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Abstract Optoelectronic tweezer (OET) has become a
powerful and versatile technique for manipulating micro-
particles and cells using real-time reconfigurable optical
patterns. However, detailed research in the dynamics of
particles in an OET device is still scarce, and the multiple-
particle interactions still need further quantitative investi-
gation. In this study, a dynamics simulation model coupling
optically induced dielectrophoretic force, interaction forces
between particles, and hydrodynamic and sedimentary
forces is established and numerically solved by utilizing
a finite element method and a dynamics simulation frame
for multi-microparticles’ positioning and assembling in a
typical OET device. The spatial distributions of particles in
the energized OET device before optically projecting are
simulated first and the condition for particle chain forma-
tion is discussed. Then, the most representative ring-shaped
optical pattern is applied, and the influences of optical-ring
tweezer’ dimensions of inner radius R, and width d. on
positioning and assembling effect are dynamically simu-
lated and discussed for 5- and 2-pm radius particles. The
simulation results indicate the particles inside and outside
optical ring both undergo negative DEP and are distributed
centre-symmetrically under the action of ring virtual
tweezers. Average distance between the particle and center
of ring (ADPC) at equilibrium and the system equilibrium
time characterizing particle positioning effect dramatically
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increase for both 5- and 2-um radius particles while R,
increases from 35 to 55 um. Specially, the captured parti-
cles will pile up and immediately form a three-dimensional
micropyramid structure when R. approximately equals
25 pm for the 5-pum radius particle. Moreover, ADPC
decreases very slowly for both two particle-sizes and the
system equilibrium time of 2-um radius particle vary more
obviously than that of 5-um radius particle with d,
increasing from 10 to 30 um. And the system equilibrium
time for 2-pum radius particle is always larger than that for
5-pm radius particle. The primary simulation results are in
good agreement with experimental observations; hence this
dynamics simulation model can truly predict the particle-
moving trajectory and equilibrium positions in an OET
device. Moreover, this dynamics simulation holds promise
for designing and optimizing optical patterns for accuracy
in assembling particles in order to form a specific
microstructure.

Keywords Dynamics simulation - Optoelectronic
tweezers - Microparticle assembly - Microfluidics

1 Introduction

Dielectrophoresis (DEP) is the motion of neutral polariz-
able particles polarized in non-uniform electric fields (Pohl
1978). The net electric force of the polarized particles in
non-uniform electric field is dielectrophoresis force. As a
kind of non-contact, non-destructive manipulation tech-
nology, DEP is good at efficient separation, transportation,
focusing, filtering and detection of colloids and biological
particles to ensure the high-quality analysis of chemical
and biological samples (Green and Morgan 1997; Morgan
et al. 2003; Aldaeus et al. 2005; Cheng et al. 2007). In
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order to manipulate particles, metallic microelectrodes are
usually designed and fabricated. The electrode configura-
tions are commonly fixed and cannot be reconfigured in
real-time, which leads to high cost and complexity and
possibly restricts the flexibility in microparticles’ manipu-
lation applications. In order to break through the bottleneck
of physical electrode, Wu’s group (Chiou et al. 2005) puts
forward optically induced dielectrophoresis (ODEP) tech-
nology, which is also visually called optoelectronic twee-
zers (OET). Based on photoconductive materials, optical
virtual electrodes are able to be created on photoconductive
film; thus the non-uniform electric field is produced, and
then microparticles can be manipulated by dielectropho-
resis force in the OET device.

Many publications on ODEP technology focused on the
experimental research, such as the interactive manipulation
of blood cells by ODEP (Hwang et al. 2008a), manipula-
tion of semiconducting and metallic nanowires (Jamshidi
et al. 2008), continuous microparticle counting and sort-
ing(Lin and Lee 2008), parallel single-cell light-induced
electroporation (Valley et al. 2009), separating particles
utilizing ODEP force difference (Lin et al. 2010) and
manipulation and patterning of carbon nanotubes (Lee
et al. 2010). Additionally, some published papers have
contributed to the aspect of simulation research for the
understanding and analysis of the physics implied in DEP
or ODEP phenomena. Ohta (2008) and Jamshidi (2009)
modeled and simulated the principle of OET with the finite
element method (FEM) and analyzed the positioning and
assembling of micro and nano particles with optically
induced electrodes. Hwang et al. (2008b) carried out basic
simulation on two particles’ interactive forces under ODEP
and simulated the trajectory of the two particles. Li et al.
(2008) simulated the electric field of optical virtual elec-
trodes and compared the efficiencies of manipulating single
particles by using an optical electrode and a physical
electrode. Valley et al. (2008) presented the finite element
modeling of the electrokinetic effect and investigated the
operational regimes in the OET device. However, the
motion of a particle polarized by the optically induced non-
uniform electric fields in OET device significantly influ-
enced by the force action of all other particles around it
within a certain space range and this multi-particle effect
has not been quantitatively investigated as yet. Moreover,
the dynamic simulation for OET manipulation of particles
has not been quantitatively investigated in earlier literature,
and the dynamic process of particle movement is crucially
important for better understanding and controlling the
dynamic assembly of particles using the optical-ring virtual
tweezer.

The numerical simulation method used to simulate the
motion, trajectory and dynamic properties of particles can
be divided into many types according to the simulation
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principle. As one of the most effective dynamic simulation
methods, the molecular dynamics (MD) simulation method
is able to analyze colloidal particles’ motion, and the
motion equation of each particle could be solved on a step-
by-step basis. The MD simulation method does not require
the solving of Navier—Stokes equations, which has also
shown great advantages in micro- and nano-particle di-
electrophoresis (Salonen et al. 2005; Lin et al. 2006; Ni
et al. 2009). However, the computation amount of MD
simulation for dielectrophoresis of colloids in a complex
electric field is relatively huge and becomes a great chal-
lenge to the hardware performance. The MD program for
simulating colloidal DEP is commonly based on the
polarizable colloidal particle model consisting of a large
macroion and small bound microions (Salonen et al. 2005),
and have to conduct a numerical computation of approxi-
mate 2 million simulating steps for ~2,000-20,000 parti-
cles and each step takes about 1-2 s for computation.
Especially, the total computational time will be prolonged
when the MD simulation needs to be repeated many times
for diverse electrode geometries and dimensions in order to
design, analyze, and optimize the DEP-based microfluidics
system.

In order to reduce computation time and hardware cost,
FEM and a dynamics simulation (DS) framework are
jointly considered in this paper. Firstly, electric fields in
three-dimensional (3D) computing domain of OET device
are calculated by FEM. Secondly, motion equations of
microparticles driven by multiple physical forces in OET
device are solved by using the dynamics simulation frame,
then the kinetics of particles are calculated and the whole
system’s properties can be investigated. FEM is more
efficient and flexible than typical MD methodology on
calculation of complex or irregular geometric models, and
thus this FEM-DS joint approach can save computation
time significantly because this method do not involves a
particle model consisting of a large macroion and many
small bound microions as motioned before (Salonen et al.
2005) but consider a polarized particle as a whole.
Therefore, the total number of particles in this DS program
could be reduced. It is meanwhile more applicable for
complex geometry boundaries and computing domains.
The spatial distributions of particles in an energized OET
device without an optical pattern are simulated first, and
the condition for particle chain formation is discussed.
Given that the ring-shaped optical micropattern is the most
representative optical pattern used in an OET chip (Chiou
et al. 2005; Zhu et al. 2010a, b), which typically reflects
and illustrates the main principle of OET phenomena, this
study then focuses on the particle dynamics within ring-
shaped optical patterns. After the optical pattern is swit-
ched on, the influence of the dimensions of optical-ring
virtual tweezers on positioning and assembling of particles
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is investigated by repeating the dynamics simulation for
ring virtual tweezers of different sizes. Additionally, the
dynamics simulation model in this study was experimen-
tally verified based on an OET platform, and the experi-
mentally verified results demonstrate that mathematical
model describing the microparticles system in an OET
device is credible, and the simulation results achieved
through FEM and DS joint approach truly reflect the
dynamics laws of microparticles in a typical OET device.

2 Model and method

2.1 Structure and physical model of typical OET
device

The typical structure of an OET device is shown in Fig. 1a
and b, and the simulation work is based on this physical
model. The fluidic chamber of this device is set as the
computational domain of microparticle dynamics. The
photoconductive layer was fabricated by plasma-enhanced
chemical vapor deposition (PECVD) and was consecu-
tively deposited with n+ a-Si:H film with thickness of
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Fig. 1 Structure and equivalent circuit of OET device. a Schematic
3D structure of OET device. b Cross-section view of the OET device
and structure of photoconductive layer. ¢ Equivalent circuit of OET
device. The capacity and resistance of the a-Si:H layer will change
when the light illumination is switched on from off state. Other
resistance was measured as about 1.3 Q totally, including the ITO
resistance and the contact resistance existing between the electric wire
and ITO layer

50 nm, intrinsic a-Si:H film with thickness of 1.5 pm and
SiCx film with thickness of 25 nm on a ITO glass. The
equivalent circuit model is shown in Fig. 1c. In this OET
device, the conductivity of photoconductive film (a-Si:H)
layer in dark environment is approximately 6.7 x 10~ S/m
and the conductivity of a-Si:H is estimated to increase to
0.2 S/m with strong projected white light source in our
platform. The optical pattern can be produced by the
DMD-based projector, and then transmitted through sev-
eral optical reductions and finally projected onto the pho-
toconductive surface of the OET chip controlled by
manipulation control software. When an AC voltage signal
(its effective voltage is denoted as U,) is applied to the
device and the projected optical pattern with specific
shapes is projected to the chip, the photoconductive film is
divided into bright and dark areas, the optical bright-dark
pattern. The optical pattern projected on the photocon-
ductive layer in the OET device is similar to the metal
electrode pattern in the DEP microsystems (Khoshmanesh
et al. 2010; Zhu et al. 2010c); hence the optical pattern is
also visually called virtual electrode or virtual tweezers.
Owing to the conductivity variation across the photocon-
ductive film, there are varying drops in voltage within light
and dark areas; thus a specific non-uniform electric field is
generated. The voltage drops across the liquid layer within
light and dark regions, Uy and Up, respectively, can be
calculated according to the thickness, conductivity, and
permittivity of each film layer.

2.2 Mathematical model for multiple forces
on particles in OET device

The non-uniform electric field can be generated by selec-
tively illuminating the photoconductive layer inside the
OET device, and then the polarized microparticles sus-
pended in the fluidic chamber of the OET device will be
driven by DEP force. The expression of the DEP force
acting on the ith spherical particle can be approximately
expressed in terms of dipole effects as (Chiou et al. 2005;
Lin et al. 2006):

FDEP,[ = 27TR3SmﬁVEi2 (l)

where R is the radius of particles, ¢, is the permittivity of
solution, E; is the electric field intensity (root-mean-square
value) at the position of the ith particle, f = Re[(¢; — ¢,)
/(ey +2¢;,)] is the real part of Clausius-Mossotti (CM)

* and ¢’ are the complex permittivities of particles

P
and solution, respectively. ¢* = ¢ — ja/(2nf), ¢ denotes the

conductivity and f denotes the frequency of the alternating
current (AC) signal.

Besides the dielectrophoretic force, polarized particles
are also driven by interacting electrostatic forces between

factor, ¢
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particles because the polarization also generates an electric
field of its own. For any two polarized particles i and
particle j, their electrostatic interacting force Fp ; can be
approximately described as Eq. 2 when the radius is less
than electrode’s characterized parameter (Kadaksham et al.
2004; Lin et al. 2006):

3
Fp; = P (rij(Pi p;) + (v - p)p;
)
5
+(ry - Pj)Pi - ﬁ”ij(pi : rij)(Pj - Ty) (2)
ij

where r;; is the distance vector between the center of par-
ticle i and the center of particle j, and p = 4nenR>SE.

Then, Fp; = Zx i Fp,; is the net electrostatic interacting
force acting on the ith particle by the other particles (N is
the total number of all particles).

The moving particles in fluid are also resisted by fluidic
solution. When the ith particle moves in fluid at speed of v;,
the fluidic resistance is generally expressed as (Morgan and

Green 2003):
Fdrag,i = _67T#Rvi (3)

where p is the dynamic viscosity of the fluid. The motion of a
given particle will induce a slight flow field in the solvent,
which may be felt by other particles, but this effect is not
noticeable in the positioning and assembling of particles in the
OET device, and is thus ignored in this study.

In addition, any two particles repel each other in the
angstrom to nanometer range. In order to simplify calcu-
lation, the short-range interactive force of particles i and j
can be described as a continuous expression (Parthasarathy
and Klingenberg 1996):

) r
Fp; = —Fpoexp| —« -1 Y 4
b 70 p< (5P )> | @

where Fpq is the magnitude of the electrostatic force when
two particles are nearest. k' characterizes the range of the
force. Op is the shortest distance between two particles.

Based on Eq. 4, Fp; = Zx 2 Fpjj is then the net short-
range interacting force acting on the ith particle by the
other particles. The repulsive force on the ith particle from

the boundary of simulation unit has the similar expression:

|| r;
Fo, = _F LA 5
v W“‘“"“”( K<5w i ®)

where Fy is the maximum force repelling the boundary
by a particle, dvw is the minimum distance between particle
and the boundary, r; is the perpendicular distance vector
between the ith particle and the boundary.

Micro polystyrene (PS) spherical particles are investi-
gated. The magnitude of the mean displacement due to
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Brownian motion for spherical particles is given by |Ad| =

VkpTot/3nuR (Hughes 2003), where kj is the Boltzmann
constant (1.3806503 x 10~* m” kg/s*/K"), Ty is the tem-
perature (in Kelvin), and ¢ is the time. IAdl can be
approximately calculated as 0.293 pum for the 5-pum radius
particle, and as 0.463 um for the 2-pum radius particle when
using the following parameter values: T = 293 K,
p=1.0 x 107> N s/m? and r = 1 s. Therefore, the parti-
cles with a radius larger than 2 pm could be controllably
positioned and assembled with a relative positional error
<0.5 pm. At this state, Brownian motion could be negligible
because it has little effect on the microparticles’ motion in
this study. At the same time, Fy ; is the sedimentary force on
the ith particle due to the density difference of PS beads and
de-ionized water used in this study and its expression is:

4
Fy; = g”(ﬂp — pm)Rg (6)

where p., and p, are the densities of the aqueous solution
and microparticles, respectively, and g is the gravity
acceleration.

According to the above conclusions and Newton’s sec-
ond law, motion equation of the ith particle with the mass
my, in fluid can be described as:

my, dd—‘;’ =Fpep; +Fpi + Fanagi + Fp; + Fw; +Fv;  (7)
There is no fluidic flow motion in this study. However,
for some special applications, if fluidic flow motion needs
to be included into this model, the driving force on the
particles by fluid motion should be added to the right-hand
side of Eq. 7.

The inertia part can be neglected when the solution’s
viscosity is close to the water’s viscosity (Morgan and
Green 2003). Therefore, the final equation is:

Fpep; + Fp,; + Fargi + Fpi + Fw; +Fy; =0 (8)

The dimensionless units of length, time, and electric
potential are set as L, T and U, respectively, and they are the
characteristic parameters for simulation. Substitute Egs. 1-6
into Eq. (8) and the final simplified equation is described as:

dx;
d—’i = PpepFDEP; + PoFD; + FP; + FW, + FV; 9)
In this equation, X; is the displacement vector of the ith

particle, which indicates the particle position; 7 is the time in
this dynamic system. Ppgp = 2BR%e,U>T/(3L*1), Pp =
2BR%enUT /(L") = 38(R/L)’Ppgp. FDEP, FD, FP,
FW;, FV; are the corresponding dimensionless expressions
for DEP force, electrostatic interaction force, short-range
interaction force between particles, short-range repulsive
force between particle and boundary, and sedimentary force
for the ith particle.
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2.3 Simulation model and parameter settings

In the simulation model of microparticle dynamics in a
typical OET device, an AC voltage signal of 20 Vpp at
1 MHz and the de-ionized aqueous solution with a con-
ductivity of ~3 x 107> S/m are applied. In the optoelec-
tronic tweezer device, AC electroosmosis (ACEO) flow
effect (Chiou et al. 2008; Hwang and Park 2009) is usually
prominent with frequencies below about 100 kHz. Here,
the frequency of 1 MHz is chosen in order to avoid the
ACEO flow effect. That is mainly because the ACEO is not
beneficial for positioning and assembling microparticles in
order to form a stable pattern or structure of particles as
well as to quantitatively control the interval between par-
ticles simultaneously. The OET device can be operated
with or without projecting an optical pattern. When there is
no micro-optical pattern projected onto the OET device,
the particles have the special dynamics’ properties under
the action of Fy, Fyw, Fp, and Fp forces without the DEP
forces (more details can be found in Sect. 3.1). This case
does not need any virtual electrode modeling and the
boundary condition is simply: the top surface is ground, the
bottom surface is with a potential of Up, and the other
boundaries are electric insulating. In contrast, when an
optical pattern is projected onto the OET device bottom,
the optical virtual electrode must be modeled and the
corresponding boundary conditions should be exerted.
The ring-shaped optical pattern is the most typical and
common optical pattern used in the OET chip, which
representatively reflects and illustrates the main principle
of OET phenomena. For instance, the ring-shaped optical
electrode can be utilized for several typical applications of
particle capturing, concentrating, and transporting (Chiou
et al. 2005; Zhu et al. 2010a, b). Therefore, modeling a
ring-shaped virtual electrode can provide valuable and
representative references for many applications of OET
technology. A ring-shaped optical pattern with inner radius
R. and width d. was employed (the ring-shaped light pat-
tern is stationary in this paper) in this simulation. The
effective voltage of light and dark areas is calculated as
U, ~ 64V, Up ~ 5.2V, respectively, according to the
geometry of light pattern and physical equivalent circuit
model of the OET device. The sectional view of corre-
spondingly solving domain and boundary conditions is
shown in Fig. 2. Given that the boundary of the optical
electrode on the light path is not explicit, there is a region
of transition between the light and dark areas, which forms
a halation ring, and a Gaussian function is applied to the
inside and outside of the ring boundary symmetrically, as
shown in Fig. 2b. In this case, the Gaussian profile of the
electrical potential applied to the inside and outside area of

—(r—r})?

the ring can be expressed as V; = 5.2+ Ae 22 /270

533
Ground
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ox ox
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Fig. 2 a Sectional view of boundary conditions of the simulation
model. b Gauss distribution of the electrical potential is applied to the
inside and outside of the ring boundary symmetrically. The Gauss
distributions on both sides of optical ring characterize the optical
projecting system of the OET platform

- 2
and Vy;, =52 +A6%/MG, where r represents the
radial position and A and o can be calculated as
32793 x 107> and 1.09 x 107> according to the peak
value of the Gaussian profile which equals Uy (x6.4 V).
Afterwards, the non-uniform electric field in the fluid
region of the OET device governed by the Laplace
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equation 0%¢p/0x> + 0%¢/dy* +0%@/0z2 =0 (¢ is the
electric potential) was numerically solved by a commercial
finite element program (Comsol Multiphysics 3.2a). After
calculating the electric field intensity, electric field gradi-
ent, and so forth, in the FEM program, the solved electric
field data were then imported into a FORTRAN simulation
platform installed in a 64-bit quad-core processor
computer.

In the FORTRAN simulation model, the dimensionless
units are set as following: L = 100 um, U =1V, and
T = 1,000 s. The simulation domain is a 3D cuboid with
bottom side length of 2L and height of 0.9L. The total
number of particles is set as N, and the particle’s radius is
set as R = 0.05L or R = 0.02L. The initial heights of the
particles are randomized when the optical pattern is swit-
ched off, while set as 0.22L when modeling the particles’
dynamics with the ring virtual electrode projected. The real
part of colloid’s CM factor f§ equals —0.474 according to
the equation f§ = Rel(¢; — ¢,)/(¢, + 2¢;,)] and the input
AC signal frequency equals 1 MHz. The DEP force in this
study is calculated by using a point-dipole model and
without considering the perturbations from the presence of
finite-sized particles. And this calculation method for DEP
force is applicable here mainly because the particles’ initial
positions have a height of 0.22L above the optical pattern
surface and relatively away from the edge of the optical-
ring virtual electrode in horizontal direction. In contrast, if
the particle is very close to the virtual electrode edge where
the length scale of the nonuniformity of electric field is
comparable to the particle radius, the distortion of the
electric field by the presence of particles should be con-
sidered for more accurate calculation (Ai et al. 2009,
2010). Additionally, the expression of CM factor in the
point-dipole DEP model is benefit for easily choosing the
frequency and solution parameters suitable for the particle
assembling within an optical ring.

Finally, simulation time step is set as dr which is in the
orders of 1077 to 10T if there is no special indication
(generally, df needs to satisfy the following condition:
Vmax df < 0.1R and v,,,, denotes the maximum velocity of
particles) and the total number of simulation steps is set as
ts. At the initial moment of simulation, particles are dis-
tributed randomly utilizing the “random_seed” function in
FORTRAN platform, the initial velocities of all the parti-
cles are zero and they are at the same height. Particles’
velocities at next moment can be achieved according to
Eq. 9 and their displacement coordinates can be achieved
by integration of velocities trough Velocity-Verlet algo-
rithm (Allen and Tildesley 1989). The particles’ coordi-
nates and velocities at different simulation moments can be
obtained by continuous cycling computation and the sim-
ulation of microparticles’ motions under optical virtual
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Fig. 3 Flow chart of the dynamics simulation for multiple micro-
particles in OET device

electrode could be completed in this way. The whole flow
chart of the dynamics simulation of microparticles in OET
device is presented in Fig. 3.

3 Simulation results and discussions with experimental
verification

3.1 Particle distribution without optical projecting

The distribution of microcolloids in the electric-signal-
actuated OET device without projected light pattern is
simulated firstly according to the above simulation settings.
The total number of colloidal particles N is 15 and the total
number of simulation steps zs is 300,000. At the initial
status, all colloidal particles randomly distribute in the 3D
fluidic chamber as shown in Fig. 4a and b. The particles are
moving freely under the action of Fy, Fy and Fp forces
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Fig. 4 a, b The 3D view and

sectional view of the initial (a)
distribution of microparticles

with 5-pum radius without input

of the AC signal in simulation.
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energization for OET device
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without electrical input until all the particles sediment
nearly at the bottom of the fluidic chamber at the
150,000th step (see Fig. 4c). At this point the electrical
input is suddenly on. Thereafter, the colloidal particles in
random distribution disperse gradually and finally are in
staggered and uniform distribution upon reaching a
equilibrium state (see Fig. 4d), and the distribution des-
tiny decreases from 11.2/L* to 3.8/L?. This is because a
bias voltage generates vertically across the fluidic
chamber and an approximately uniform electric field is
thus created in the fluidic chamber. The particles disperse
gradually is mainly caused by electrostatic force Fp
between the adjacent dipoles of particles induced by the
vertical electric field. The whole system is rearranged to a
dynamic stable distribution at last. It follows that all the
particles are able to be positioned in a relatively incom-
pact form and each particle has a fixed position in OET

device even without projected optical pattern. Moreover,
the final distribution destiny of particles could be con-
trolled by the fluidic chamber size and the particle
number.

In order to verify the simulation method and results,
corresponding experiments are implemented based on the
OET platform established by our group (Zhu et al. 2010b).
The observation images of microparticles can be acquired
by a charge-coupled device camera (Imaging Source Eur-
ope GmbH, Germany) connected to the upright microscope
(Nikon ECLIPSE 50i) observation port. Solution contain-
ing PS beads (Duke Standards, mean diameter
10 & 0.05 um) with a conductivity of 3 x 107> S/m is
chosen for the experiments in this study. The experimental
results indicate that PS particles concentrated in stochastic
groups before the input of the signal (shown as Fig. 4e).
After the input of the signal, approximately stationary
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particles moved away from surrounding particles slowly
and distributed in a relatively uniform form with nearly
equal distance between particles after 1-2 min (shown as
Fig. 4f). The experimental phenomenon agrees well with
the simulation result.

In the above simulation, the electrical input was swit-
ched on after all particles settled on the bottom of fluidic
chamber where all particles are in fact at the same height.
The following simulation will focus on the case that the
particles have not subsided to the chamber bottom when
the electrical input is switched on. Initially, the particles
distribute randomly at the different heights in the fluidic
chamber and the initial positions of particles are also set as
presented in Fig. 4a and b for the following simulation. In
the simulation, df = 2 x 107 s, ts = 150,000. The chain
formation of particles in vertical directions at t = 0.37 is
presented as shown in Fig. 5a and b. This simulative result
of vertical particle—particle attraction is consistent with
some published experimental results (Hwang et al. 2008b;
Hwang and Park 2011). In the case shown in Fig. 5a, the
DEP force can be neglected because of the uniform electric
field, and the electrostatic interaction force is the domi-
nant force on particles. Referring to Fig. 5¢ and Eq. 2,
the electrostatic force acting on particle-pl can be calcu-
lated as

127em f*ROE2
Fpp=——7—"
T2

(e; +2(e; - 2)z — 5e.(z - €,)?)  (10)

where z is the unit vector along the z-axis, e, is the unit
vector along the vector rj,, and e, is the unit vector
perpendicular to e, as shown in Fig. 5c. Then, Eq. 10 can
be rewritten as

127em f*ROE2
FD,12 =3
a))

((1 —3sin® O)e, —sin20e,)  (11)

where 0 is the intersection angle between r;, and the
horizontal plane. From Eq. 11, electrostatic force Fp
between two particles is perceived as repulsive force when
1 — 3 sin%0 > 0, e.g. 0° < 0 < 35.3° while Fp is per-
ceived as attractive force when 1 — 3 sin’0 < 0, e.g.
35.3° < 0 < 90°. Consequently, particles could be assem-
bled to form pearl chains in vertical directions when the
particles suspended at different heights, and this sort of
pearl chain formation can only be obtained when two
adjacent particles have the special relative positions as
stated above. In the OET device, many particles are usually
freely and randomly suspended at different heights without
any external control, so the possibility of satisfying the
above particle-chain formation conditions is very large as
indicated in the simulation results. Additionally, the par-
ticle—particle electrostatic force is calculated without con-
sidering the perturbations from the presence of finite-sized
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Fig. 5 a, b The simulative formation of particle pearl chain in
vertical directions. ¢ The schematic of the electrostatic interaction
between two particles

particles. Although this will affects the accuracy particle—
particle electrostatic force, the calculation of electrostatic
interacting force Fp ; based on effective dipole moment
method is still have adequate accuracy for predicting the
spatial distribution of particles and meanwhile has a high
computing efficiency.

3.2 Distribution of particles within optical ring
in OET device

After the above simulation for particle distribution without
optically projected, the following research work focuses on
the particle distribution under the action of the optical-ring
virtual electrodes (or called ring virtual tweezer). An
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Fig. 6 Simulative and t=0

t=0.0001T

experimental of 5-um radius
particles’ trajectories under ring
electrode and electric filed
analysis. a—¢ The simulation
result of the particle distribution
varying with time. d—f The
experimental result of the
particle distribution varying
with time. g Computed
distribution of electric field
intensity in the middle cross-

section (slice at y = 0).

h Profile of electric field
intensity at z = 0.08L along the
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section
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optical-ring electrode with inner radius R, = 50 um and
width d. = 10 um is employed in the simulation model
and the dynamics simulation is then implemented. Parti-
cles’ positions varying with time calculated from the sim-
ulation model after the input of ring virtual electrode are
indicated in Fig. 6a—c: the inner particles distribute in the
symmetrical and concentrative structure while outer parti-
cles distribute in the uniform and disperse structure. In
verification experiments, the optical ring produced by the
DMD-based projector was projected through several
reduction optics onto the photoconductive surface of ODEP
chip controlled by manipulation software developed by our
group, and the experimental results are shown as Fig 6d—f.
The laws of particles’ motion and distribution both in
experiment and simulation are similar. However, the time
instant 0.5 s in Fig. 6e may still a little larger than the
0.00017 (=0.1 s) in Fig. 6b when the simulative and
experimental particle distributions have the nearly same
pattern. This is because there is possibly a little difference

1] 0.4 08 1.2 1.6 2
x[L]

(h)

between the actual physical property of the photoconduc-
tive layer in OET device and that in the simulation model.

Additionally, the inertia part was neglected in Eq. 7 so
that there is a little error between the experimental and
simulative motion of particles during the initial accelera-
tion of particles within a very short time.

Particles’ distribution results can be explained as fol-
lowing: the real part of the CM factor of the polarized
colloidal particle is minus (ff < 0) after the input of AC
signal (20 Vpp, 1 MHz). Therefore particles’ motion is
negative dielectrophoresis, and thus particle will move
along the direction which electric field intensity reduces in
Fig. 6g shows the 3D numerical simulation of the distri-
bution of electric field under the illumination of a circular
optical ring. The profile of electric filed intensity at the
height of 0.08L above the domain bottom surface in the y-
direction cross-section in Fig. 6g is shown in Fig. 6h.
Electric field intensity decreases sharply from outside to
inside along the radius direction inside the electrode and
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increases a little near the center of the ring electrode. As a
result, the particles inside the ring electrode move from the
periphery area to the central area and distribute in an
equilibrium structure again under the action of electrostatic
force and interactive force. The structure is obviously
central symmetric with the geometrical symmetry feature
of ring electrode. On the other hand, electric field intensity
outside the ring decreases sharply away from the center in
radial direction, therefore the outside particles move away
from the electrode under negative dielectrophoresis.

3.3 Dynamics of capturing and positioning of particles
by optical ring

Flexible and controllable optically induced ring electrode
can be employed to capture, position and assembly micron
particles within a tiny region under the microscope, which
is meaningful in microfluidics applications such as
detecting bioparticles of interest or constructing special
microstructure with particles. In an OET device, large
working range can be achieved just by simultaneously
using several or many optical rings (i.e. optical-ring array).
Each optical ring is only responsible for the particles within
it. The particle dynamics in each optical ring would be the
same. Therefore, the most important research work should
be focused on the particle dynamics in one optical ring in
which the particles can distribute symmetrically and then
form special and useful structure automatically through
certain kinetic processes. Based on the above simulation
model and parameter settings, four particles’ capturing
processes under virtual ring electrodes with varied geo-
metric parameters are simulated and discussed as follows.

At the initial time, four particles under the actuation of
electric voltage were assumed to distribute uniformly with
the centers of four particles composing a square with side
length of ~30 pum at the height of 0.22L before the optical
ring appears. Then, the microparticles were captured by a
ring virtual electrode with dimensions of R, = 35 pm and
d. = 10 pm in simulation. The simulative trajectories of
5-pm radius particles are shown in Fig. 7a: four particles
far away from the ring center are driven by DEP force and
start moving toward the center in the direction in which
electric field intensity decreasing fastest (that is radius
direction) and rebalance under the action of electrostatic
force and short-range force finally. The total simulation
takes about 15,840 simulation steps from the initial
moment to rebalance. Particles’ average displacement
D (referring to Fig. 7a) is about 11.1 pm. The variation of
horizontal DEP force Fpgp, electrostatic force Fp and
short-range force Fp with particles’ average displacement
are shown as Fig. 7b. With the increment of displacement
from the periphery to the center area inside the ring, Fpgp
decreases from 101.1 to 24.0 pN dramatically, while both
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Fig. 7 a Motion trajectories of four particles by the action of ring
virtual electrode. b The dependencies of multiple forces on the
particle displacement D

Fp and Fp increase a little and their maximums are still
smaller than Fpgp. It can be seen that DEP force is dom-
inant for determining particles’ motion in this case, and
particles’ motion velocity will determine the equilibrium
time. Therefore DEP force is the decisive factor influencing
the equilibrium time needed for particle positioning and
assembling.

3.4 Dynamics of microparticle positioning
and assembling using optical rings
with different geometry dimensions

The distribution of the non-uniform electric field generated
by optical virtual electrode has a remarkable dependence
on virtual electrode’s geometric dimensions, so the posi-
tioning efficiency and assembling effect will changes cor-
respondingly. In order to control the positioning and
assembly of multi-particles and make every particle occupy
specific position, the dynamics simulations for an optical
circle-ring with diverse radius and width are implemented.
The particles with 5- and 2-um radius particles (Duke
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Standards) were both employed in this study. The aqueous
solution containing 2-pm radius PS beads also has a con-
ductivity of 3 x 107> S/m.

3.4.1 Influence of optical ring’s inner radius on dynamics
of particles

In order to analyze the influence of electrode’s inner radius
on particles’ assembling and positioning effect and effi-
ciency, four particles are recaptured in the simulation
model and dynamics simulation is implemented again by
keeping electrode’s width d, invariable (d. = 10 um) and
changing the inner radius R.. At each initial state, the
geometric centers of particles are stochastically distributed
on the same geometric circle with a 20-pm radius for 5-pm
particle and a 10-pum radius for 2-pm particle at the same
height. The average distances between particle and the
center of ring electrode (ADPC) after equilibrium (refer to
Fig. 8a) is defined to characterize the particle final posi-
tions for different electrodes’ inner radii. The simulation
result for ADPC is compared with the corresponding ver-
ification experiments for both 5- and 2-um radius particles.
As shown in Fig. 8a, both the simulation and experimental
values of ADPC increase drastically and monotonically
with the increase of R., and the simulation result is in
qualitative agreement with experimentally observed trend.
Therefore, the dynamics simulation model is able to predict
the positions of the assembled particles. It follows that we
can control the geometric structure of assembled particles
and the intervals between particles by subtly tuning the
radius of optical ring. Nevertheless, further discussion is
needed for interpreting the small differences between
simulative and experimental data. As shown in Fig. 8a, the
simulative value of ADPC is relatively smaller than the
experimental value as R, decreases below 45 pm for both
5- and 2-pm radius particles. For instance, the relative error
is about 22.2% when R. equals 35 pm for 5-um radius
particle and the particles aggregate more fiercely in simu-
lation. This is probably because the dipole of the particle
itself induced by external electric field also causes an
electric field with inverse directions, which could in turn
counteract and weaken nearby external electric field in
practical experiment. This effect exhibits more conspicu-
ously when the R, decreases blow 45 pm for both 5- and
2-um radius particles is probably because the particles are
closer to each other and the closer particle dipoles have
more impact on the nearby external field, which leads to
smaller DEP forces than the ideal DEP force values in
simulation model. As a result, the particles in experiment
radially moved inward for a shorter distance (e.g. larger
ADPC) than that in simulation. On the other hand, the
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Fig. 8 The dynamics law for assembling particles under different
ring virtual electrode’s inner radius R.. a The variation of ADPC with
R.. The geometry centers of particles were randomly distributed on
the same geometric circle with a radius a (constant value) at initial
state for each time calculation. The values of a are 20 pm and 10 pm
for the 5- and 2-pm radius particles, respectively. b The variation of
the equilibrium steps with ring inner radius R.. ¢ The variation of
FDEP (mean value) at particle initial positions and the displacement
D with ring inner radius R,
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simulative ADPC is higher than the experimental value as
the virtual electrode’s radius increases above 50 pm. For
instance, simulative ADPC value of 5-pum particle is 20.2%
higher than the experimental value when R, equals 55 pum
as shown in Fig. 8a. This could be mainly interpreted as
follows: the simulative vertical DEP force on particles at
the fixed initial positions for the large 55-pm radius ring is
weaker than that for the smaller ring, and thus the errors in
FEM and MD numerical calculations relatively become
conspicuous, which makes the vertical DEP force overes-
timated. Thus the particles in simulation are levitated to a
height higher than actual situation, resulting the exponen-
tially decreasing of horizontal DEP force in simulation.
Thus, the simulative repelling force (Fp + Fp) between
particles is stronger over the horizontal DEP force. Con-
sequently, the circular symmetric particles are less aggre-
gated giving rise to higher value of ADPC in simulation.

As shown in Fig. 8b, the influence of electrode’s inner
radius R. on particles’ assembling and positioning effi-
ciency is presented. In Fig. 8b, the vertical axis represents
simulation steps from the initial moment to the new equi-
librium; the error bars are sample standard deviation of
simulation steps under different radii. In Fig. 8b, the total
number of simulation steps increases from 15,800 to
49,000 (dr = 1x 107* s, 10,000 steps equals about 1 s) for
the 5-pm radius particle and increases from 111,000 to
373,000 steps for 2-pum radius particle when R, increases
from 35 to 50 pum, and correspondingly the positioning
efficiency decreases by about 68 and 70% for the 5- and
2-pum radius particles, respectively. It is noteworthy that the
smaller R, can achieve higher positioning efficiency within
the capturing optical ring, which could be much helpful for
the high-efficiency assembling and positioning of micro-
particles. It is also noticeable that the equilibrium time
exhibit different variation tendency between the 5- and
2-pm radius particles when R, increases over 50 pm.

The above phenomenon can be further explained
according to particle’s horizontal DEP force FDEP and
radial displacement D inside the optical ring as shown in
Fig. 8c. Dimensionless DEP force (FDEP) decreases from
192 to 11, and the average radial displacement (D) of 5-
and 2-pum radius particles decrease from about 11.1 to
2.6 pm and from about 6.0 to —13.1 um with R, increasing
from 35 to 50 pm. The negative value of D indicates the
particles moved away from the ring center and got scat-
tered. The D decreases with the increase of R., however,
the equilibrium time drastically increases (see Fig. 8b) with
R. below 50 um, which can be attributed to the sharply
drop of FDEP in a near-linear style shown in Fig. 8c,
resulting in a sharply decrease of particle radical velocity
versus R. and thus particles need more time to reach
equilibriums for larger R.. Moreover, when virtual elec-
trode’s inner radius increases above 50 pm (see Fig. 8c),
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the FDEP induced by both two optical-ring sizes at particle
initial positions vary only a little but the particles possibly
move in opposite direction (the value of D is negative) and
get more scattered, so this reverse movement of particles
could be attributed to electrostatic repulsive force between
particles which is much larger than the DEP force at this
time.

There is another noticeable phenomenon when the
optical-ring radius R, decreases below 30 pm for the 5-um
radius particle. The 3D simulation results of the forces
acting on particles within optical ring also indicate that the
horizontal repulsive force and vertical attractive force
between adjacent particles both increase sharply with the
shrinking of optical ring in radius direction when the vir-
tual R, is smaller than 30 pum but larger than 13 pm. In this
situation, particles do not distribute at the same height but
distribute in spilt-level structure as shown in Fig. 9a and b.
Similar phenomena observed in the verification experiment
are shown in Fig. 9c—e. Four PS beads initially distributed
in central symmetry structure when R, decreased to 25 pm
(shown in Fig. 9c), but this structure was not stable. The
particles driven by DEP force went on moving to the ring
center as shown in Fig. 9d and were then repelled by each
other until the limit intervals between particles were
reached. Because of particles’ asymmetrical distribution
due to subtle differences in electro-properties of particles,
the particle closest to the optical-ring center experienced
the largest repulsive force and this particle then started
moving along vertical direction and quickly jumped above
the other three particles within about 1-1.5 s. The final
equilibrium distribution is shown in Fig. 9e, the original
particle staying close to the ring edge finally levitated
above the other particles and the other particles still dis-
tributed in approximately central symmetry structure on the
bottom, which forms a micropyramid consisting of four
particles. This kind of particle spatial distribution may
bring new approach to assembly particles forming specific
3D microstructures.

The above analysis indicates that DEP force decreases,
system equilibrium time increases, and a larger ADPC
value could be achieved with the increment of ring radius.
Moreover, particles will pile up to form 3D micropyramid
structure when the optical-ring radius decreases to a
threshold value. Besides, virtual optical electrodes of large
radius usually occupy large operating space correspond-
ingly and the positioning accuracy may become low.
Consequently, to achieve higher capturing and positioning
efficiency and larger positive displacement D, the ring
electrode’s inner radius is suggested to be set as 3545 pm
when positioning and assembling four 5- or 2-pum radius PS
beads if there is not special application requirement. To
construct 3D structure of particles, the ring inner radius
should be gradually reduced until a particle starts to jump



Microfluid Nanofluid (2012) 12:529-544

541

Fig. 9 Simulative and (a)
experimental results for particle
assembly in 3D space by a
shrinking optical-ring virtual
electrode. a The micropyramid
structure consisting of four
5-um radius particle according
to the simulative results. This
plot is created exactly according
to the computed coordinates of
every particle from the

(b)

Ce

simulation program. b Top view
of the microparticle pyramid
structure. c—e Snapshots of the
experimentally assembling of
the micropyramid particle
consisting of four 5-pm radius
particle
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up above other particles. As a corollary of this research
work, parallel assembling microparticle structure including
the 3D micropyramid shown in Fig. 9 in array form could
be also achieved by using a massively array of optical-ring
virtual tweezers.

3.4.2 Influence of optical ring’s width on dynamics
of particles

In addition to the radius R., the width of the optical-ring
electrode d. is also a contributing physical quantity for
controlling the particle assembling and positioning.
According to the simulation results, electric field intensity
and gradient around the virtual electrode vary with the
width of ring electrode d.. Therefore, the capturing and
positioning effect varies correspondingly. In simulation,
the initial positions of particle centers are randomly dis-
tributed in on the same geometric circle with a 20-um
radius for 5-pm particle and a 10-pm radius for 2-pum
particle at the same height, and the virtual electrode’s inner
radius keeps invariable (R, = 45 um for 5-pm radius
particle and R. = 35 pm for the 2-pm radius particle), and
the particles’ dynamics under different optical-ring widths
is computed based on the FEM-DS simulation model and
the effect on particles’ positioning efficiency is analyzed.
Figure 10a shows the simulative and experimental values
of ADPC versus the ring width d.. ADPC decreases
slightly with the increment of d. nevertheless the total
variation is <1.2 um for the 5-pum radius particle and
0.8 um for the 2-pm radius particle. Each ADPC curve
approximately tends to a constant after d. increases to
20 pm. Therefore, ADPC varies slightly with the increase
of d., which means the ring electrode’s width has very little

impact on positioning and assembling control. Simulation
result agrees well with the experiment result as shown in
Fig. 10a and the maximum relative error is <5.0%.

The variation of positioning efficiency with ring elec-
trode width d. could be indicated by the number of com-
puting steps (df =1 x 107*s) varying with d. in
simulation which is shown in Fig. 10b, and the error bars
represent sample standard deviation of simulation steps.
When d, equals 10 pm, the total number of equilibrium
steps for both 5- and 2-pum radius particles have a minimum
value, and at this moment the positioning efficiency is
highest. The system equilibrium time increases apparently
with the increase of d, ranging from 10 to 20 um. When d,
is larger than 20 pm, the equilibrium time fluctuates around
0.0045T (45,000 steps) approximately for 5-pum radius
particle but has a noteworthy decrease for 2-um radius
particle. The ring width of 10-15 pm will be modest to
achieve relatively high positioning efficiency although the
ring with width of 10-15 pm is unhelpful to achieve small
ADPC values for assembled particle, but this drawback can
be overcome by adjusting the inner radius R, referring to
Fig. 8a.

As shown in Fig. 10c, with the increment of d., the
variation in radial displacement D is very small (the varied
range of D is <0.5 pum for both two kinds of particle radii)
and the horizontal DEP force FDEP also varies very
slightly, compared with the variation of D and FDEP with
respect to R, (referring to Fig. 8c). The 5- and 2-pm radius
particles were trapped by a ring with 45-pum inner radius
and a smaller ring with 35-um inner radius, respectively.
The FDEP for 2-pum radius particle is always larger than
that for 5-um radius particle is mainly because the smaller
radius of light ring causes a more sharp variation of the
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Fig. 10 The dynamics law for assembling particles under different
ring virtual electrode’s width d.. a The dependence of ADPC on d,.
The values of R, are set as R, = 45 pm for 5-um radius particle and
R. =35 pm for the 2-pum radius particle. b The variation of
equilibrium steps number with d.. ¢ The variation of FDEP (mean
value) at fixed initial positions inside the optical ring and the radial
displacement D with the width of optical ring d,

electrical field inside the ring resulting in larger filed gra-
dients. The variations of FDEP versus d, for both two sorts
of ring radii (35 and 45 pm) are both very slight and are <9
which are significantly much smaller than the range of
FDEP variation caused by changing R, of the optical ring
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as shown in Fig. 8c. Within the optical ring of 45-pum inner
radius, the horizontal DEP force at particle initial positions
inside the ring decreases slightly with the increase of d. but
vary only a little when d, is larger than 20 pm. Within the
optical ring of 35-pum inner radius, the fluctuation of the
FDEP on the 2-um radius particle is more conspicuous than
that in the 45-pm radius ring, but also in a small variation
range, which is possibly caused by numerical errors in the
FEM calculation of electric field and data import process.
When d, is larger than 25 pm, both FDEP and radial dis-
placement D are not sensitive with the change of d,,, which
is possibly because the electric field distribution is nearly
independent on the width of the optical ring when the
inside radius of ring is relatively large.

The sensitivities of positioning and assembling effect
and efficiency to ring electrode’s inner radius and width are
distinctly different according to the comparison between
Figs. 8 and 10. The available varying range of ADPC by
tuning R, is apparently larger than that by tuning d, through
comparing Figs. 8a and 10a. For instance, If an ADPC
value smaller than 12.5 pm for 5-pum radius particle needs
to be obtained, the reasonable choice is to tuning R,
because the minimum ADPC value can be achieved by
tuning d, is still larger than 12.5 pm. On the other hand, the
system equilibrium time of the 5-um radius particle
increases approximately 2.1 times when R, increases from
35 to 55 um (the increment is 20 pm), while the system
equilibrium time increases approximately only 0.3 times
when d, increases from 10 to 30 pm (the increment is also
20 pm). That means the average increase rate of equilib-
rium time versus R, is much larger than that versus d..
Therefore, it could be a more reasonable choice to decrease
R. to get a higher efficiency for 5-pm radius particle.
However, for the 2-um radius particle, there should be a
comprehensive consideration of both R, and d, to get high
assembling efficiency according to the calculated equilib-
rium time curves shown in Figs. 8b and 10b.

In addition, the radius and width of optical ring can also
be both finely tuned to improve the capturing efficiency
and positioning accuracy. For instance, if the radius R, is
not allowed to decrease in some special practical applica-
tions, the width d. can be increased for achieving a bit
smaller ADPC value. So tuning the radius and width of
optical ring can also act as two complementary means to
meet specific needs of assembling and positioning micro-
particles within a microscale area.

4 Conclusion
A dynamics simulation model coupling DEP force, inter-

action forces, hydrodynamic and sedimentary forces acting
on colloidal particles in optoelectronic tweezer (OET)
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device is built in this study. ODEP positioning and
assembling of microparticles is simulated through the
FEM-DS joint numerical approach. The spatial distribu-
tions of particles in energized OET device without opti-
cally projected pattern are simulated first and the particles
possibly be assembled to vertical chains under the vertical
uniform electric field when particles freely and randomly
suspend at different heights before they sediment on
chamber bottom. Then the dynamics for particles (R = 5
and 2 pum) capturing and positioning driven by optical
pattern is simulated. The simulation results indicate that
polarized colloids in non-uniform electric field repel each
other on the horizontal plane, and particles all move in the
negative direction of electric field gradient. The inner
particles move towards the optical-ring center, and the
outer particles move away from the center, and finally form
a circle uniform distribution with the nearly same interval
between particles around the circle. The simulation results
agree well with the experimental observations.

Moreover, the influences of the dimensions of optical-
ring virtual tweezer on positioning and assembling of
particles (R = 5 and 2 pm) are investigated by repeating
the dynamics simulation for ring virtual electrodes with
different dimensions. The simulation results indicate that
the value of ADPC increases by about 13.7 and 18.0 pm,
and the system equilibrium time increases by about 3.06
and 34.9 s for 5- and 2-pm radius particles, respectively,
when R, is tuned from 35 to 55 um (d, equals 10 pm). It is
noteworthy that the captured particles possibly pile up to
form 3D micropyramid structure or move out of the ring
when the radius of ring electrode is gradually reduced until
a particle starts to jump up above other particles. Moreover,
ADPC decreases only a little and the system equilibrium
time increases by ~ 1.18 s for 5-pum radius particle when d,
is tuned from 10 to 30 pm (R. equals 45 pum), and the
equilibrium time nearly remains invariant after d. reaching
20 um. However, the system equilibrium time for 2-pm
radius particle is several to more than ten times as long as
that for 5-pum radius particle, and rises distinctly as d, is
<15 um but declines as d. is larger than 15 pm. The
available varying range of ADPC by adjusting R. is
apparently lager than that by adjusting d.. Additionally,
adjusting the width of the optical ring could act as a
complementary mean for accurately positioning and
assembling microparticles and tuning intervals between
particles within a microscale area. The mainly simulation
results are experimentally verified and in general the sim-
ulation results agree well with experimental data. There-
fore, the dynamics modeling approach in this study can
predict dynamics laws of positioning and assembling
microparticles utilizing the OET device. Moreover, this
dynamics simulation model and computing method could
provide a powerful simulation platform for designing,

analyzing and optimizing the optical micropatterns and
physical structure of OET device.
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