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Summary We extend Prosperetti’s seminal Physalis method for figized particles in fluid flow to directly resolve dielectriarficles

in an electric field. The method can be used to accuratelyigirddr the first time, the local charge distribution, foraed torque on
particles and to accurately account for the mutual fluidiglar particle-particle, and particle-boundary intéiaes. The method is
very accurate and able to satisfy exactly the discontinumtesface conditions, efficient to simulate up to one milljgarticles using
a PC, and unique in the computational world. These featusd®rthe method especially important to applications torbgeneous
dielectric materials and biomedical engineering.

Prosperetti seminally developed the Physalis method [#jrectly resolve finite-sized particles in fluid flow [2, 3,.4]
Recently, we extended the method to directly resolve dieteparticles in an electric field [5, 6, 7]. The method can be
used to accurately predict, for the first time, the local geatistribution, force and torque on particles and to adelya
account for the mutual fluid-particle, particle-partided particle-boundary interactions. The method has bemmrsto

be remarkably efficient and convenient to investigate logimeous mixtures of dielectrics and conductors congistin

up to one million circular or one hundred thousand 3D spla¢particles. The discontinuous interface conditions leetuv
two different media are satisfied exactly in the method. Hatures make the method to have important applications to
heterogeneous dielectric materials and biomedical eegimg

Understanding force and moments associated with local hodopy is essential in porous heterogeneous functional ma-
terials (now called HeteroFoaMs [8] in the literature). éfeFFoaMs are the physical foundation for many natural and
man-made material systems such as the lungs and vasculamsyis animals, the electrodes of batteries and fuel cells,
and functional membranes used in medical devices and foekpsing. The multi-physics of the functionality of these
material systems across multi-scales in time and spaceisafly averaged or represented by “effective propertifs”

a fictitious continuum that is thought to have the same gloésponse as the mixture of discrete phases. Unfortunately
this approximate approach teaches us little (if anythitogua the local physics, and neglects the subtleties of tba lo
geometries and morphology. The effective property appr@deo fails to tell us how to construct and synthesize such
a material system, using the physics as a guide at the logal I a battery, for example, what local geometry is best
to capture the functionality of the transport, oxidati@daction, diffusion, electrochemistry, and conductiothatlocal
level that is the heart of that system? Such questions muah&eered with a viable local representation that can re-
cover the physics and the morphology as a foundation for istateding and synthesis. The complex local morphologies
could be simulated by proper assemblies of such particléeeif can be deployed in close proximity to each other. In
heterogeneous materials, distinct phases can have thessatifferent material state. The phases are separated Isgpha
boundaries, e.g. solid/solid, solid/liquid, solid/gas, doundaries. If the phases interact and act togetheetieprop-
erties and behavior that is peculiar to their specific commtim, they are said to be a “material system.” The classical
literature concentrates on estimating the global “averageffective” properties of such materials, but does natpde
methods or approaches that capture the local details oihthefaces between the phases, which control many of the
system properties and performance. Our approach dirextlylves the local geometry, tackles the mutual interastion
and calculates the local surface charge distribution tleagasential in the heterogeneous dielectric materia¢syst

The accurate calculation of force and torque on dielectitigles is also essential in many applications in biomaddio-
gineering, particularly when the strong mutual interatsiamong field, particles, and walls are accurately and effiik
considered for dense particles. Owing to their dielectrimpprties, all dielectric particles experience dielgghroretic
(DEP) forces and torques, when subjected to electric figldd, interact with the field. These particles include some
with important applications, e.g. cells, microparticlaanoparticles, virus, DNA, and proteins. The DEP, electar
tion, orientational, and anisotropy phenomena have s@amifiapplications in many areas such as biomedical research
microfluidics, nanoparticle assembly, stem cell reseant,optical traps to manipulate, separate, sort, and diesize

the particles. Our numerical method accurately accoumtghi® mutual interactions, the frequency-dependent proper
ties, orientation and anisotropy effects, the forces amgles on finite-sized particles (for the first time), closeipkes,
multilayered shells, and particles up to one million. Thprapch opens new frontiers in biomedical engineering rekea

The Physalis method is an iterative Immersed Boundarylsgdenethod designed to efficiently and accurately tackle
complex geometries. The underlying idea of the Physalidhatels to create a cage and to apply a spectral general an-
alytical solution around a discontinuity in a surroundirgdito enable the accommodation of physical and geometric
discontinuities. An example of the cage is shown in Fig. 1{&pavoids complex geometric singularities and satisfies
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Figure 1. (a) Cage mesh points for complex geometries and the disewants interface conditions; (b) Numerical errors.

exactly the discontinuous interface conditions. The funelatal difference between the Physalis method and othdr-met
ods is that a spectral general analytical solution is useshtisfied exactly the interface conditions in the formerilevh
penalty methods, Lagrange multipliers, interpolationextrapolation are used to enforce the interface condifiotise
weak sense or approximately in the latter. For example, émeigl solution for 2D dielectric particles can be written a
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V = b+ Z [1 + e (T—p) ] r" (an, cosn + by, sinnb),
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whereb, a,,, andb,, are coefficients to be determined for the convergent saiati&ig. 1(b) shows the numerical errors,
indicating that the numerical solutions inside the pagtale much more accurate than those outside of the parfidies.
difference implies that the closed form of the general aidy/solutions is nearly recovered with very accurate ois
for these coefficients.

It is this fundamental difference that results in much monpartant features regarding derivative quantities, wiaich
typically related to the gradient of the field variable bu¢ anuch more important for many applications than the field
variable. For other methods, the accuracy of the gradietytpisally degraded during postprocessing. In contrast, in
the Physalis method, the coefficients in the spectral géaagdytical solution are even more accurate than the solved
field. Since the derivative quantities of interest can beesged simply as algebraic functions of these coefficidmis,
accuracy does not degrade but rather are more accuratehihaoltved field. These derivative quantities include local
charge distribution, force and torque on the particle,r@étd many engineering applications.

The convergent results yield accurate coefficients andttieispectral analytical solutions at the interface. Thévdgve

of the analytical field gives the accurate local surfacegddistributions which show the charge and energy storatjeeof
heterogeneous dielectric material system. The surfaegriations give the force and torque on particles. In cotitoahe

DEP approximation which keeps only the interactions of thveelst modes, our approach gives the exact results, ingudin
all of the interactions between modes, and shows that teesictions between higher order modes may dominate as the
particles are close. For non-spherical particles, we diegvanore complex features of the orientation and anisotropy
effects. These are crucial to applications of heterogembmmedical systems, for example the formation of pearincha

of biological particles. For more details, we refer to ourenet papers [5, 6, 7]. The present research was supportée by t
Department of Energy under funding for an EFRC (the HeteadfFGenter), grant no. DE-SC0001061.
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