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Abstract—This paper focuses on a computational method for
the simulation of the motion and manipulation of bio-particles
using dielectrophoretic and micro-fluidic forces. The presented
method uses surface integral equations for modeling both elec-
tromagnetic (H)spadeflsidieraldomidielektxopipledsisifDEREM

electromagnetic coupling, fluidic force, iterative methods, lab-on-
chip (LoC), nanotechnology, nonuniform electric fields, simulation,
technology computer-aided design (CAD).

I. INTRODUCTION

FFICIENT sample preparation methods are required
Ein drug screening and point-of-care monitoring. In the
past, specialists collected and subsequently prepared samples
using lab-sized instrumentation. Such methods were time con-
suming, expensive, and labor intensive. This created a barrier to
molecular diagnostics and the study of cellular systems. More
affordable, rapid, and automated technologies are required for
faster and cheaper biomedical devices.
tromagnetic forces that can manipulate target species in an
aqueous suspending medium.

In dielectrophoretic processes, nonuniform electromagnetic
fields are generated for providing a gradient through which the
polarized species can move [5], [9]. The nonuniform electro-
magnetic fields are generated using electrode arrays, such as
spiral or planar arrays. In addition, fluidic traction forces act
upon the target species during movement through the aqueous
channel. The combined electromagnetic and traction forces are
used to create traps and separate bio-particles belonging to dif-
ferent species.

This paper introduces an integrated framework for the accu-
rate simulation of electric, magnetic, and fluidic forces, which
are used for bio-particle manipulations. The development of
such computational tools is necessary to assist in new design
and automation concepts of practical LoC systemd05Prit23(i#0
aid in the understanding of nonuniform field distribution caused
by complex three dimensional electrode structures, as well as
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Fig. 1. Schematic depicting sources and effects of different forces in afinicio LoC environment.

[20] and multilevel rank-revealing QR [19], can be exploited
for expediting the simulation process. In this paper the basic
BEM formulations to be used will be discussed in detail. First,
the formulation necessary for coupling local circuit behavior
and global electromagnetic behavior will be discussed. This
coupling methodology can be used for accurate prediction
of the controlling circuitrys ability to achieve high gradient

localized electridields. Secondly, a surface-based formulation ,
of predicting the force on an arbitrarily shaped particle, inducéd & EM-CKT coupling.
by the exciting electri¢ield will be discussed. This will help in

the accurate prediction of the DEP forces. Next, a formulatici
for prediction of traction forces on the particle due to Stoke
flow will be presented. Simulation examples will be presenté
to demonstrate the functionalities of the proposed method
This will lead to a combined circuit-electromagnefiaidics

ctions requiring distributed EM simulation. In this case, the
ectrodes that produce thield to manipulate particles are rep-
Ssented using the BEM model, whereas the associated circuitry
modeled as lumped circuit elements (Fig. 2).

The lumped-circuit section represents a topology-based

solution scheme, which can be accelerated using fast solversq%nam wherem signals pr(_)pagate glong idealized conduction
schematidlow of the ideas is presented in Fig. 1. paths, while the EM section consists of a geometry-based

o . . . _domain where signals propagate in 3-D space. This coupled
The organization of this paper is as follows. In the followin : . . L
9 bap gjormulatlon enables the EM section to be driven by a circuit

section, the coupled electromagnetic-circuit (EM-CKT) frame- " hich i i Uit el " d

work is developed. In Section Ill, attention is focused on DEd C |0n,Tvr\1/ I(l:zlvﬁmf(ljy contain non |tn(ejar cwg:w eg:nen S ant

as a means of bio-species manipulation. In Sectionflixdic rvers. 1he €lds, once computed can be usedto compute
the DEP forces, as discussed in the next section.

traction forces on particles subjected to steady Stélkesare A . X .
P J y The EM section is modeled using surface integral equations.

computed. Fast solvers compatible with the BEM formulationls derive th tion nsider a boundary suff
presented are bifiy summarized in Section V. In Section VI o derive these equations, consider a boundary SURaEpa-

several examples of the use of the presented technology are ;5%'99 tW(_)_reglons of hom(_)g_e_neous a’?‘* passive materials. The
rmeability and the permittivity of the internal and external re-

vided and discussed. Finally, conclusions and future work ) . :
glons are given byiq, e andpus, €5, respectively. The electric

discussed in the last section. . . k .
Iseu ! ! and magnetidields on either side of the surface are described
by the mixed potential integral equations (MPIEs) 2]
Il. EM-CKT FORMULATION

S - 1
This section presents an approach to the formulation and so- Ef = juA Vo g_v x F (2.1)
lution of the coupled EM-CKT problem [15]. A typical micro- s 1 A p 29
electronic system layout consists of both lumped circuits and - H_V X Vi juF (2.2)
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where ,2 refers to the exterior and interior regions, respec-
tively. The magnetic vector and scalar potentials are expressed
in terms of the electric surface currenby

(2.3)
— (2.4)

The electric vector and scalar potentials arerdsl in terms of
the magnetic surface current Fig. 3. Block diagram of coupled EM-CKT system matgxuations to be
used are indicated in brackets.
(2.5)
The combined system of (2.42.9) is solved by the method
. (2.6) of moments (MoM) technique [20], [22], [23], which use a dis-
cretized surface mesh with basis functions to obtain a square
. system matrix. The right-hand-side excitation vector consists of
The term _ _ is the Greefs  the tested incident electric and magnetigds (if any, typically
function in the corresponding region. The constantis the  ayising due to incoming radiation from external sources), and the
propagation wave number andss the operating frequency.  syrengths of independent voltage and current sources within the
The electric and magnetields from each region must satisfycircyit blocks. The equivalent currents obtained from the system
the continuity of the following tangential boundary conditionsy equations are re-inserted into (2.1) and (2.2) to compute the
radiated electromagneticelds. Some numerical examples of
2.7) elds generated via coupled circuit-EM simulation of electrode
(2.8) structures used in DEP are discussed in Section VI. Forces and
torques on particles due to the resulting Eklds may then be
Inserting the electric and magnetields (2.1)2.6) into the ca|culated as a post-processing operation, as discussed in the
above boundary conditions (2-{2.8), a coupled electric and next section.
magnetic surface-integral equation is obtained. This systemp suymmary, (2.1)(2.8) represent the BEM model, (2.11)
must be solved to determine the unknown eqUiValent Currer}tépresents the |umped Circuit part, (29) Coup|es the EM do_
Next, the circuit part is connected to the surface currents Byain to the circuit domain and (2.10) does the reverse coupling.
enforcing a modied current-continuity equation [15], The resulting matrix system is depicted in Fig. 3, where the
BEM part consists of a dense block representing the radiating
(2.9) electrodes, while the MNA block represents the lumped circuit
block which drives the EM part. The circuit coupling method-
where s the current injected from the circuit contact. is  0l0gy has been discussed in detail with numerical validations in

portion of the discretized metal surface connected directly to tHe]-

circuit nodes. Physically, this current introduces an additional

source term in the continuity equation and produces an added IIl. DEP

source or sink of charge that alters the scalar potential and the ) ) . ) )
resulting electric eld. The scalar potentials are tied to the circuit. DEP 1S @ widely used technique for the sorting of different

node voltage , by the following Kirchoff s voltage law (KVL) charge neutral bio-species. There are two common approaches
expression: used for particle manipulation. Thest is the usage of nonuni-

form electric eld distribution. The DEP force is dependent on
(2.10) the associated gradients of the electrigld intensity. These
guantities are highly dependent on the electrode garation

Finally, the contact current is connected to the circuit by irfl--, the positioning of electrodes relative to each other in an
cluding an additional term in the Kirchoff's current law array). The second is using a frequency sweep, which exploits

(KCL)-based circuit equation associated with circuit noces  the frequency dependent nature of the material compositions in
various biological particles. Depending on the frequency, the

(2.11) particle might experience positive DEP or negative DEP force.
The process o$wept frequency crossovisra method of trap-

where MNA is the modied nodal analysis block matrix thatping and separating different bio-species [5]. As the frequency
represents the KCL equality of the node forat the extended reaches therossovepoint and changes from a positive DEP to
circuit node. The rest of the MNA block represents the rategative, the particles are liberated from trapping mode, and are
maining circuit system with possible digital control and analogeleased into theow. To gain valuable insight into the nature
components. The presented formulation s&ssthe KCL and of the DEP force, accurate computer simulations are necessary.
KVL, and also provides continuous branch curreatv. This section presents a method for numerical simulation of DEP.

otherwise
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Analytic methods are available for spherical particles, in
which case the following result is obtained [9]:

F =27 3¢,,Re[K (e}, ¢, w)]V|E|? (3.1)

m? p7

whereF is the DEP force vector, is the radius of the particle, /9 4 (&) Neighbor ist. (b) Interaction list.

em 1S the permittivity of the medium,;, and ;, are the complex
permittivities of the medium and the target particle, respectively.
Also, K (e%,, € w) is the real part of the Clausidslossotti

factor which is given by

en(w)  &w)
ek (w) 25;‘,(w)'

The analytic formula is valid only for spherical particles and

breaks down for more general shapes. Hence, numerical simu-

lation is necessary for accurate dielectrophoretic force predic-

tion. The approach presented here relies on computation of H}‘FS High-gradient electrifield intensity from a two-phase planar electrode

surface charge densities induced by the incidentfieldls that array.

are in turn produced by the circuit sources. The induced charges

are then used to compute the total DEP force on the particle of which yields the equivalent charge densities. The total force
To compute these induced charges, a two-region formulatigsting on the object can then be found as

similar to that presented in the last section is adopted. The for-

mulation is relatively simple compared to the previous one be-

cause only the EM boundary conditions on the particle surfage_ / o (r) sV / G (r,v)o (r') §

need to be satiied. Consider an arbitrary particle bounded by Js

a surfaceS. The continuity of the scalar potential acrasss / so (r)E". (3.5)

given by [20], [23] S

K(e Jw) =

(3.2)

£
m?

/ / / / Some simulation examples of the computed DEP force are dis-
s | G (rv,r s s i (r,v)o; s . :
cussed in Section V.
= [ s [ s @)
/s Js IV. FLuiDIC TRACTION FORCES

where the subscripts and represent the interior and the Apart from electrical and magnetic control forces acting on
exterior of the object. The superscripc represents incident the bio-species in a micrfeidic channel, the other major force
fields produced by the electrodes excited by circuit couplingiat comes into play ifiuidic drag [16}{18]. The gravitational

G (r,v') = 1/4ne|r 1'| is the electrostatic Greemfunction force can be neglected since drag forces are dominant for mi-
wherer andr’ are the position vectors of the observation angroscopic particles. These forces are used to counterbalance the
source points respectively. The unknownis the equivalent DEP forces in order to trap the particles. Hence, it is neces-
surface charge density. Equation (3.3) results from potentiéry to compute the traction forces acting on particles subjected
computation by convolving the Green function with the to an aqueousiow. The simplest kind ofiuid flow is Stokes
charge density over the surface of the given particle. Taking tAew, where the particle experiences a viscous drag ofithie
gradients of the potential leads to the computation of the ele@eeping past it. This kind dluid motion is governed by the
tric flux density, the normal component of which is continuouStokes equation [16], [18], which works well for incompress-
across the particle surface. This is enforced by the followirigle fluids in steady state motion. This formfodw is typical in

equation: low flow-rate micrdluidic systems. The drag force on a spher-
ical particle of radius under Stokeglow is given by the stan-
A-e / sV/ G (r,r')o & dard formula
/ sv/ (1) 05 8 Fp=6rp U (4.1)

e . e where p is the viscosity of thefluid and U is the fluid ve-
=n- /S sE n-& /S sE; (3.4) locity. However this expression cannot be used to evaluate vis-
cous forces on nonspherical particles in a manner similar to the
wheren is the unit normal of the surfacg pointing in the out- breakdown of analytic formulae for DEP. An integral equation
ward direction. Upon discretization of the particle surface, (3.8)rmulation is used here in order to compute traction forces on
—(3.4) produce a complete set of linear equations the solutiarbitrarily shaped particles.
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20
Fig. 6. Phasor representation of planar electrode array. The voltage source and the phase shifters form the circuit diagram and the electdde $yrfsice
form the EM simulation domain, on which boundary conditions (4Z.8) are enforced. -

Consider slow creepinfiow in afluid domain bounded by a exploited. In particular, a variant of the popular fast multipole
surfaceS. Imposing no-slip boundary conditionéifeads to the method [20], used for Stokekow kernels [21] has been used
following integral equation [18], [22] for the three componentfor accelerating théuidics section. A multilevel oct-tree-based

of the stress density;, rank revealing QR scheme [19] has been used in the DEP and
coupled circuit-EM section. Both these techniques rely on
Ui(y) accelerating matrix-vector products involving Gresfunction
_ 3 (@i yi)(z;  yi)ze  ye) j(x)Uk(x) S computations by separating the evaluations into ffieéat and
2r Jq rd * far field sections within the context of an oct-tree hierarchy
1 i (e vz y) as shown in Fig. 4. The ultimate effect of these algorithms is
ar s [; T i(x) 82,9y€5.(42)  gramatic (linear versus quadratic or cubic) savings in computa-

tional time and memory for large systems.
The repeated indexes are consistent with Einstein summation

and thefirst integral requires computation of a Cauchy prin- V1. SIMULATION EXAMPLES

ciple-value integral [18] and the second integral represents theThis section describes and discusses some simulation exam-
free space Greés function integrated over the particle surfaceles using the combined circuit-EM and mifitadic BEM for-

to obtain the net stress density. Upon discretizatiob afito  mulation presented in this paper. The limitations of the proposed
N triangular elements, &V x 3N system is obtained after en-methodology are discussed at the end of this section.

forcing no-slip boundary conditions at the surface. The stress .

densities are obtained by solving this system of equations. The Traditional Planar Electrode Array

total drag force can then be obtained by integrating the stresShe planar electrode array structure in Fig. 5 is a common

densities over the particle surface corfiguration used for dielectrophoretic manipulation. It is
commonly operated under two-phase and quad-phase exci-
tation. Typical dimensions for the array are Afh in width,
Fp = / i Si (4.3) 10-50 um in length, spacing between electrodes of.d and

channel spacing between-AD pm. In Fig. 5, the gradient of

Thefluidic force thus obtained can be used to simulate the eqthe electridield intensity is plotted for a single planar electrode
librium conditions of micrdluidic systems. In this formulation array. The excitation is provided via a two-phase circuit. This
it has been assumed that the particles do not affect the elecgféherates a standing wave mode for the eleéid.
field distribution and as such tfieidic and the electromagnetic In Fig. 6, two planar electrode arrays are simulated with a
systems are not explicitly coupled. Also theid flow has been quad-phase, each array is offset by 180d with channel sepa-
assumed to be steady so that the Stokes assumption is validration of 20m. Thefigure shows a phase representation of the
traveling wave of the electrigeld produced across the channel.
The voltage and the phase shifters constitute the circuit do-

The BEM systems presented here are formally solved usinwin, while the electrode surfaces constitute the electromag-
dense matrix inversion or factorization. However, in actual codeetic domain. Boundary conditions (2-{2.8) are enforced on
implementation, state of the art fast multilevel solvers, noWw and the resulting wave pattern across the channel has been
prevalent and mature in several BEM-related areas, have beemputed.

V. OCT-TREE-BASED FAST SOLVERS
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Fig. 9. Normalized DEP force.

Fig. 7. (Schematic) Circuit topology coupled with spiral electrode technology

5].

Fig. 10.

Fig. 8. Mesh of 4-arm spiral inductor with superimposed plot of eledieid
intensity.

Similar results as shown in Figs. 5 and 6, using analytical and
differential equation-based simulation can also be found in the
literature [13].

Fig. 11.

B. Four-Arm Spiral Array

Spiral electrodes [5] are useful for discriminating cells by ex-
plicit DEP attraction and repulsion. The array figaration to
be simulated consists of four arms; the simulation may be runin
atraveling wave or a standing wave mode. In Fig. 7, a schematic
of the circuit topology connected to the EM subsystem for the
array is shown. The actual dimensions of the spiral are outer
radius of 6um, spiral width 1m, and spacing between arms
1 um. A quad-phase voltage source operating at 1 MHZ, is ap-

plied to each arm of the array and phase shifted byt#ween g 12,

its neighbors to produce traveling wave characteristics.

Focusing ring array.

Normalized electrifield intensity.

Magnetidield intensity plot of a multi-turn planar spiral inductor.

In Fig. 8, the actual simulated electromagnetic surface metsle array. In Fig. 9, the normalized DEP force vector is plotted
can be seen. Superimposed on the mesh is a plot of the intm-the spiral electrode array. The intensity of the eledietd
sity of the electricfield just slightly above the electrodes. Theroduces a force that pushes positive polarized particles toward
strength of the electrifield intensity is strongest near the edgethe edges of the electrode structure. Also, the DEP force has a
of the electrodes and increases in strength toward the centespifaling nature towards the center of the array.
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Fig. 13. DEP force on the sphere of radius 10 micron (6)7 10-'° N. (b) 3. 1071 N.(c)4+9 101N,

C. Focusing Ring Array

A relatively new design idea is the focusing ring array shown
in Fig. 10, although in practice it may be fidult to manufacture
such a ring array. Planar ring structures are common and pro-
duce forces that are used to levitate particles. The aim behind
these focusing ring structures is also to provide both levitatiefy. 14. Two nano-particles of the same size (300 nm), but different shapes
in the radial direction and traveling forces between rings. Tiggperience different DEP force (= » =1 : 4) when subjected to the same
device consists of 4 parallel rings operating in traveling wayisidentfield.
mode. Each ring has a radius ofith, width of 1m and 1m
spacing between rings.

In Fig. 11, the electri¢ield intensity is superimposed on the
four ring electrodes. Simulation results show that the intensity is
strongest between the electrode rings due to the traveling wave
coupling. There is stronfield intensity in the radial direction to
provide radial DEP separation. The eventual realization of this
device would be through a series of these quad-phase focusing
rings, with different applied voltage strengths to allow differensig. 15. Stress distribution on a sphere with an incidient (.001, 0, 0), p =
tial focusing in the radial direction for multi-species separatio@$.6  10° .

D. Spiral Inductor obtained through the BEM method, are seen to vary with the

Although most of the examples so far have been focused sfpape of the particle. This is one qu_alitative validation of the
DEP, the simulation capability can be extended beyond eldt€€d for the development of numerical methods for accurate
tric field induced manipulations. For example, a MAP systerioMputation of DEP forces for arbitrary particles.
which rghes on the magnetfueld fgr fopusmg and transport_lngG_ Fluidic Stress on a Sphere
magnetic particles, is depicted in Fig. 12. Here, a multi-turn
spiral inductor structure is simulated. The magnéétd inten- ~ An example of stress distribution on a sphere obtained via
sity as a function of displacement from the inductor center abo§#nulation is shown in Fig. 15. The sphere has radius of 10 mi-
the structure is shown. As seen there is a large magfietit Ccrons and is placed in an incident Stokiesv of velocity vector
gradient away from the center of the inductor, which is usef(#001, 0, 0), and viscosity of 1. The numerical result matches
for creating large magnetophorefields. well with the analytical result for a sphere as in (4.1).

E. DEP Forces Acting on a Sphere H. Limitations

Fig. 13 shows the reversal of the sign of the DEP force dueThe formulation presented here is only an initial step towards
to change in the sign of the Clausiddossotti constant causedthe development of a coupled cicuit-Eflsdic solver. The lim-
by changing the operating frequency, using the presented sitations of the methodology are as follows.
ulation method. The values shown are comparable to those old) It has been assumed that thed medium is sufciently di-

tained analytically using (3.1). lute, so that the particles are sparsely distributed and their
) ] presence does not affect the elecfiitd. Based on this as-
F. DEP Forces on nonSpherical Particles sumption, presence of the particles has been ignored and

Fig. 14 compares the DEP forces experienced by a spherical free-space (uniform background medium) Greefunc-
and a nonspherical particle of similar size but different shapes, tion has been used to compute tield generated by the
when subjected to the sarfield. These forces, which are again electrodes.
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2) Arigid model assumption has been made during the Stokeg12] M. S. Talary, J. P. Burt, J. A. Tame, and R. PethEjectromanipulation

ow computation, while particle deformation needs to be

accounted for during dynamic computations.

3) The uidic and the electromagnetic domains have not been
coupled. It has been assumed that the circuit model driving

the EM domain is not connected to theid domain.

VII. CONCLUSION AND FUTURE WORK

This paper presents a combined circuit-EM-miarialic sim-
ulator based on multi-physics surface integral equations. The
technique has direct applicability to nanoparticle simulation in [17]

the context of labs-on-chip for biological species detection, sep-

aration, and isolation.

It is expected that the technique will enable the equivalent
of circuit computer-aided design (CAD) advances in the area

of mixed-physics technology, and is ast step towards that
goal. In addition, the technique has been accelerated through

fast solvers and is therefore applicable to complex systems ind

volving a large number of arbitrarily shaped particles and mul-
tiple electrodes. In continuing work further levels of simulation [21] I. Chowdhury and V. JandhyalsSingle multilevel expansions and op-
hierarchy, including explicit biological particle dynamics will
be implemented by using time steppers like the Verlet integrator.[zz] G. K. Youngren and A. Arcivos Stokes ow past a particle of arbitrary
This will help in the characterization of the motion of various
species inside LoC environment.

(1]

2

3

[4

(5]

[6

[7

8

(9]

[10]
[11]

REFERENCES

D. Figeys and D. Pintd;Lab-on-chip: A revolution in biological and
medical sciencesAnal. Chem.pp. 330A-335A, May 2000.

A. Puntambekar, C. Hong, C. Gao, X. Zhu, R. Trichur, J. Han, S. H.
Lee, J. Kai, J. Do, R. Rong, S. Chilukuru, M. Dutta, L. Ramasamy, S.
Murugesan, R. Cole, J. Nevin, G. Beaucage, J. B. Lee, J. Y. Lee, M.
Bissell, J.-W. Choi, and C. H. AhfiSmart disposable plastic lab-on-a-
chip for point-of-care-testingin Proc. 7th Int. Conf. Micro Total Anal-
ysis System2003, pp. 12941294.

B. H. Weigl, R. L. Bardell, and C. R. Cabrerd,ab-on-a-chip for drug
development,Adv Drug Deliv Rev.vol. 3, pp. 34977, 2003.

L. Cul, T. Zhang, and H. MorgariOptical particle detection integrated

in a dielectrophoretic lab-on-chip]. Micro-Mech Micro Eng.vol. 12,

pp. 12, 2002.

P. R. Gascoyne and VykoukdDEP-based sample handling in general
purpose programmable diagnostic instrumén®spc IEEE vol. 92,

no. 1, pp. 2242, Jan. 2004.

L. Haibo, Z. Yanan, A. Demir, and R. BashifCharacterization
and modeling of microuidic dielectrophoresis Iter for biological
specie$,J. Microelectromech. Systol. 14, no. 1, pp. 411, 2005.

X. Wang, X.-B. Wang, F. Becker, and P. R. C. Gascoyetheoret-

ical method of electrical eld analysis for dielectrophoretic electode
arrays using Greea theorent, J. Phys. D: Appl. Physvol. 29, pp.
1649-1660, 1996.

D. S. Clague and E. K. WheeléfrDielectrophoretic manipulation of
macromolecules: The electrield; Phys. Rev. Evol. 64, no. 2, Aug.
2001, 10/1103/PhysRevE.64.026605.

H. A. Pohl, Dielectrophoresis Cambridge, U.K.: Cambridge Univ.
Press, 1978.

Y. Huang and R. PethjdMeas. Sci. Technolvol. 2, pp. 11426, 1991.

A. D. Goater, J. P. H. Burt, and R. Pethid, combined traveling wave
dielectrophoresis and electrorotation device: Applied to the concentra-
tion and viability determination of crytosporidium]. Phys. D: Appl.
Phys, vol. 30, 1997.

(13

[14]

[15]

[16]

(18]

and separation of cells using traveling electriglds; J. Physics D:
Appl. Phys.vol. 29, pp. 21982203, 1996.

] N. G. Green, A. Ramos, and H. Morgdlumerical solution of the

dielectrophoretic and traveling wave forces for interdigitated electrode
arrays using the nite-element methot J. Electrostat. vol. 56, pp.
235-254, 2002.

A. Leonardi, G. Medoro, N. Manaresi, M. Tartagni, and R. Guerrieri,
“Simulation of dielectrophoresis in microelectronic lab-on-a-¢hip,
Proc. Int. Modeling Simulation Microsyspp. 96-99, Apr. 2002.

Y. Wang, D. Gope, V. Jandhyala, and C. J. ShGeneralized
KVL-KCL formulation for coupled electromagnetic-circuit simulation
with surface integral equatiohdEEE Trans.. Microw. Theory Tech.
vol. 52, no. 7, pp. 1673682, Jul. 2004.

X. Wang, “FastStokes: A fast 3-D uid simulation program for
MEMS, Ph.D., Dept. Elect. Eng. Comp. Sci., MIT, Cambridge, 2002.
S. D. Senturia, N. Aluru, and J. WhitéSimulation of the behavior
of MEMS devices: Computational methods and ne€enfs Compuer
Science and Engineering New York: IEEE, 1997, vol. 4.

C. Pozrikidis Introduction to Theoretical and Computational Fluid
Dynamics Oxford, U.K.: Oxford Univ. Press, 1997.

] D. Gope, S. Chakroborty, and V. Jandhydla fast parasitic extractor

based on low rank multilevel matrix compression for conductor and
dielectric modeling in microelectronics and MEM®evices Circuits
pp. 794799, 2004.

20] K. Nabors and J. Whité FastCap: A multipole-accelerated 3-D capac-

itance extraction progratnEEE Trans. Comput.-Aided Design Integr.
Circuits, vol. 10, no. 11, pp. 1447459, Nov. 1991.

erators for potentials of the form
pp. 936943, 2005.

;" SIAM J. Sci. Computvol. 26,

shape: A numerical method of solutibd, Fluid Mech, vol. 69, 1975.

[23] L. Gaul, M. Kogl, and M. WagnemBoundary Element Methods for En-

gineers and Scientists New York: Springer, 2003.

[24] J. Zeng and T. Korsmeygrab on a Chipvol. 4, pp. 265277, 2004.

Indranil Chowdhury received the B.Tech. degree
in electrical engineering from the Indian Institute of
Technology, Kharagpur, India, and the M.S. degree
from the University of Washington, Seattle, in 2002
and 2004, respectively.

He is currently a Research Assistant at the Ap-
plied Computational Engineering (ACE) Laboratory,
Electrical Engineering Department, University of
Washington. His research interests are modeling
and simulation of electromagnetic,uidics, and
biological lab-on-chip systems.

Swagato Chakraborty was born in Calcutta, India,

in 1978. He received the B.Tech. degree in elec-
tronics and electrical communication engineering
from the Indian Institute Of Technology, Kharagpur,

India, and the Ph.D degree in electrical engineering
from the University of Washington, Seattle, in 2001

and 2005, respectively.

He is currently working for Applied Wave
Research, Inc., El Segundo, CA. His areas of interest
are computational methods for efent analysis
of electromagnetic, biological and multiphysics

systems.



2672 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMSI: REGULAR PAPERS, VOL. 53, NO. 12, DECEMBER 2006

Vikram Jandhyala (S'91-M’00-SM’03) received
the B.Tech. degree in electrical engineering from the
Indian Institute of Technology, Delhi, India, in 1993,
and the M.S. and Ph.D. degrees from the University
of lllinois, Urbana-Champaign, in 1995 and 1998,
respectively.

As part of his graduate work, he co-developed
the steepest-descent fast-multipole method for a
large class of electromagnetic problems. From 1998
to 2000, he was involved in the acceleration of
Ansoft Corporatiofs integral equation solvers, and

Dipanjan Gope received the B.Tech. degree in
electronics and electrical communication engi-
neering from the Indian Institute of Technology
(IIT), Kharagpur, India, in 2000, and the M.S. and
Ph.D. degrees in electrical engineering from the
University of Washington, Seattle, in 2003 and 2005,
respectively.

He has been a Research Assistant in the Applied
Computational Electromagnetics Laboratory at the
University of Washington and has held a summer
internship position at the IBM T. J. Watson Research

co-developed a fast-multipole-based integral equation solver for Ansoft SI3Denter. Currently, he is with the Design and Technology Solutions Department
a signal integrity and parasitic simulation tool. He received his promotion to Intel Corporation. His research interests include fast solver algorithms,
Associate Professorship with tenure at the University of Washington in 2006tegral equation formulations, computational electromagnetic solvers for
He and his students developed the PILOT simulation software suite for rapidcuit applications and signal integrity analysis.

field simulation in microelectronics that is now licensed by the University

of Washington. He has served as a Consultant to government agencies and
contractors, large corporations, and startups. His research interests are compu-
tational electromagnetics, microelectronics simulation, stochastics and design
for manufacturability, molecular forcéeld computation, mixed-technology
simulation and design, enabling lab on chip simulation, fast multiscale mod-
eling, physics-based design creativity, robust simulation and user interaction.
He has published simulation software for an undergraduate EM textbook, and
more than 125 journal and conference papers.

Dr. Jandhyala serves as a reviewer for several IEEE transactions and confer-
ences, government agencies, publishing houses, and on the TPC committees of
the APS, DAC, and ICCAD conferences. He is a full member of URSI Com-
mission B. He has received several honors including Inaugural Raj Mittra Out-
standing Research Award, 1998, UIUC, Microwave Graduate Fellowship, 1996,

John D. Rockway received the B.S. degree in
physics from the University of California, San Diego,
CA, and the Ph.D. degree in electrical engineering
from the University of Washington, Seattle, WA, in
1995 and 2001, respectively.

He was a Postdoctoral Researcher at Massachu-
setts Institute of Technology, Cambridge, MA, in
2002, and at Lawrence Livermore National Labo-
ratory, Livermore, CA, from 2002 to 2005. He is
currently a Research Scientist at the University of
Washington. His research interests include scfienti

IEEE, CAREERgrant, 2001, National Science Foundation, ECS Division a%mputing, and the design of mixed-signal and lab-on-chip technologies.

Outstanding Research Advisor Award, 2004, EE, UW.



