticle during the transport process. This
is because both the driving force and friction force increase with velocity, and the drop-off occurs
when the limited cohesive force inside the droplet to drive the microparticle is not strong enough
to overcome the continuously increasing friction force. This drop-off of the microparticle can be
affected by the droplet size and the wettability of the microparticle. By using a larger size of droplet,
the drop-off cannot be prevented, but the drop-off location is found to be closer to the starting posi-
tion. The critical velocity, which is defined as the instantaneous velocity of the microparticle right
before the occurrence of drop-off, is measured by curve fitting of the trajectory curve using different
sizes of droplets. From the comparison, it is found that the critical velocity is about the same for dif-
ferent sizes of droplets. This is consistent with our previous analysis, because by increasing droplet
size, only the driving force on the droplet is increased, not the driving force on the microparticle,
which is provided and limited by the cohesive force inside the droplet regardless of the geometry.
By changing the wetting property of the microparticle, however, the drop-off can be prevented when
the microparticle is more hydrophilic. As the microparticle becomes more and more hydrophilic,
the friction force can be reduced and even eliminated if the microparticle is hydrophilic enough to
be engulfed in the droplet.

Based on the numerical results above, these sensitive parameters, including the droplet size
and particle-substrate friction coefficients, can be used to guide the design of DMF systems for the
controllable delivery of single hydrophobic microparticles without any trap structures or external
forces. Two different designs, namely passive delivery and active delivery, have been demonstrated
to be capable of controlling the location for the delivery of single hydrophobic microparticle without
any trap design or external field forces. The active delivery is achieved by accurately and swiftly
switching the wettability gradient near the droplet, while the passive delivery requires knowledge
beforehand to predict the location for drop-off, which needs enough results from auxiliary cases
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using the same parameters. However, these designs cannot be applied for hydrophilic microparti-
cles, because the hydrophilic ones are engulfed in the core area of the droplet and have no more
contact with the wall. Thus the friction between the microparticle and the wall cannot be utilized to
immobilize the microparticle.

These numerical results provide a fundamental understanding of interactions among the mi-
croparticle, the droplet, and the substrate to facilitate the optimal design of a digital microfluidic
system utilizing microparticles. Based on these, better control of the pickup, transport, and drop-off

of microparticles can be achieved. Especially, two trap-free designs for the delivery of a hydropho-
bic microparticle is demonstrated through the numerical simulations, which provide a new technique
for the manipulation of hydrophobic microparticles in the DMF design.
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Chapter 5

Summary and Future Work

5.1 Concluding Remarks

The main objective and main contribution of this research is to study the manipulation of mi-
croparticles by droplets using numerical tools. The droplet is used as a carrier to pick up, transport,
and deliver a microparticle to a designated destination. From a numerical perspective, this prob-
lem incorporates several difficulties together, including the free interface between liquid and air,
solid-solid contact between microparticles and substrates, liquid flow with finite size particles, and
thermal fluctuations. After analysis of the strengths and shortcomings of different numerical simu-
lation techniques, the MDPD method was adopted as the tool for this numerical study. To validate
our code and develop the symmetric boundary condition, Poiseuille flow was first simulated using
the DPD method in both 3D and 2D configurations, and the velocity profiles obtained agreed well
with predictions based on the fluid’s viscosity. In the second validation case, the MDPD method was
applied to simulate the motion of a droplet driven by wettability gradients. The droplet velocities
at different positions were extracted using the quasi-stationary method, and the values agreed well
with theoretical approximations.

After the validation of the current numerical tool, the modeling of a solid microparticle was
designed to deal with both solid-liquid interactions and solid-solid interactions. A spherical shell
was used to represent the microparticle, and enough beads were packed on the shell surface to avoid
the penetration of liquid beads into the microparticle while naturally conserving the momentum
during solid-liquid interactions. Then the interaction between the rigid microparticle and the solid
wall was modeled based on contact mechanics. The adhesion force, normal force, and friction
forces between the microparticle and the wall were considered in our model. When all the relevant
forces on the microparticle from both the liquids and the wall were obtained, the translational motion
and rotational motion of the microparticle were integrated by summarizing the forces and torques on
each bead forming the microparticle. After building up the model of a solid microparticle, a baseline
case was conducted to simulate the pickup and transport of a hydrophobic microparticle by a droplet,
actuated by the wettability gradient of the wall. The microparticle was dragged by the droplet
toward the hydrophilic end, staying on the wall near the air-liquid interface. Due to the contact and
frictions between the microparticle and the wall for the whole process, the motion of the droplet
was decelerated compared to the motion of a droplet without the microparticle. Using the quasi-
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stationary method, the flow structures inside the droplet were found to be greatly different from those
of a droplet without a microparticle, especially the flows along the direction the droplet was moving.
The liquids behind the microparticle pushed the microparticle forward, and rotational motion of the
liquids on both sides of the microparticle dragged it upward. There was a hydrodynamic lift force
on the microparticle but not enough to lift it up from the wall.

After the modeling of the solid microparticle and analysis for the baseline case, parametric
studies were conducted to investigate the effects of different factors, such as the droplet size, wet-
ting properties of the microparticle, and particle-substrate friction coefficients. To be more specific,
the effects of different factors on the pickup, transport, and delivery of the microparticle were in-
vestigated. The increase of droplet size sped up the transport process, as larger contact with the
wall provides a larger driving force for the motion of the droplet and the microparticle. How-
ever, the increase of particle-substrate friction coefficients could lead to drop-off of the hydrophobic
microparticle during the transport process. Before the drop-off occurred, both driving force and
friction force increased as the velocity increased. In other words, a positive correlation between the
velocity and the driving force on the microparticle was observed during the transport process of the
microparticle. As the velocity kept increasing, when the friction force, or the required driving force
on the microparticle from the droplet, went beyond the maximum driving force the droplet could
provide, the microparticle would be dropped off from the droplet with some liquid beads attached.
This instantaneous velocity at the instant of drop-off was named critical velocity. The critical ve-
locity was found to be same for different droplet sizes, since it is determined and limited by the
cohesive force of the liquid but not the droplet geometry.

Besides the effects of droplet size and friction, the wetting properties of the microparticle also
has a great effect on the transport and delivery. For different microparticles, either hydrophobic or
hydrophilic, the relative position of the microparticle inside the droplet was totally different during
the transport process. For the hydrophobic microparticle, it always stayed in contact with the sub-
strate surface residing in the receding region of the droplet. This contact led to friction between
the microparticle and the substrate retarding the transport process. In contrast, the hydrophilic mi-
croparticle was lifted up from the substrate surface due to the strong attraction between the liquid
and the microparticle, so the friction and possible drop-off of the microparticle no longer existed.
Due to this difference, to control the delivery of microparticles, different strategies should be ap-
plied for hydrophobic and hydrophilic microparticles. For a hydrophobic microparticle, which is
relatively easier to manipulate than a hydrophilic microparticle, we demonstrated two trap-free de-
signs for controllable delivery by a droplet carrier without any other trap design or external forces.
The active delivery was achieved by accurately and swiftly switching the wettability gradient near
the droplet, while the passive delivery required knowledge beforehand to predict the location for
drop-off, which required enough results from auxiliary cases using the same parameters. However,
these designs could not be applied for strongly hydrophilic microparticles because these micropar-
ticles were engulfed in the core area of the droplet and had no more contact with the wall. Thus the
friction between the microparticle and the wall could not be utilized to immobilize the microparti-
cle. The possibility for a design to actively and accurately deliver a single hydrophilic microparticle
without trap structures and external forces will be discussed in the following future work section.

The numerical results provide a fundamental understanding of interactions among the mi-
croparticle, the droplet, and the substrate, which is beneficial for the optimal design of a digital
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microfluidic system for different functions. The MDPD method also provides a valuable numerical
tool that can be used to study more physics related to digital microfluidics and microparticles.

5.2 Future Work

Although the manipulation of a single microparticle by a droplet has been thoroughly ana-
lyzed in this research, with discussions on the effects of different factors, several aspects need further
development and closer examination.

5.2.1 Controllable delivery of single hydrophilic microparticles by droplets

The controllable delivery of microparticles is an important function for many biological and
medical applications. In previous results, we have demonstrated the controllable delivery of single
hydrophobic microparticles utilizing the friction between the microparticle and the wall, without the
assistance of any trap structures or external forces. However, strongly hydrophilic microparticles
tend to be lifted up from the wall and absorbed into the droplet, so that the friction cannot be utilized
for delivery in this case. To deliver a hydrophilic microparticle, one proposed idea is to successively
split the droplet in half until the daughter droplet containing the microparticle is small enough. In
experimental designs, various and accurate manipulation of droplets has already been successfully
achieved, such as transport, merging, splitting and positioning. However, for droplets containing
a single hydrophilic microparticle inside, the accurate positioning of the microparticle is still a
challenging objective since the microparticle is floating inside. Based on our current numerical
tool, a controllable delivery design for a hydrophilic microparticle can be explored and tested at low
cost, which can be beneficial for the experimental designs.

5.2.2 Effects of thermal fluctuations on the manipulation of microparticles

As introduced in Chapter 1, thermal fluctuations are an essential part of fluid mechanical
problems at microscopic and mesoscopic length scales [90–95], and this is also one of the reasons
why the DPD method is applied for this study. However, by far, we have not explicitly investi-
gated the effects of thermal fluctuations on the manipulation processes of microparticles. Previous
researches on droplet motion only [82] found that increasing thermal fluctuations is capable of as-
sisting the droplet motion during the transport, but not changing the final location where the droplet
stops. The effect of thermal fluctuations on the transport and deliver of microparticles needs to be
investigated.

5.2.3 Manipulation of microparticles by droplet between two parallel plates

Compared with the open system using one plate, the digital microfluidics system using two
parallel plates is better in the accurate control of the droplet and keeping the experimental environ-
ment uncontaminated. The droplet is sandwiched between two electrode substrates and surrounded
by some other immiscible liquid or gas, such as silicone oil, to avoid any contamination or evapora-
tion. Different flow structures can be expected for the droplet motion between two plates, compared
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with the results for droplet motion on single substrate. By modifying the geometries and configu-
rations, our current numerical tool is capable of revealing the details for the droplet motion, as well
as the manipulation of microparticles using this two-plate system.

5.2.4 Enhanced removal of microparticles by surfactants

For surface cleaning applications, how to enhance the efficient removal of dust particles is
the critical objective. The introduction of surfactants can be a feasible way to deal with the removal
of hydrophobic particles, which are more difficult to clean by distilled water than hydrophilic par-
ticles. The modeling of surfactants in the MDPD scheme needs to be built first. To be specific, the
interactions between surfactants and droplets, the interactions between surfactants and substrates,
and the interactions between surfactants and microparticles are required to model the whole system.

5.2.5 Removal of microparticles by large droplets driven by gravity

Surface cleaning techniques, or dust removal techniques, are widely used for solar panels in
large-scale solar farms, building surfaces and some other glass surfaces. Bioinspired by different
species of living nature, both animals and plants, self-cleaning technology by manufacturing super-
hydrophobic surfaces has rapidly developed since the late 20th century [196–199]. Water droplets
can easily roll down these superhydrophobic surfaces, taking the dust particles away with them.
With the development of self-cleaning coating technology, self-cleaning and antireflective glasses
have also been developed for solar modules to further improve their overall efficiency [200, 201].
However, in a desert environment, the amount of distilled water required for cleaning can still be
a big budget. So, to save the usage of water resources and to improve the removal efficiency, the
mechanism for the removal of dust and dirt particles by water droplets on superhydrophobic sur-
faces needs to be studied systematically. Based on our current mesoscopic numerical model, the
interactions between microparticles and droplets have already been investigated. However, to apply
our current mesoscopic model to the macroscopic droplets (≥ millimeter size) and particles (≥ 100
micrometers), a new scaling method needs to be built, otherwise hundreds of thousands of beads
will be required for the simulation, which is a formidable computational task. Another feature to
add for the modeling is gravitational force, which will be the driving force for the droplets and
microparticles instead of the surface tension force used in mesoscopic digital microfluidics systems.

5.2.6 Modeling of single microparticles using single beads

As for the modeling of solid microparticles in MDPD, there could be other alternatives sim-
ilar to those in the DPD method, as mentioned earlier. It could be modeled as a solid sphere with
beads filling both the surface and the inside of the sphere. Or the spherical microparticle could
be represented by a single bead with a large imaginary boundary. In this way, a perfect spherical
symmetry could be achieved, and it can also save a great deal of memory storage and calculations
for hundreds of beads forming the microparticles, as in our current research. Though the one bead
modeling, or point representation of the microparticle is not able to represent any other detailed
geometry for the microparticle, this can still be widely used for situations when the microparticle is
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quite small compared with the system, as a dust particle compared to a milliliter size droplet men-
tioned in the previous subsection. For this one-bead modeling, the interaction parameters between
the one bead microparticle and liquid beads need to be reestablished, as well as the interactions
between the one-bead microparticle and the wall.

5.2.7 Manipulation of magnetic microparticles in digital microfluidics

As introduced in Chapter 1, to have more flexible and precise control, magnetic micropar-
ticles, or magnetic beads, are adopted in different biological and chemical applications [29–31].
Based on our current model, we have already investigated the interactions among droplets, mi-
croparticles, and walls. And we have also demonstrated the pickup and transport of microparticles
by droplets, as well as the delivery of hydrophobic microparticles. By the addition of magnetic
forces, the delivery of hydrophilic microparticles can also be achieved. This was accomplished
by the addition of a proper field force in our current simulations. This external field force can be
turned on or off as requested and its direction can even be switched like rotating the magnetic poles
in experimental setups. More flow phenomenon and flexible manipulations can be expected from
simulations of droplets with magnetic microparticles.

5.2.8 Manipulation of multiple microparticles by droplet

The interactions between multiple microparticles and cargo droplets can be important for
many applications in digital microfluidics and surface cleaning applications. The capability and
limitation of the droplet to pick up multiple microparticles on the substrate is critical for particle
sampling and removal technologies. The interactions between multiple microparticles and a droplet
will be much more complicated to study. For a group of heterogeneous microparticles, the selection
of certain category of particles can be performed based on the difference of the wetting properties
of the microparticles. This process can be studied numerically based on our current tool, and the
flow structures inside the droplet carrying multiple microparticles can be revealed.

5.2.9 Shape extraction for thin film geometry

In Section 2.4.2, the relation between contact angles and interaction parameters has been
investigated by extracting the surface profile and fit the contact angle at different parameter values.
In order to have a stable measurement, a beautiful and smooth shape, as shown in Fig. 2.11 and
Fig. 2.12, is required to extract the geometry profile. However, if the contact angle is as small as
about 15◦ or less (superhydrophilic), the water droplet is spreading very widely on the wall and the
thickness of the liquid layer is really small to capture exactly. Also, since there is a randomness in
the MDPD method, it is hard to determine a clear exact shape for this really small contact angle.
The bead density distribution inside the geometry is not that clear to be determined (compared
with Fig. 2.11(b)), in other words, it is prone to be subjective to determine the shape. Due to
the randomness of this numerical method, there must be enough bead numbers to be clustered and
sampled to extract deterministic information. Therefore, for geometries with thin layers of particles,
a better way is needed to get useful information from them, such as for superhydrophilic thin films.
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