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Abstract

This paper aims for developing topology optimization methodology to design the shape of electrodes in Di-
electrophoresis (DEP)-based devices. The DEP force is due to a non-uniform electric field induced by applied
voltages to the electrodes. Shape of the electrodes has the principal effect on the direction and magnitude of
the DEP force. In medical therapy microfluidic devices, DEP force is used for cell sorting and cell separation.
While the direction and magnitude of the DEP force are desired to be determined and maximized respec-
tively, the magnitude of the electric field should be minimized to avoid damaging cells. Approaching these
goals is counter intuitive where the existing electrode designs are basic. Therefore, a detailed finite element
model (FEM) is developed for DEP force and electric field to formulate an optimization problem to maxi-
mize the DEP force in a particular direction while there is a constraint on electric field’s magnitude. Using
the developed FEM, explicit formulations for sensitivity analysis are derived to implement a gradient-based
topology optimization. The performance of developed methodology is assessed numerically to determine
the direction of the DEP force and constraining the electric field and experimentally in a practical case study
of particle trapping in a microfluidic channel.

Keywords: Dielectrophoresis, Topology optimization, Sensitivity analysis, Electrode design, Microfluidic
Devices

1. Introduction

DEP is a phenomenon that is primarily found by Pohl. et al [1]] in which a force is applied on a polar-
izable particle inside a non-uniform electric field. This force is used to manipulate, control [2} 3] and sort
the particles flowing inside a fluid. DEP has application interests in micro-manipulation [4]] cell sorting and
medical therapy devices and is crucial in drug efficacy evaluation, cancer diagnostics [5] and cell replace-
ment therapy [6]. The magnitude of DEP force depends on the gradient of the electric field which can be
produced by the application of AC or DC voltage on a designed electrode. In this case, the magnitude and
direction of the DEP force rely on the shape and geometry of the electrode. Therefore, various shapes for the
electrodes are proposed including parallel [7]], interdigitated [8], castellated [9]], quadrupole [10], annular
[111, oblique [12], curved [13], etc. A brief review of each of these designs is reported in [14].

Recently, optimization approaches have been used to design more efficient electrodes. The optimization
methods include investigative approach on the basic shapes of the electrodes like rectangular, trapezoidal,
etc. [[15], different placement of rectangular electrodes [[16]], shape optimization using genetic algorithm
[[17, 18] and microelectrode discretization [19]. In these optimization approaches, the main drawback is
that due to the heavy computational time, large rectangular blocks are employed to discretize the design
domain for the electrodes. This will restrict the complexity and diversity of the obtained geometry of the
electrodes. Indeed, the discretization of the design domain for the electrodes in these researches is more
coarse than the regular discretization in the finite element approach. The study which optimizes the shape
of the electrodes based on the finite element discretization is the work done by Yoon et al. [20] in which
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the topology optimization methodology is introduced as a potential methodology to optimize the shape
of the electrodes. However, in this study, the sensitivity analysis which is a crucial part of the gradient-
based topology optimization methodology is not formulated. The lack of sensitivity analysis makes the
computation time extremely high for gradient based solvers. In addition, the efficiency of the obtained
optimized shape of the electrodes is not investigated experimentally. More importantly, constraining the
magnitude of the electric field is not addressed in the optimization formulation of the aforementioned
optimization approaches in the literature. Limiting the magnitude of the electric field is hugely important in
medical therapy microfluidic devices since a high electric field can kill living cells [21]]. To limit the electric
field, reduction of input voltage is not an efficient solution since there is a nonlinear relationship between the
DEP force and electric field. Producing novel shapes of the electrodes for accurate control of the direction of
the DEP force and controlling the magnitude of the electric field can be achieved by topology optimization
methodology.

Topology optimization is a form of structural optimization based on finite element discretization which
distributes the material inside a design domain in an optimal way while there is no prior knowledge of the
final optimal layout. This methodology is an algorithmic approach in which the design domain will evolve
to the final optimal layout in a sequence of iterations. Topology optimization methodology is primarily
proposed for mechanical compliance problems in which the idea was to minimize the deformation of a me-
chanical structure [22] 23]]. When the methodology is well established in the literature [24], it has been
applied to various physics including the thermal and heat transfer [25}26], fluid dynamics [27], aerodynam-
ics [28], optics [129], piezoelectricity [30, [31] [32], electromagnetic [33]], etc. Indeed, the interest in using
topology optimization is its ability to produce complex designs where intuitive or trial-error approaches are
either impossible or inefficient.

In this paper, the topology optimization methodology in particular the SIMP (Solid Isotropic Material
with Penalization) approach has been used to optimize the shape of the electrodes in DEP-based devices.
First, a detailed FEM is established to model the electric field and DEP force. The optimization problem is
formulated to precisely determine the direction of the DEP force and to put a constraint on the magnitude of
the electric field. Due to high resolution of the FEM discretization, the number of optimization variables is
very high in topology optimization and hence the gradient-based solvers like Method of Moving Asymptotes
(MMA) [34, 35] are generally used to solve the optimization problem. In this case, we need to provide the
sensitivity analysis in which the gradient of the objective function with respect to the optimization variables
is calculated. Thanks to the developed FEM, explicit formulations for sensitivity analysis are derived for DEP
force and electric field using the adjoint method. The sensitivity analysis is performed in a general format
so the methodology can be used for different DEP-based applications with minor modifications. COMSOL
multiphysics is used to verify the developed FEM and to verify the derived sensitivity analysis, the numerical
central difference method is used and the results of sensitivities from both methods are compared and
reported.

To investigate the performance of the developed methodology, a numerical investigation is performed
to study the efficiency of the methodology in terms of an accurate definition of the DEP force’s direction
and to reduce the electric field in a desired zone. Moreover, a particular case study has been defined as
trapping the randomly distributed particles inside a desired convergence zone in a fluid flowing inside a
microdimensional channel. The optimization problem is defined to determine the direction of the DEP force
in the desired convergence zone. Two optimized electrodes with two different surface areas are obtained
from the developed topology optimization methodology. Then, these two optimized designs are transferred
to the COMSOL multiphysics platform for the simulation. The trapping efficiencies of the optimized designs
are compared with a U-shape design which has been designed for the same purpose [36] recently. Videos of
simulating the particle trapping performances of the designs are added as supplementary materials. In the
final step of the research, the optimized designs are fabricated on a fluidic chip and their performance in
trapping the beads inside the desired convergence zone is investigated experimentally. The video recordings
of experimentation which demonstrate the performance of different designs in terms of particle trapping are
provided as supplementary materials.

The paper is organized as follows: Section 2 is devoted to the modeling of the system which starts with
the definition of the DEP force and is followed by a detailed FEM which will be used in section 3 for the
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implementation of topology optimization. In section 3, the SIMP approach is implemented, the optimization
problem is formulated and sensitivity analysis is performed. In section 4, the performance of the developed
methodology is examined in several numerical case studies to determine the direction of the DEP force and
constraining the electric field. In section 5, a case study is defined to assess the performance of the developed
methodology for particle trapping inside a microfluidic chip. In section 6, the results of the optimization
algorithm written in MATLAB are presented. In section 7, the obtained electrode designs are validated
primarily by simulation in the COMSOL multiphysics platform and later by experimental investigation. There
will be a discussion on the results and methodology in section 8, and finally, the conclusion of the work is
presented. The fabrication process and description of the experimental setup are provided in the appendix.
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Figure 2: Forces on a particle inside a fluid with non-uniform electric field

2. Modeling

Consider a fluid containing randomly distributed particles flowing inside a channel as it is illustrated in
Fig. |1} At the bottom of the channel, there are electrodes with unknown geometry. These electrodes apply
DEP forces on the particles inside the fluid by producing a non-uniform electric field. Particles inside the fluid
flow are under the application of various forces which are illustrated in Fig. Regarding the introduced
physic of interest, several assumptions are considered in modeling process without loss of generality:

¢ the gravity and fluidic forces are not considered in the physical modeling,
* particles are assumed to be spherical,
* mutual particle interactions are neglected,

* particle interactions with walls of the channel are neglected
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First assumption is considered to focus on the DEP force. Second assumption simplifies modeling the
DEP force. With third assumption, the study will be done on each particle solely without considering other
particles’ effects. With these assumptions, the general modeling of DEP force can be represented.

Any particle in a non-uniform electric field will experience an electrostatic force due to Maxwell’s stress
tensor. For a spherical particle, Maxwell’s stress tensor generates a dielectrophoretic (DEP) force on the
polarized particle that can be expressed as [137, [38]]

Fpep = 2, Re(fou) VIEP )

In which r is the radius of the particle, &, is the permittivity of the medium (fluid), V is the vector
differential operator and E is the electric field,

E=-VO (2)

where @ is the potential field. In addition, in equation (I)), fcu is the Clausius Mossotti factor that can be
calculated as

* *
fem = o
&+ 2gk,
(on g
* D ko Um
(&) =8y =J—:&n=&n~ ]z) (3)

&, and o, are the permittivity and conductivity of the particle. o, is the conductivity of the fluid, w is the
frequency of the AC potential and { * } is the sign of a complex number. For the optimization target of this
paper, just the real part of the ¢ is considered [20]. By inspecting the equation (IJ), it is obvious that the
only term that affects the direction and magnitude of DEP force is the square of the electric field’s gradient
(i.e. V|EP). This latter can be maximized or minimized by optimizing the shapes of the electrodes. To do
so, an area of the channel will be considered as the design domain for the electrodes as it is illustrated in
Fig. Bl(a). The modeling in this paper will be in 2D and the effects of the height of the channel are not
considered which simplifies the computational burdensome. Although 2D modeling is an approximation
considering the inherently three-dimensional nature of the problem, we will show in the simulation and
experimental parts that when the height of the channel is sufficiently low the performance of the electrodes
follows their 2D modeling. The 2D design domain is separated into two parts of fluid (white) and electrode
(black). In addition, an area () is considered as target area in which the goal is to modify the magnitude
and direction of the DEP force and electric field.

a) Electrode Design Domain (Fig.1) b) c) d)

1 24 g 31 9 38 13 45 17

21 ¢ 284 35 § 42 49 4 7 (-1,1) (1,1)

2 P
—
- - We 8 : 6 ; é
22 ¢ 29 36 @ 439 50 @ |

3 26 7 33 11 40 15 47 19 1,1 o (1)

P4 A 4 #4
1 5 2
23 ¢ 30 37 § Ery | 51

N 4 27 8 30 2] 41 36 48 20 Quadratic Quadrilateral  Parent Element in
y \ Element Natural Coordinates

L., @ Fluid  Electrode

Figure 3: a) Finite element discretization of the design domain with quadratic quadrilateral elements (Q: Target area) . b) Coarse
discretization of design domain. ¢) Numbering format inside each element. d) Parent element in natural coordinates.
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2.1. Finite Element Model

In Fig. |3} the design domain is discretized with finite number of elements. This is a coarse discretization
of the design domain for illustrative purposes. From equations and (2), it is obvious that for calculation
of DEP force, two times derivative of the potential field is required. As such, the quadratic quadrilateral
elements are used to discretize the design domain as it can be seen in Fig. (b and c). These elements have
8 nodes and each node holds a scalar value of potential as degree of freedom. Generally, these elements
can have different length (7,) and width (w,) [39]. To facilitate the calculations, the parent element in the
natural coordinates (&, 7) is used as it is illustrated in Fig. (d). The connectivity, assembly of elements and
numbering format of the nodes and elements are illustrated in panel (b) of Fig. (3. This is helpful for the
creation of the global dielectric matrix and final FEM of the system. To support the material presented in
this section, more detailed finite element calculation is provided in the appendix. The provided concept will
be later used in the modeling of the electric field, DEP force and sensitivity analysis of optimization section.

To build the finite element model, we start by expressing the Gauss law

V.D)=0 4

where D is the electric displacement vector, and Q is the electric charge. The boundary condition consists
of Dirichlet (& = ®. : ®. =constant potential) and Neumann conditions (n.V® = 0 : n = normal vector of
the border) [40] which will be explained here after discretizing the design domain. In addition we have the
following relation between electric displacement vector (D) and electric field (E),

D =¢E 5)

in which ¢ is the permittivity of the domain that in our paper can be electrode or fluid and it will be
determined by the optimization algorithm. Now, by using equations and [5]) and considering that the
internal virtual work over one element is equal to the work done by the external electric charges over one
element [41]] the weak form of Gauss law can be written as,

f (BEOT DdQ = —(6¢°)T Q° ©)

in which, e is showing that the parameter belongs to the element, ¢ is the elemental potential vector, Q is
the charge, § is the variation sign and Q¢ is the area of one element. By having equation and from the basics
of FEM, we can calculate the electric field over an element using the gradient interpolation matrix (B) as
follows,

E=B¢ (7)

Then the elemental dielectric matrix can be calculated as

k= f BT eBdQ €©)

in which |f | is the determinant of the Jacobean matrix to map the coordinate system from global coordinate
to the natural coordinate [42]]. The integration over each element can be done using the numerical Gauss
quadrature method [42]. Since the elements are quadratic, 3 x 3 Gauss points can be used to calculate the
dielectric matrix with reasonable accuracy. The elemental equilibrium equation can be written as
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The obtained elemental dielectric matrices for each element should be assembled to obtain the global
dielectric matrix. By doing so, the global equilibrium equation in open circuit condition (Q¢ = 0) can be
written as

KO =0 (10)

where K and ® are the global dielectric matrix and vector of potentials respectively. To solve this equation,
the potential values of some nodes should be known initially as Dirichlet boundary condition. Through these
known values of potentials, the potential values of other nodes can be found with a procedure explained in
[43]/44]. For the boundaries of the discretized domain, there is a Neumann boundary condition in which the
gradient of potential is zero. The procedures of applying the Dirichlet and Neumann boundary conditions
are also explained in [43],[44]].

By applying the boundary conditions to the global equilibrium equation (10), the potential field will be
obtained and the electric field can be evaluated by using equation (7)),

— — —
E=[Bg] i +|[Byg|J (11)
where 7 and 7 are the unit vectors in the direction of x and y coordinates system respectively.

For the calculation of DEP force based on equation (IJ), we need the gradient of the electric field which
can be calculated as follows

P P
VIEP = —=(E> + E2) i + —(E2+EY) ] (12)
ox ay

where in terms of finite element matrices, we have

- -
VIEP = [2B.¢ . Bud + 2By . Byuo| § +[2Bug . By + 2B, . Byyo| j (13)

In which, the calculation of derivatives of gradient interpolation matrices (i.e. By, By, and B,,) is
mentioned in appendix. By using equation (13)), the DEP force in equation (1)) can be calculated.

After developing the FEM for the electric field and the DEP force, it is possible to enter the optimization
phase to design the shape of the electrodes.

3. Optimization

In this section, the goal is to optimize the shape of the electrode to maximize the DEP forces in a desired
direction in the target area (Q) to modify the particle’s trajectory inside the fluidic channel. This desired
direction can be in any direction based on the application. However, the procedure of deriving the sensitivity
analysis remains the same for any other direction. In addition to direction, minimizing the magnitude of
electric field is also important since it can damage the living cells. Therefore, the optimization problem
should be formulated by definition of the objective function, constraints and optimization variables. These
terms will be defined in the following sections.

3.1. Objective Definition

To define the optimization problem in a general format, we can consider a target area (Q2) in the design
domain (Fig. (3)-(a)) in which the goal is to maximize or minimize the DEP force in a particular direction
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and maximize or minimize the magnitude of electric field. Therefore, We have to define cost functions for
DEP force and electric field. For DEP force, let’s suppose that the goal is to maximize the DEP force in the x
direction then the cost function can be defined as
5 0 2,
Grg=— | —(E+ E®dQ (14)
Ox Y
o

The cost function in is defined similar to the Ref. [20]. However, in this reference, the method for
calculation of this integration which is essential for the sensitivity analysis has not been provided. Here, we
use the natural coordinates and the Gauss points which are introduced in the previous sections to calculate
the cost functions and to perform the sensitivity analysis in the next section. To calculate the integration
over the area of each element, the design domain is already discretized to a finite number of elements.
Since the elements are quadratic, 3 x 3 Gauss points are used for accurate approximation of the integral
values. As such, by using the equations [@5][13)), the integration in equation (14) can be calculated,

Q 3 3
Geo=) 2" WiW;[2B(&.n))dBx (1) + 2By (& 0By (&) | V] (15)

e =1 j=1

In equation , VIE[? is calculated on each Gauss points (¢ and n;) and the inner summations by Gauss
weighting factors W; and W, [42,[45]], give an scalar value for the integration of V|E |> over one element (e).
Then, the external summation calculates the sum of V|E[? for all the elements inside the target area. Having
a scalar value of V|E|? for each element is necessary for performing the sensitivity analysis.

To modify the magnitude of the electric field over the target area (Q2), the following integration of the
Euclidean norm is introduced here,

Eq= f (E; + E})dQ (16)
Q

where Eg represents the sum of the square of electric field’s magnitude over a target area (£2). By using
equation (11 and the numerical Gauss quadrature, we can rewrite the variable Eg as

Q4 3 3
Eg=>""%" WiW;[20" BL(&n)Bu&ne + 267 B (€1 By(En e | V] 17)

e i=1 j=1

The objective function can be defined as the weighted sum of the G, and G, o to determine the
direction of the DEP force and we can consider Eo as a constraint. This will be discussed in the formulation
of optimization problem.

After establishing the finite element model and defining the objective function, the SIMP topology opti-
mization approach can be developed for the physic of interest.

3.2. SIMP topology optimization

There are several approaches to apply the topology optimization methodology [[46]]. Among them, the
SIMP approach which stands for Solid Isotropic Material with Penalization is more popular due to its effi-
ciency and simplicity of implementation. The core concept of the SIMP topology optimization is the material
interpolation function which attributes a continuous variable to each element in the design domain to relax
a particular property of the material from a binary value to a continuous one [24]. To better understand the
SIMP topology optimization algorithm, the implementation steps will be explained in the coming sections.
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3.2.1. Material interpolation scheme

To apply the SIMP approach, a material interpolation function is used to attribute a permittivity to
each element inside the design domain. The permittivities of elements are relaxed to variate between the
permittivity of fluid (&,;,) and permittivity of conductive electrode (&) in the sequence of optimization
iterations. This steering will form the shape of the electrode after the optimization. The optimization
variable is a continuous value between zero and one which will be multiplied to the permittivity of the
material. This material interpolation scheme can be interpreted as follows [24, 20]

k(?’) = (Smin + )’p(go - gmin))]_c, 0< Y <l (18)

In this equation, p is the penalization factor and variable y is the optimization variable that varies
between a very low value to the maximum value of one. The normalized elemental dielectric matrix &
is defined by factorization of the permittivity from equation (8]

k= f BT BdQ (19)

The normalized dielectric matrix in equation will be used in the material interpolation equation
to form a continuous dielectric matrix. The material interpolation function in equation can also
be interpreted by the color spectrum of the design domain where the black color shows the electrode which
has the maximum permittivity while the white color shows the fluid with the lowest permittivity. In the iter-
ative sequence of the SIMP optimization algorithm, the elements start from intermediate permittivity (gray
elements) and will be steered to the electrode (black elements) or fluid (white elements) permittivities and
finally form the shape of the electrode. In this paper, the permittivity of conductive electrode is considered
to be 1000 times bigger than the permittivity of fluid.

To steer the optimization variables to zero or one in an optimal way, we need a solution method to
update these variables through the iterations. Since we are dealing with a nonlinear optimization problem
with high numbers of variables, gradient-based numerical methods will be used as updating algorithm. In
this regard, the gradient of the objective function with respect to optimization variables which is known as
sensitivity analysis is necessary and will be provided in the next section.

3.2.2. Sensitivity analysis (DEP force)

To perform a gradient-based optimization, the sensitivity of the objective function with respect to the
permittivity should be calculated. The problem that emerges here is that the gradient of the potential vector
with respect to the design variable is not available (i.e. g—‘;’). To remedy, the adjoint method can be used
to avoid the derivation of the potential vector [24}, 41]]. By using the adjoint method, we augment the
equilibrium equation to the objective function (14) using the global adjoint vector Y which will not
change the value of the objective function. In this manner, the integration (15) can be reformulated as
follows

Q 3 3
Gro = TTKD+ )" > " WiW; [26" B n)BoEin )¢ + 207 B) (610 ))By (&) | V] (20)

e i=1 j=1

Now, the sensitivity analysis can be formulated by derivation of the augmented objective function
with respect to the optimization variable y



Q 3 3
Gg=A"k¢' + ATK G+ 35" WiW; [267 (BT(&: 0Bl )+

e =1 j=1

BL (& n))BA&n )@ + 20 (B (&, 1)) By.(&1n)) + BL (&, m))By(E i)@' | 1] (21)

244 Here, ’ is the derivation with respect to optimization variable (i.e. 597 ), A is the adjoint vector in the

s elemental level. Moreover, there is a remark about the matrix derivation that has been taken into account
26 for the derivation of sensitivity (21):
Remark: suppose that we have a scalar value M, which is defined as

M = XTAX 22)

When X is a vector and function of variable z and A is a nonsymmetric square matrix and it is not a function of
variable z, then,

M 5X
—=x"Ta+A"H)— (23)
0z 0z

oa7 Now to avoid the calculation of ¢’, we have to solve the following adjoint equation

Q 3 3
TR+ Y3 Wil [267 (BT np)Bs(n)+

e i=1 j=1
BY (& 1)Bu(& ) + 26" (B] (&,0)By(&is 1)) + BL (& 1)By(E )| 171 = 0 24
248 The adjoint equation should be solved at the global level. To do so, it can be rewritten in the

a9 following format,

Q 3 3
TR+ Y 7| D0 WiW; [2BIEn)Beré )+

i=1 j=1
B (&, 1))B(&, 7)) + 2(BL (&,0))By.x(& 1) + BL (& 1) By(&m)] |1 = 0 (25)

250 Now we can define,

3 3
W:W; [(BI(&', n)Byx(&.n)) + B (&.n)Bu(&1n)) + B)Tv(fi’ n)By (&, nj) + B;:x(é:i’ n;)By(&:, Uj)] =By,
=1 j=1
(26)
251 The matrix B, is a square and symmetric matrix at the elemental level with an equivalent size to the

2 elemental dielectric matrix (k). Therefore, with a similar method, it can be assembled to obtain a global

253 Matrix as,

a

Q
> Beo =B, 7)
254 The assembly procedure of the elemental matrix to obtain the global matrix is explained step by step in
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the MATLAB codes published for topology optimization [47,[32]]. Now by using the global matrix in equation
(27), the global adjoint equation can be solved as follows,

YK = 0B, (28)

By calculation of the adjoint vector at the global level, it should be dissolved to the elemental level to
be used in the sensitivity function. The conversion of the global adjoint vector to the elemental adjoint
vector can be done with the help of the connectivity matrix [[47]] which is used in the assembly procedure of
the elemental to global matrices. The detailed procedure can be found in the MATLAB codes published by
authors [32]. Finally, the sensitivity equation can be derived as

G _,=A"K¢ (29)

To obtain the sensitivity, the derivative of the dielectric matrix with respect to the design variable is
required as well. By using the material interpolation scheme in equation (18)), the derivative of the dielectric
matrix can be calculated as

K = py?" D(ey — epmin)k (30)

Equations & 29| & form the explicit formulation for the sensitivity analysis of DEP force in the x
direction. To validate this explicit formulation, the numerical Central Difference Method (CDM) [48},[49),50]
is used and it is reported in the appendix. The proposed sensitivity analysis is generic. Following the same
procedure, one can find a similar formulation for optimizing the DEP force in the y direction in equation
or a weighted sum of the objective functions in x and y directions that can accurately define the direction
of the DEP force. In addition, the extension to the third dimension is very straightforward. Therefore, the
proposed method to derive the sensitivity analysis can be used for topology optimization of the electrodes
in various DEP-based applications.

3.2.3. Sensitivity analysis (electric field)

Whether the electric field is considered in the objective function or as a constraint in the optimization
formulation, the derivative of electric field with respect to optimization variable should be calculated for
gradient-based optimization. To do so, the equation (17) for the magnitude of the electric field can be
rewritten as

Q 3 3
Eo=TTK®+ ) > " WiW;[26" BL(&.1)Bu(&n))¢ + 267 B] (0B, (&0 )¢] 1] 3D

e i=1 j=1

As you can see in equation (31)), we augmented the equilibrium equation (10) to variable £, once again
to avoid the calculation of ¢’. In this case, T is the global adjoint vector where (") is to avoid the confusion
with the previous adjoint vectors. Now, the derivative of E, in the elemental format can be calculated as
follows

Q 3 3
Ep=Tkt/ + VW g+ Y > > WiW;[4BL (& 1)Bu&n )¢ +4B] (&, n)By(&. )¢’ | V] (32)

e =1 j=1

where 1 is the elemental adjoint vector. Then, the following adjoint equation should be solved to avoid the
calculation of ¢’

10



Q 3 3
TTK =) )" > WiW;[4BL (& n)Bu(&.n)) + 4B & n)By(E )| 1] (33)

e =1 j=1

284 Equation should be solved at the global level. Therefore, we define,

3 3
D WiW;[4BT (&, )& my) + 4BL & m)By(E )| V] = B (34)

25 and matrix Bg, is a square symmetric matrix at the elemental level with the same dimension as the elemental
25 dielectric matrix and should be assembled to form the global level matrix as follows

Q
D Bre=B; (35)

287 Now, the adjoint equation can be solved in the global level

T'K = 0'Bg (36)
288 Finally, with finding the adjoint vector, the sensitivity of Eo with respect to permittivity can be found by
Eo=1K¢ 37)

289 Equations and forms the sensitivity analysis for the total magnitude of the electric field. The
20 verification of this sensitivity analysis with central difference method is reported in the appendix.

291 After defining the sensitivity analysis, the gradient-based numerical solvers can be employed to update
22 the optimization variables. To do so, the optimization problem should be formulated.

23 3.3. Formulation of optimization

294 The optimization problem is formulated by the definition of the objective function, constraints and opti-
2s Mmization variables. The objective function is the maximization of the DEP force in a desired direction in a
26 desired area. There will be constraints on the surface area or volume with a constant thickness of the elec-
27 trode and a constraint on the sum of the electric field (Ey) in the desired area. The optimization variables
28 Will be the permittivity of each element in the design domain (y;). Now, the optimization problem can be
20 formulated as

min  J = W,G,_q + W,Gy_o W+ W, =1)
NE
Subjectto V(y) = Z yivi<V

i=1

EQ < Ed
300 In optimization problem (38)), the DEP force can be maximized in a particular direction by tuning the

sr  weighting factors (W,) and (Wy). G_y_g is the maximization of the DEP force in the y direction in the
we target area (Q) (i.e. G_y_g = f %(Ei + Ef,)dQ). V is the fraction of the total design volume and v; is the
Q
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volume of each element. For the SIMP topology optimization, to steer the gray elements to black or white,
a constraint on the volume of the material is defined in general [20] [24]. This volume constraint shows the
ratio between the volume of the material to the overall volume allowed in the design domain. E;, is the
maximum allowable sum of electric field magnitudes (Eg). The constraint on the optimization variables is
already defined in equation (18)).

With the formulation of the optimization problem, we can build the SIMP topology optimization algo-
rithm to optimize the topology of the electrode.

3.4. Algorithm
The SIMP topology optimization algorithm which has been coded in MATLAB can be written as follows,

Algorithm 1: SIMP topology optimization algorithm for DEP-based applications

1 Define the geometrical and material properties, weighting factors, penalization factor, volume
fraction, filtering and continuation parameters ;

Calculate elemental dielectric matrix using equation ;

Assemble elemental matrices to build the global dielectric matrix;

Define the desired convergence zone ;

Define the design and void domains ;

Define the boundary conditions (Definition of initial areas of known potentials);

Prepare the filtering method [51]];

Prepare the MMA algorithm [34}, 35]] (Setting initial values; Move limit = 0.1) ;

Initial guess for the permittivity of each element y;;

while maximum permittivity change > 0.01 or loop number < maximum loop do

O N U~ wWN

Jury
[=}

11 Apply projection and density filter [52] [51];

12 Build a new global dielectric matrix based on the updated permittivities;

13 Build a new global equilibrium equation based on ;

14 Apply boundary conditions [43] [44]];

15 Solve the global equilibrium equation and find the system response in terms of potential

field;

16 Calculate the electric field and DEP forces;

17 Calculate the objective function J;

18 Perform sensitivity analysis based on equations and ;

19 Applying the builtin MATLAB function "imfilter" to the sensitivities [52];
20 end

21 Update permittivities using sensitivity analysis and MMA algorithm [34] [35];
22 Apply the continuation scheme on the penalty and sharpness factor;

23 Post processing

Some steps of the algorithm are explained in previous sections. The other steps will be explained here.
In the first line of the algorithm, some parameters should be defined. The parameters and their values are
reported in Table |1} In this table, it can be seen that the initial penalization factor is considered to be 2.
Indeed, this penalization factor has been proposed by Yoon et al. [20]. However, the penalization in our
paper is not constant and it will be increased with the continuation scheme. Based on this continuation
scheme, the penalization will start to increase incrementally after iteration number 50. The incremental
increase is 0.25 in every 10 iterations and the maximum penalization factor is considered to be 6. The
continuation scheme is chosen to facilitate the elimination of intermediate densities (gray elements).

The important step of the algorithm is updating the optimization variables in line 20 of the algorithm.
This is where the Method of Moving Asymptotes (MMA) developed by Svanberg [34] is used as the solution
method. The implementation code is the second version which is provided in 2007 [35]. In the filtering
step (line 19), the goal is to remove the numerical problems like mesh dependencies, checkerboard problem
and intermediate densities (gray elements). For the filtering technique, the density filter [24][47] along with
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Heaviside projection suggested by Wang et al. [51]] is employed. The complete MATLAB implementation
code for this combination of filtering methods is provided by Ferrari et al. [52]. Three parameters in
the filtering part should be defined in the first line of the algorithm known as filter radius, threshold and
sharpness factor which are reported in Table 1l The continuation scheme is again applied to the sharpness
factor. The incremental increase for the sharpness factor is 1 in every 15 iterations which starts after iteration
number 50. The combination of the continuation scheme and projection is efficient in terms of steering
the elements to fully black and white in the sequence of optimization iterations and removing the gray
elements. To stop the iteration loop of the algorithm, the maximum permittivity change between two
successful iterations should be less than 0.01 or the maximum number of iterations should be more than
350.

Finally, the last step of the algorithm is post-processing. In this step, the final optimal layout is trans-
ferred to the CAD software using the thresholding method proposed by [46]] and locating the boundaries
of coordinates using the method proposed by [53]]. The threshold to steer the remaining gray elements to
black and white is considered to be 0.5.

4. Numerical case study

After establishing the SIMP topology optimization based on the detailed finite element modeling, in this
section, the efficiency of the developed topology optimization methodology is assessed in several numerical
case studies. In these case studies, the efficiency is studied in terms of defining the direction of the DEP
force in a target area, maximizing its magnitude and constraining the magnitude of the electric field.

In Fig. [4}(a), the design domain, its initial boundary condition and the target area (Q) are illustrated.
The direction of the DEP force and the magnitude of the electric field should be optimized in this area. The
part which is in white will not be changed during optimization. The gray area (design domain) on the other
hand will converge to black or white after the implementation of the SIMP topology optimization algorithm.
The constraint on the volume fraction is considered to be 0.5. There are boundaries of the design domain
that are determined as the initial positions of the electrodes. Indeed, priory known potentials with inverse
signs are applied to these boundaries. These initially determined potentials remain unchanged during the
optimization. There are other possibilities for the definition of the initial positions of electrodes and even
their placement can be a part of the optimization problem. This case is very similar to the optimization
of boundary conditions for mechanical compliance problems [24]]. However, this is beyond the scope of
this paper. The developed algorithm in MATLAB is used to find the optimal shape of the electrodes. The
sequence of optimization is not illustrated and only the final results are reported for the sake of brevity. In
Fig. 4] different weighting factors (W, & W,) are considered for the objective function (38) to determine the
desired direction of the DEP force and constraining the magnitude of the electric field. For each case study,
two cases of with and without the constraint on £ are considered. E,, is considered to be E/3 from the case
when there is no constraint on E,. Optimal layouts for the electrodes and potential fields are plotted for the
total design domain while the electric field and DEP forces are plotted inside the target area (£2) with a color
spectrum that shows the magnitude. The parameters related to this numerical study are reported in Table[1}

In case studies (1) and (2) of Fig. the goal is to maximize the DEP force in the x direction while in
the case study (2), there is a constraint on E. The optimized electrode layouts are illustrated in panels (b)
and (c). The decrease of the electric field’s magnitude in the target area is obvious from panels (n) and (o).
In these panels, the color spectrum is set for the same range. The numerical values of £ and E, are also
reported. The algorithm successfully set the DEP force in the x direction as they are illustrated in panels
(t) and (u). However, by considering the color spectrum which shows the magnitude of the DEP force, it is
obvious that the decrease in the electric field has been done with the cost of decreasing the magnitude of
the DEP force.

In cases (3) and (4), the goal is to set the DEP force in the target area in the y direction. The optimal
layouts are illustrated in panels (d) and (e). Similar to cases (1) and (2), the algorithm successfully set the
DEP force in the Y direction while constraining E decreases the DEP force as well. In cases (5) and (6), the
goal is to set the DEP force in the diagonal direction. As can be seen in panels (x) and (y), the DEP force is
aligned in the diagonal direction.

The numerical study in this section demonstrates the efficiency of the developed methodology in terms
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Figure 4: Optimization of electrode layouts to determine the direction of the DEP force and to constrain the electric field. a) Design
domain, b-g) Optimal layouts for the electrodes, h-m) Potential field, n-s) Electric field in the target area((), t-y) DEP force in the
target area (Q).

of maximizing the magnitude of the DEP force in a particular direction in a target. Moreover, although there
is no control over the local electric field’s maximum, constraining the sum of the electric field’s magnitude
(E) is successful in terms of reducing its magnitude. In the next section, the efficiency of the developed
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methodology will be investigated experimentally in a practical case study.
5. Practical case study: Particle trapping in a microfluidic channel
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Figure 5: a) Desired trajectory of the particles inside the channel. b) 2 Dimensional representation of the problem c) a coarse
discretization of the design domain with imposed boundary conditions.

In this section, the goal is to apply the methodology to a particular case study in which the goal is to
trap and stop the particle in a particular region of the channel with the help of DEP force. This case study
has particular interests in cell trapping applications [54, [55] to isolate and analyze the tumor cells in cancer
studies [56]. The graphical representation of this case study is illustrated in Fig. [5} (a). Based on this figure,
if the particles come from certain initial positions in channel, they should converge to a particular region of
interest. This desired region which is located in front of the electrode in the middle of the channel will be
named in the rest of this paper as the convergence zone. Although some basic geometries were suggested
intuitively [14]], the idea here is to use topology optimization to find the shape of the electrodes.

As it can be seen in Fig. [5}(b), a gray area is considered as the design domain. The initial position of
the electrodes and the sign of applied potentials are defined symmetric to have a symmetrical topology of
electrodes and symmetrical DEP forces after the optimization. The current initial positions for the electrode
are obtained after a trial-error procedure considering different possibilities.

By considering the goal of trapping the particles, the directions of the desired DEP forces are illustrated
in Fig. [5}(b). It is desired to maximize the gradient of the electric field in the y direction in the target area C
and in the x direction in the target areas A and B. Keeping into consideration these target areas, the objective
function can be defined as the weighted sum of the electric field gradient for each of the areas,

J= Wx(Gx—QA + G_x—.QB) + WyG_y—.Qc (39)

The physical specifications of the channel, electrodes, fluid and particle are mentioned in Table [1| It
should be noted that, in this paper, the FEM and the optimization are done in 2D. This means that the
behavior of the DEP force and the electric field in the third dimension (z axis) is not considered while in
the real application, the behavior of the DEP force in the z direction is also important. Due to the huge fall
of the DEP force in the z direction (height of the channel) which will be discussed in the coming sections,
the objective function (39) is defined to maximize the DEP force and the minimization of the electric field
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Table 1: Parameters

Parameters (Numerical Study) Values Parameters (Particle Trapping) Values
Permittivity of Electrodes (y) 78000y, * CZ Length 114.28 um
Permittivity of Fluid (Water) (y) 78y0 * CZ Width 40 um
Penalty Factor (p) (initial) 2 Channel Height 25um
Volume Fraction 0.5 Channel width 310 um
Filter Radius 3 Particle Diameter 10 um
Maximum Iteration Loop 350 Particle Permittivity 2.56y
Threshold 0.8 Design Domain Length 200 um
Sharpness factor (Initial) 2 Design Domain Width 100 um
MMA move 0.1 W, 0.66
Wg 1.6e-3 W, 0.33

* CZ : Convergence Zone

«s is not considered in the practical case study. Moreover, the polystyrene beads are used as particles and not

*yo= Permittivity of vacuum

w4+ the living cells. Hence, there were no limits for the electric field.

«s 6. Optimization results for particle trapping
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Figure 6: MATLAB topology optimization results for the case of 0.3 volume fraction. Arrows are showing the DEP force direction.
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To obtain different optimal shapes of the electrodes, two volume fractions of 0.3 and 0.4 are considered

w7 here as constraints which gave the best performance among other possible volume fractions. In Fig. [fand

4

S

8

409

Fig. [/l the MATLAB topology optimization results for these volume fractions are illustrated. The results are
shown for certain iterations. The DEP forces in the desired domain of interest converge to the center and
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toward the inverse direction of the fluid flow which is in accordance with the defined directions of the DEP

a1 forces in Fig. (b). The arrows are normalized to indicate the direction of the DEP force and the amplitude
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of the DEP forces will be demonstrated later in the simulation part.
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Figure 8: MATLAB optimization data. a) The objective function, b) Square of electric field’s gradient in the y direction over the desired
area, ¢) Square of electric field’s gradient in the x direction over the desired area.

The numerical data of optimization iterations are reported in Fig. [8| For the two volume fractions, G,_g.
is the same. However, for the volume fraction 0.4, a declination in G,_o can be seen. For this reason, the
minimization of the objective function (J) shows better results for the volume fraction 0.3. This result shows
that the increase in volume fraction will not necessarily increase the performance of the optimized design
in terms of converging the DEP forces toward the center which is expected in the nonconvex optimization
problem.
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7. Validation of the obtained designs

In this section, the goal is to validate the designs obtained from the MATLAB topology optimization
code. As such, this section is divided into two parts of numerical simulation by COMSOL and experimental
validation via fabrication of the optimized electrodes. The finite element modeling and optimization in
MATLAB have been done with 2D elements. On the other hand, to better understand the actual performance
of the optimized design in a real condition, it is necessary to perform the 3D simulation and investigate the
efficiency of the optimized design by considering the height of the channel. In order to compare the efficiency
of the optimized design with an efficient existing design, a U-shape design inspired from the design which is
recently proposed by Punjiya et. al. [[36] for cell trapping purposes is also considered during simulation and
experiment. It is a 2D electrode that is efficient in trapping particles in the 3D domain of a channel. To make
a proper comparison, the modeled U-shape design occupies a similar area to the optimized electrode (0.4)
and it is fitted into a similar design domain to the optimized designs. This makes the comparison between
the designs fair. Moreover, The chosen design domain gives sufficient freedom to the topology optimization
to produce efficient results. To assess the performance of the designs, the potential field and the DEP force
in the desired area for trapping the particles are illustrated.

7.1. COMSOL 3D simulation

The channels, convergence zone and electrodes with geometrical dimensions are illustrated in Fig. [}
(a,£,k). In the rest of the panels of Fig. @], the directions of the DEP force and electric field are illustrated
with the help of the streamlines. For the DEP force, the stream lines are just illustrated in the convergence
zone for the purpose of better visualization. The color of the streamlines shows the magnitudes with the
help of the color bar.

By analyzing the plots in Fig. [9} it can be seen that in the optimized designs the direction of the DEP force
is toward the center and opposite to the direction of the flow. This was the predetermined target to trap the
particles in the convergence zone. Indeed the stream lines are following the same patterns of the DEP forces
in the 2D modeling of Figs. [6] and [7] This proves that the 2D modeling of electrodes is adequately close
to their 3D behavior. The only influential factor is the height of the channel which will be discussed later.
The same behavior of the DEP force can be seen for the U-shape design but the important point is that we
placed the convergence in such a way that it overlaps with the electrode surface. Indeed, the U-shape design
produces the maximum amount of DEP force on the face of the electrode while the optimized designs are
still capable of producing a satisfactory amount of DEP force in the convergence zone far from the electrode
surface. This point can be seen in the panels (e-j-0) of Fig. [9] The amount of electric field for the optimized
designs in the convergence zone is less than the U-shape in its convergence zone. By analyzing the DEP
force for the U-shape in the z direction, it is obvious that the U-shape pushes the particles to the bottom of
the channel while the optimized designs push the particles toward the top of the channel. In this regard,
the U-shape is superior to the optimized designs since the DEP force is stronger close to the surface of the
electrodes. This is because, in the 2D optimization, the behavior of the DEP force is not considered in the Z
direction.

To better understand the behavior of DEP force in the direction of the channel’s height, the DEP forces
are plotted for certain points in Fig. In this figure, two series of points in the direction of the channel’s
height are considered in two different positions as can be seen in panel (d) of the figure. The first series of
points which are marked with blue color is in the center of the channel in front of the electrode. Another
series of points which are marked by red color is a bit far from the center and close to the wall of the desired
convergence zone. In panels (a) to (c) of Fig. the magnitude of the DEP forces in 3 directions for all
the points for the 3 different designs are depicted. For all the directions, the drop in the magnitude of all
DEP forces can be seen by going far from the electrode to the top of the channel. Just the DEP force in the
z direction has a peak in the 10 um and then it drops. The most important plot is the DEP forces in the
direction of x which are reported in plot (b). In this plot, the magnitudes of the forces at the side points
(red color) drop with the channel’s height. This means that, as much as we go far from the electrodes,
the convergence performance of the electrodes decays. Since the dimension of the particle is 10 um, we
considered the height of the channel to be 25 wm. Less than this height may not be interesting for the DEP
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Figure 9: COMSOL 3D simulation results. Stream lines to show the direction and magnitude of the DEP force and the electric field.
Colors of stream lines demonstrate the magnitudes referring to color bar.

microfluidic chip devices and more than this channel height, based on plots in Fig. [I0}(a & b), the drop in
the DEP forces is significant and it may not stop and converge the particles. For the chosen channel height
of 25 um, the DEP forces at the top of the channel for both the center and side points are reported in Table
The analysis of Fig. and the data in Table [2] prove the higher efficiency of the optimized design with
0.3 volume fraction in comparison to other designs. The improvement of design with 0.3 volume fraction
over the U-shape for the side point at the top of the channel is 2.04 and 1.52 for the y and x DEP forces

respectively.
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Table 2: Numerical results for the simulation of DEP forces at the top of the channel (height 25 um) based on Fig.
Center
Design FpepX(N) Impr FpepY(N)  Impr
0.3 (Volfrac) 5.672¢ 12 3.18 1.130¢7 1 1.77
0.4 (Volfrac)  3.039¢7 12 1.70 1.190¢71° 1.89
U-shape 1.783¢712 - 0.627¢710 -
Side
Design FpepX(N) Impr FpepY(N)  Impr
0.3 (Volfrac)  6.608¢™ "2 1.527 1.347¢71° 2.04
0.4 (Volfrac)  -3.43¢72 -0.79 1.190e71°  1.808
U-shape 4.325¢712 - 0.658¢710 -
* Impr = Improvement over U-Shape

7.2. Video Simulations

To better investigate the performance of the optimized designs in terms of trapping the particles in the
microfluidic channel of Fig. [9}(a), 3D video simulations are provided by using COMSOL multiphysics. In
these simulations, the fluid flow inside the channel is modeled by a laminar flow. The fluid is considered
to be water with the speed of 300 um/sec. Voltages are applied to the electrodes to produce non-uniform
electric field and DEP force. The particles are beads (Polystyrene) with 10 um diameter.

In the video simulations the trapping performances of the optimized designs and the U-shape design can
be seen. The entrance of the particles into the channel is considered to be bigger in terms of the width
in comparison to the convergence zone which let us see different outcomes based on the initial position
of particles. Optimized designs are successfully trapping all the particles coming to the convergence zone.
Moreover, they will be pushed to the center of the channel in the direction of x. Other particles that did not
enter to the convergence zone, are trapped in other places which are not predetermined. U-shape design
also traps all the particles with two major differences in comparison to the optimized designs. The first
major difference is that the U-shape design stops the particles very close to the edge of the electrodes where
the electric field is maximum. On the other hand, optimized designs stops the particles far from the edge of
the electrodes. This makes the optimized designs superior over the U-shape design. However, the advantage
of the U-shape design over the optimized design is that it pushes the particles to the bottom of the channel
where the DEP force is maximum while the optimized designs push the particles to the top of the channel
where the DEP force is minimum.

a) x107° by x10™"

0 ,
0 20 40 60 0 20 40 60 0 20 40 60
Height (zm) Height (nm) Height (;:m)

Figure 10: DEP force analysis in the direction of the channel’s height. Maximum height of the channel in the experimentation is 25 um.
However, in this figure, the DEP forces are analyzed for the 60 wm channel’s height. a) DEP force in the y direction as a function of the
channel’s height, b) DEP force in the x direction as a function of the channel’s height, c¢) DEP force in the z direction as a function of
the channel’s height, d) Two possible location for the analysis of the DEP force as a function of channel’s height
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So far, the performance of the optimized design are analyzed and compared to a U-shape design through
3D simulation by COMSOL Multiphysics software. The next step would be the experimental investigation
which requires the fabrication of the proposed designs. This will be the subject of the next section.

7.3. Experimental investigation

In this section, the performances of the optimized designs are investigated through several experimental
tests. To do so, first, the proposed designs are fabricated on a fluidic chip, using micro-fabrication technology
tools. The substrate of the chip is made of glass and the 200 nm gold electrodes are deposited and patterned
by photo-lithography and the channels are made of SU8 resin as can be seen in Fig. [L1}(d-e). Through the
channel, the fluid with particles can flow while a PDMS layer is used to cover the channel. An experimental
bench is set up to flow the fluid and particles inside the channel as it is illustrated in Fig. [11}(a,b,c). The
experimental setup and the microfabrication procedure of the fluidic chip are explained more in detail in
the appendix.

a)

Air

Electrode 0.3 Electrode 0.4

Figure 11: a) Experimental setup, b) Microfluidic chip under the microscope, ¢) Schematic of the microfluidic chip, d) Fabricated chip
in the cleanroom, e) Electrodes magnification under the microscope. Instruments: 1- Air pressure controller, 2- Signal generator, 3-
Voltage amplifier, 4- Computer control unit, 5- Microscope, 6- Camera, 7- PCB

The trapping performance of the designs has been investigated on the polystyrene microbeads with 10
pm diameter. The results of the experiments are shown in Fig. The recordings of the experiments are
attached as electronic supplementary files. In Fig. several chosen frames for different positions of the
particles are illustrated. As it is obvious in these frames, the particle comes from a point that has a distance
from the center of the channel (x direction). Then, when it comes close to the electrode, its speed decreases.
This is due to the DEP force of the electrode in the y direction. Afterward, the particles shifts slowly to the
center of the channel in front of the electrode and rest in that position. This means that the DEP force in the
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Figure 12: Experimental result for trapping beads. Particles flow inside the channel for three different designs: a) Optimized design
with volume fraction 0.3, b) Optimized design with volume fraction 0.4 and c) the U-shape design. T = time (s)

x direction pushes the particle to the center and the combination of the DEP forces in the y and x directions
stops the beads at a particular point inside the convergence zone. It can be discovered in Fig. that the
electrodes are corroded due to the electrolysis effect and hence the electrode shapes are not completely the
same as the optimized ones. This is the inevitable effect of having small features in the electrodes.

In the experiments, we tried different bead speeds to assess the trapping performance of different designs
as can be seen in the attached video files. However, to compare the performances in Fig. it is tried to
keep the speeds of the beads for different designs close to each other, by controlling the air pressure driving
the fluid flow. The performances of the 0.3 and 0.4 designs are similar to each other in terms of trapping the
bead. The U-shape design stops the beads on the edge of the electrode where the electric field is maximum.
This is in accordance to what was seen in the simulation part. In a sequence of tries with different bead
speeds, it was clear that the U-shape design successfully stops the beads against the fluid flow (y direction)
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on the borders of the electrode. However, the considered U-shape is weak in terms of pushing the particles
to the center of the channel in the x direction. This can be due to the fact that the considered U-shape in
this paper is a modified (elongated) of the original proposed U-shape [36]]. This will be discussed next.

8. Discussion

In the numerical and practical case studies, we tried to prove the efficiency of the developed methodology
in terms of defining the direction of the DEP force and modifying the magnitude of the electric field. On
the other hand, a more detailed study can be done on the different design and optimization parameters
that can affect the obtained results. For example, volume fraction constraint, initially defined potentials,
resolution of the mesh, penalty factor in the interpolation function, radius of the filtering method, changing
the sharpness and threshold of the projection, weighting factors in the objective function, etc all can affect
the result of optimization. Indeed, it may be possible to obtain more efficient layout of the electrodes than
what we have reported in this paper. Here, we developed a methodology for optimal design of electrode’s
shape. Separated studies are needed to investigate the effects of all the aforementioned parameters.

The initially determined potentials can be considered in the optimization problem as well. This needs the
definition of additional optimization variables and new sensitivity analysis. This approach will be considered
for future studies.

In this paper, a constraint is considered on a sum of the electric field’s magnitude in a desired area.
Although it was successful in reducing the maximum electric field, The better approach can be the consid-
eration of the local maximum of electric field in the optimization problem which requires new sensitivity
analysis and is considered for future studies.

The considered U-shape in this paper has a different geometry from the original U-shape proposed by
[36]. The reason for this modification is to keep the surface area and the borders of the domain similar to
the design domain of optimization. The chosen design domain provides enough space for the topology op-
timization to produce efficient results. It is possible to obtain better performance from U-shape by changing
its geometry. On the other hand, this is also true for the results obtained by topology optimization. The
idea of comparison with the U-shape is to challenge the proposed methodology against an existing layout.
Otherwise, finding the best results by changing the parameters of optimizations is up to readers as explained
before.

The limits of the developed methodology mainly lie in the fabrication process. The small features that can
appear in the optimized electrode design are complicated to fabricate. Moreover, those small features can
result in the electrolysis phenomenon when applying the voltage to the electrode that erodes the electrode.
The fabrication constraints can be considered in the topology optimization method in future studies. To
avoid the small feature in the obtained design one can increase the filter radius as an optimization parameter.

The size of the beads in the experiments is chosen to be 10 um which is close to the size of the biological
cells including lymphocytes in the medical therapy devices. We demonstrated that for this size of the beads
and the channel height of 25 um, the DEP force is strong enough to stop the beads. For higher channel
height, the convergence efficiency of the electrodes will drop due to the low magnitude of the DEP force.
This can be ameliorated by considering the electrodes on the top and bottom of the channel. Consequently,
the generality of the proposed approach remains intact.

9. Conclusion

In this paper, a detailed FEM is employed to model the DEP force and electric field induced by elec-
trodes. Based on this FEM, a general optimization problem is formulated to determine the direction of the
DEP force, maximize its magnitude and minimize the magnitude of the electric field. SIMP topology opti-
mization approach is implemented by deriving the explicit formulation of the sensitivity analysis to perform
a gradient-based optimization. The performance of the methodology is assessed in several numerical case
studies. It has been demonstrated that the developed optimization methodology can optimize the shape
of the electrode in order to determine the direction of the DEP force and minimize the magnitude of the
electric field. After numerical investigation, the performance of the methodology is demonstrated in a real
practical application. It has been demonstrated by 3D COMSOL simulation that optimized 2D electrode is
efficient enough for a limited height of the channel. This is later approved by experimental investigation

23



575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

and the efficiency of the optimized electrode is demonstrated in comparison to an electrode design similar
to the layout existing the literature.

The future perspective of the research can be the extension of the FEM approach from 2D to 3D. In this
way, the behavior of the DEP force in the direction of the channel’s height can be taken into consideration
in the optimization problem. Moreover, designing the 3D electrodes on all surfaces of the channel instead
of considering them just at the bottom of the channel can be done with the help of 3D modeling and
optimization while doing so intuitively is considerably challenging.
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Appendix
Reminder of Finite element method

In this section, we will remind the important part of the finite element method which is necessary for
modeling and sensitivity analysis in this paper.

The goal here is to calculate the electric field and its gradient based on the natural coordinates of the
square parent element. To begin with, the gradient interpolation matrix mentioned in equation (7)), can be
expressed as

B=[ B: }: b€ biaEn) ... bigEn) (40)
B, byi(€,m) bap&m) ... bag(E,m)

In this equation, ¢ and n are the natural coordinates as it has been shown in Fig. (d). b j(¢,1) in
equation is the derivation of the shape functions with respect to the natural coordinates. The shape
functions of the 8 node rectangular element and their derivatives can be found in [45].

The calculation of gradient interpolation matrix is now used to calculate the elemental dielectric matrix.

+1 +1
kifﬁwmzf‘f B"B|J] dédn (41)
e -1 J-1

in which |f | is the determinant of the Jacobean matrix to map the coordinate system from global coordinate
to the natural coordinate [42]. The integration over each element can be done using the numerical Gauss
quadrature method [42]. Moreover, the calculation of gradient interpolation matrix is used in calculation of
the decomposition of electric field as it is mentioned in equation (1I). However, The gradient interpolation
matrix (B) is right now based on the natural coordinate system while we need the gradient interpolation
matrix in the global coordinates. Since we are using the rectangular element to discretize the design do-
main which is a particular form of quadrilateral elements, transferring from natural coordinates to global
coordinates is straightforward [42]],

9 _00_19
dx  BEOx  le o
0 0 on 1 0
Z_2O__ 2 2
dy Ondx wedn (42)
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Therefore, the vector of electric field for each element can be calculated as
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and gradient interpolation matrices can be expressed as

1 1
B,=—B;, B,=—B 44
le ¢ Y owe ! “44)
The crucial part in our finite element modeling and calculation of DEP force is the Gradient of the electric
field. Using the natural coordinates, the derivatives if the electric fields can be calculated as,

0 0 1 0
_Ex:_Bx :——Bx ZBX
ay ay ¢ we 0n ¢ s®
0 0 1 0
—E,=—B,¢p = ——B,¢ = By,
dy 7 0oy 9 we 0n yé = Bysd
c')E B BB¢_ 1 anﬁ—B p
Ax F T ax T lege T T T
0 0 14
—FE,=—B,¢p = ——B,p =B,
Ox Y Ox )¢ le(?§ ,V¢ ),¢ (45)

These relations, makes the calculation of the gradient of electrical field in equation straightforward.
Validation of the developed FEM

To validate the developed FEM in this paper, the results obtained by MATLAB are compared to the ones
from COMSOL multiphysics. In Fig. the potential field, electric field and the DEP force for the two
optimized designs which are calculated by MATLAB are compared with COMSOL FEM results. In panels (d)
and (e), the color spectrum demonstrates the magnitude of electric field. In panels (g) and (h) of Fig. the
color spectrum shows the magnitude of the DEP force and arrows represent the direction of the DEP force.
The numerical values of the two methods are calculated on a particular line which is chosen randomly and
are plotted in panels (c), (f) and (i) of Fig.

The agreement between the developed FEM in MATLAB and the FEM in COMSOL for potential and
electric field is quite satisfying. For the DEP force, MATLAB demonstrates a jump in the magnitude of the
DEP force at the borders of the electrode. The reason is that, at the borders of the electrodes there is a
sudden change in the potential and with a two times derivation it manifests as a high value. This jump
is not seen in the COMSOL software due to change in the mesh size at the borders of the electrode. In
fact, COMSOL is using a mesh with variable size triangular elements to discretize the design domain and
it captures the edge more precisely while in MATLAB we are using constant size rectangular elements and
there are huge changes in the potential values in one element which manifest high values in the second
derivation with respect to potential.
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Figure 13: Validation of developed FEM for potential and electric fields and DEP force. Arrows represents the normalized DEP force.
a), d) and g), FEM developed in MATLAB. b), e) and h), COMSOL simulation. c), f), i) Numerical values are reported over the dash
lines.

Validation of sensitivity analysis by CDM

In Central Difference Method (CDM), the derivative of objective function with respect to the optimization
variables can be calculated using the following equation [48]],

dJ@y) _ Iy +4h) - Iy - Ah)

dye 24h (46)

in which 4k is a vector containing zeros for all elements except the one corresponds to element {e}. With
CDM it is possible to calculate the sensitivities. However, to calculate the sensitivity of each element, the
global equilibrium finite element equation should be solved two times. This makes the calculation of
sensitivities by CDM extremely time consuming. That is why to verify the proposed sensitivity analysis, a
coarse mesh is considered (10 x 20 elements). The result of sensitivities with two different methods are
reported in Fig. for Ah = 1e7°. These sensitivities are related to the case study which is illustrated in Fig.
The plots show an excellent agreement between two methods and verify the accuracy of the proposed
sensitivity analysis.

Fabrication of Fluidic Chip

The microfluidic chips are manufactured by the flowchart adapted from [57]] which follows a simple
known manufacturing processes. First, 200nm of gold is deposited on 20nm of titanium (adhesion layer) by
evaporation (Plassys, EVAP MEB600) on a borosilicate (BF33) wafer as a substrate. To create the microfluidic
channel, a negative photosensitive resin (SU-8 3500) is spin-coated with chosen spin-coating parameters to
reach the desired thickness of the resin i.e. the desired height of the fluidic channel. A mask is laser-written
(Heidelberg, Laser Lithography System MLA150) and used for UV exposure to polymerize the walls of the
fluidic channels (EVG, Aligner DUV with a specific SU-8 filter, E = 300mJ), quickly followed by a post-expose
bake. Then, the wafer is put in a PGMEA developer bath for few minutes with strong agitation to discover
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Figure 14: Validation of sensitivity analysis. a,b) Sensitivities calculated by CDM and explicit formulations b,d) Absolute error between
two methods

the pattern of the fluidic walls, permanently fixed at the end by a hard-bake, preceded by a short plasma
02 etching to ensure the cleanliness of the substrate. The wafer is finally cut into the final different chips
(DISCO, Dicing Saw DAD 3350) as it is illustrated in Fig. [I1}(d & e). All of the electrode designs are
fabricated on one chip to ensure the same particle speed in all the experiments. To seal each microfluidic
chip, a PDMS cover is used, consisting simply a cast PDMS layer of about half a cm thick, cut at the right
dimensions and punched for the fluidic inlet tubing connection. The PDMS is simply pressed on top of the
chip and kept in place by a dedicated screwed plexiglass holder.

Experimental Setup

To apply a specific voltage to each electrode of the microfluidic chip, a homemade PCB is used to plug
and hold the chip (Fig. (b)) and connect its electronic pads to the desired signals. A NI card (PCI-6733)
is used to control the voltage amplitude coming from the computer DC voltage to the NI interface card
(BNC-2110). Another homemade PCB is used to multiply the DC voltage by a shared AC signal (Waveform
Generator KEYSIGHT 33500B Series) at 100kHz, whose amplitude is set to 6V. The generated AC signal is
then sent to the chip. The experiments are monitored through a camera (JAI, GO-5000C) placed on the
microscope (LEICA DM IRBE, x10 magnification). As the homemade PCB holding the chip is fixed on a XYZ-
table under the microscope it is possible to visualize the fluidic channel and adjust the monitoring location
as we are controlling the signals and the fluid flow.

The fluidic system is described as follows. An air pressure controller (Elveflow, OB1 Pressure Controller)
is used to set a specific air pressure in a sealed fluidic tank (Eppendorf Tube 2ml) containing around 100u/
of the solution with the beads. The fluidic microtubing (Darwin Microfluidic PTFE teflon capillary microtube
diameter,,, = 760um, diameter;,, = 300um) inside the solution is connecting the sealed tank to the chip through
the punched PDMS cover. The same system is used for the fluidic outlet with another tank. Applying stronger
air pressure to the inlet allows the displacement of the fluid inside the microfluidic chip as a laminar flow.
As air bubbles can escape through the porous PDMS cover, the fluidic resistances of the whole fluidic system
are almost constant and the fluid flow remains quite stable with a constant target pressure. Changing the
air pressure changes directly the fluid speed in a few milliseconds. Images are post-treated to find the speed
of the particles.

The medium electric properties for the beads: the relative permittivity is &,, = 78 and the electric con-
ductivity is o7, = 0.16 S/m. To reach this conductivity value, the beads were suspended in a PBS (Phosphate
Buffered Saline) medium diluted ten times in deionized (DI) water. 0, 1% of TweenZ20 is also added to keep
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the beads from sticking to the substrate and to each other.
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