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EXECUTIVE SUMMARY

Microsystems or micro-electro-mechanical systems (MEMS) are an emerging technology having
potential applications in military, environmental, medical and industrial applications. Though the
concept of MEMS has been known for more than 20 years, the commercialization of MEMS
technology has not progressed as fast as IC chip technology. The lack of understanding of
physical phenomena and their interactions in microsystems has been a major technical barrier in
the use of MEMS devices. Most microdevices rely on thermal, mechanical, fluid, electric, and
magnetic interactions for performing the intended function. Recent advances have been made in
understanding each of these effects individually. However, for most devices, the coupled effects
of these phenomena are not well understood.

Although the viability of MEMS devices for various applications has been demonstrated in
research laboratories, many of these devices have yet to become commercial products. The
current procedure of trial-and-error testing and fabrication of devices makes them very expensive
to design. In many instances the performance and reliability are far from optimal. The
availability of advanced CAD tools which could aid microsystem designers and manufacturers in
analyzing/designing microsystems would result in a significant reduction in the extent of
physical testing that needs to be done in order to prototype a device. Advanced CAD tools are a
key to higher performance/reliability, reduced costs, shorter prototyping cycles and improved
time-to-market.

The study described in this report focuses on the development of a CAD tool, CFD-
ACE+MEMS, for simulating microsystem operation. CFD-ACE+MEMS has models to simulate
coupled effects of flow, thermal, mechanical, electric, and magnetic phenomena. The models are
accessible through geometry, visualization, and problem set-up software. The simulation abilities
of the CAD tool have been demonstrated on many well-characterized microsystems and test
cases. Also, through experimental measurements conducted at Sarnoff Corporation (under a sub-
contract), the CAD tool has been verified using measured flow field and mechanical
displacements.

CFD-ACE+MEMS is based on a flow, thermal, mechanical CAD tool, CFD-ACE+ which has
been modified to include electric and magnetic physical models. The structural mechanics model
is now supplied with additional forces such as the electrostatic pressure forces, magnetic moment
forces, and the Lorentz force on a conducting body. The heat model now has additional heat
sources due to joule heating both from conduction currents in resistive materials and inductive
heating due to time varying magnetic/ electric fields. The flow module has an additional Lorentz
force on flows of (electrically) conducting fluids. The volume of fluids (VOF) model is supplied
with an electrostatic force that opposes the surface tension on the free surface. The electric model
also calculates source currents for use by the magnetic model.

The electric model solves Poisson’s equation or a conduction equation for the electric potential.
From the electric potential the electric field, capacitance, electrostatic pressure forces, and the
conduction currents are calculated. There are two computational methods available for solving
the electric equations. One is the finite volume method (FVM) and the other is the boundary
element method (BEM). The FVM uses finite difference and the Divergence Theorem to
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discretize the solution space. The resulting difference equation is solved using a linear solver .
such as an iterative conjugate gradient solver (CGS). The BEM solves the integral form of the
electric equations at boundary surfaces. The boundary surface integrals are approximated using
techniques similar to the multipole method. The solution to the resulting linear set of equations is
obtained using a solver based on the generalized minimal residual (GMRES) method.

The FVM requires a volume mesh and calculates the electric potential (and the electric field) at
every cell (volume) in the mesh. The BEM requires only a surface mesh (although volume
information is required in defining the different “domains”) and calculates the electric potential
(and the electric field) only at boundary and interface faces. The BEM is very naturally applied
to unbounded problems unlike the FVM method. The BEM method has higher computational
cost (speed, memory) per boundary element than FVM does per volume element. This does not
mean BEM is slower since many problems require much fewer BEM face elements than FVM
volume elements, where the BEM is faster than the FVM.

The magnetic model solves a vector laplacian equation for the magnetic vector potential either in
time or assuming sinusoidal steady state (frequency domain). From the magnetic vector
potential, the magnetic field, electric field, Lorentz force, torques on magnetic moments, and
eddy currents are calculated. The magnetic model equations are solved using only the FVM.

All of the physical models (fluid, heat, structural, electric, magnetic) are coupled either (1)
loosely, or (i) implicitly. The loose coupling is through boundary and volume conditions being
passed between models during sequential execution. Each physical model is solved separately
from the others using only boundary conditions and volume conditions the other models
calculated during their previous solution. When passing the information between models, linear
relaxation may be applied to the relevant parameters to improve convergence. While this linking
is efficient for many systems, it will fail when the coupling becomes too stiff. This occurs quite
often in solid/fluid systems with small clearances, i.e., elastohydrodynamics. Coupled
electric/structural systems with small clearances will also exhibit tight coupling. In these
instances, a certain degree of implicit coupling between the models is necessary to obtain a
stable, converged solution.

One advanced implicit coupling methodology the “multi-level Newton method” being developed
by Jacob White’s research group at MIT (Aluru and White, 1997) has been implemented to
ensure stable and robust convergence. The method is general enough so that it is applicable to
any physical model (structures, fluids, heat, electromagnetics) and any solution method (FVM,
BEM, FEM). The technique is a black box approach in that the models to be linked need only
have a clear set of input and output values upon which they mutually depend. No complicated
links need to be established between the models. The multi-level Newton method
implementation in CFD-ACE+MEMS has been demonstrated for an electric/structural coupled

problem.

Fundamental validation of the models was carried out by comparing the CAD tool calculations
with analytical solutions for simple benchmark cases and published data of operating
microsystems in the literature. Also, a series of parametric studies have been performed to
evaluate the model characteristics (numerical stability and physical accuracy) over a range of
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conditions. The types of studies carried out using the developed CAD tool were diverse. Some .
of these are listed below:

a The BEM was tested for heat conduction inside a sphere, cylindrical vessel deformation
under surface pressure, and compared against NASTRAN's boundary element method
package.

o Parallel plates, concentric spheres, and sphere of space charge benchmarks were used to
compare FVM and BEM performance.

o Electrostatic loading of mechanical structures was modeled for microsystems such as a
doubly clamped beam, an accelerometer, a high frequency resonator, an electrostatic
torsional micromirror, a micromotor, a linear lateral resonator comb drive, an angular
resonator comb drive, and a fluid damped beam.

o Electrostatic extraction of a conductive fluid from bath was calculated.

o The magnetic field due to a circular current carrying wire was modeled. Shielding of
magnetic field generated from a bus bar due to a high permeability material was modeled.
The magnetic field due to circular and square planar coils was calculated using source
currents from the electric model. The magnetic actuation of a beam with an attached piece of
high permeability material was calculated. The effect of a magnetic field on the damping of a
buoyancy-driven flow of a conductive fluid was analyzed.

A communication protocol to use microtomography experimental data was developed. This
protocol developed in collaboration with Sarnoff Corporation facilitates the transfer/conversion
of data files containing geometry and flow field information. The imaged geometry information
can now be directly accessed by CFD Research Corporation’s (CFDRC’s) models for performing
the simulations. The protocol also facilitates the transfer of information on velocity fields which
were used in a validation study. The significant outcomes of Sarnoff’s efforts include: (i) a
progressively refined methodology for accurate extraction of device structure from
microtomography data; and (ii) a tool to perform good quality surface triangulation of the device.

A validation study was carried out using flow data, mechanical motion, and geometry drawings
supplied by Sarnoff Corporation. The measured flow fields for three flow channels were used to
verify CFD-ACE calculation of the flow fields. Also, previously imaged mechanical motion of
moving parts in a comb drive in conjunction with a “CIF” file was used to verify the
electric/mechanical model.

This project has also enabled CFDRC to perform several recent modeling studies (of industrial
microdevices) for MEMS companies using the coupled simulation capability. These are
summarized below:

o Micropump for Honeywell: CFDRC performed 3-D simulations of coupled fluid-structural-
electrostatic phenomena in a micropump currently being prototyped by Honeywell. These
simulations were successful in highlighting some of the complexities of the interaction
between the above phenomena and enabled Honeywell designers to improve the performance
of the micropump.
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0 Electrostatically Activated Beam for Honeywell: Simulations were performed for .
Honeywell to analyze the deflection of a cantilever beam for different actuation voltages.
Non-linear effects were also simulated. Mechanical forces (as a function of gap height) for
different voltages were computed.

o Microvalve for Xerox: CFDRC performed simulations of coupled fluid-structural-
electrostatic interactions in Xerox’s microvalve. The simulations clearly showed the highly
non-linear nature of the valve operation and also gave insights as to the extent of voltage
drop necessary for optimal performance of the valve.

o Electrophoresis Applications: CFDRC is currently working with Oak Ridge National Lab.,
Caliper Technologies, Aclara Biosciences, etc. to demonstrate CFDRC’s electrophoresis

model that accounts for interactions between charged species transport and the applied
electrostatic field.

CEDRC software is also in use by many MEMS groups such as Redwood Microsystems, Lucas
Nova Sensor, Motorola, Honeywell, Mesoscale Systems, YSI, Stanford University, University of
California (Berkeley), University of Washington, Oak Ridge National Laboratory, etc.

The thermo-fluidic-mechanical-electromagnetic model developed and validated in this project
has been incorporated into a software environment (consisting of geometry modelers, grid
generators, advanced visualization software, Graphical User Interfaces, etc.) and is being
commercialized as a design tool. In addition to MEMS companies, several microelectronics
companies such as Wacker-Siltronic, Aixtron, Motorola, Applied Materials and Novellus have
purchased software licenses from CFDRC for the coupled fluid-thermal-structural-electric-
magnetic software. Their applications include electromagnetic induction heating, Lorentz force
stabilization of melt flow in crystal growth, low-pressure plasma transport and electroplating.
CFDRC expects a large market for this coupled simulation capability. CFDRC'’s software is one-
of-a-kind in its ability to closely integrate these models.
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1. INTRODUCTION

This is the final report documenting the work performed during a two year DARPA/AFRL
Project (Contract # F30602-97-2-0196) entitled “An Integrated CAD Tool for Thermo-Fluidic-
Mechanical-Electrostatic Design of MEMS Devices”. The overall objective is to develop a state-
of-the-art integrated Computer-Aided-Design (CAD) tool for the analysis and design of
MicroElectroMechanical Systems (MEMS). Coupled flow, thermal, mechanical, electric, and
magnetic models have been developed. The coupled models have been integrated with geometric
and visualization tools, design database tools, and a graphical user interface (GUI) for ease-of-
use of the software which is being supplied to MEMS vendors. The CAD tool development has
been completed and modeling studies have been performed on benchmark cases for testing and
validation as well as on commercial MEMS devices. The advanced 3-D imaging and
visualization capabilities of Sarnoff Corporation were used to validate the software. The CAD
package has been evaluated on a range of microdevices for use as a design and prototyping tool.
The CAD tool is currently being commercialized to MEMS manufacturers and vendors and
research groups in national laboratories and academia.

1.1 Microsystems or MEMS (Micro-Electro-Mechanical Systems)

MEMS is an emerging technology having potential applications in military, environmental,
medical and industrial applications. Recent advances in the development of micromachined
components such as sensors, flow channels, valves and diaphragm pumps have created
opportunities for application of MEMS technology in diverse areas. Using a combination of
these components, applications in drug delivery systems, chemical process control,
environmental detection and industrial feed-back control systems are becoming possible. Though
the concept of MEMS has been known for more than 20 years, the commercialization of MEMS
technology has not progressed as fast as IC chip technology. The lack of understanding of
physical phenomena and their interactions in microsystems has been a major technical barrier in
the use of MEMS devices. For example, a thorough understanding of fluid dynamical behavior
and static and dynamic interaction of various components in complex systems is lacking. Though
there are similarities between MEMS components and their macroscopic counterparts, there are
several peculiarities that need to be identified and understood. For example, in recent
experiments, it has been observed that the viscosity of liquid in micro-channels is a function of
channel size. Also, increased flow rates and decreased pressure drops have been reported which
are attributed to “slip walls” at low Knudsen number flows. Most microdevices rely on thermal,
mechanical, electrostatic and fluidic interactions for performing the intended function. Recent
advances have been made in understanding each of these effects individually. However, for most
devices, the coupled effects of these phenomena are not well understood.

Although the viability of MEMS devices for various applications has been demonstrated in
research laboratories, many of these devices have yet to become commercial products. In order
for MEMS devices to be mass-produced commercially, the technology has to progress to a stage
where the following criteria are satisfied:

1. The device should be efficient, i.e., it should consume minimum power to perform the
desired operation.



2. The device should have good performance characteristics over a range of operating .
conditions.

3. The reliability of the device, i.e., it has to perform the desired operation without the
occurrence of mechanical/structural failure over the designed lifetime of the device.

4. The device design should be reasonably simple to facilitate mass production. This will
lower the costs of incorporating MEMS technology to various systems and thus widen
the range of its applicability.

The current procedure of trial-and-error testing and fabrication of devices makes them very
expensive. In many instances the performance and reliability are far from optimal. The use of
advanced CAD tools will result in significant reduction in the extent (and hence the cost) of
physical testing that needs to be done in order to prototype a device. Advanced CAD tools will
be the key to higher performance/reliability, reduced costs, shorter prototyping cycles and

improved time-to-market.

1.2 Importance of a MEMS CAD Tool

Although the viability of MEMS devices for various applications has been demonstrated in
research laboratories, many of these devices have yet to become commercial products. Many
design issues relating to device performance/reliability, mass production, packaging, etc., have
not yet been addressed satisfactorily for many of the MEMS devices currently being explored in
research laboratories. To achieve these objectives, innovative design ideas need to be tested in a
short period of time. Physical testing and prototyping of these devices tends to increase the
design cycle time and costs associated with transitioning the technology to the commercial
sector. In this regard, advanced CAD tools will play a significant role in complementing physical
testing and will aid in the experimentation and development of new designs to ensure

performance and reliability.

As mentioned before, most microdevices rely on thermal, fluidic, mechanical and electrostatic
interactions for performing their intended function. Although advanced models are available to
analyze and simulate each of these interactions, no tool is currently available to model the
coupled effects of these phenomena. Most existing models are able to assess individual effects of
the above phenomena. For example, MEMCAD is able to perform advanced electrostatic
analysis of MEMS devices. Codes such as FIDAP and CFD-ACE are able to analyze the fluidic
and thermal effects in such systems. Software such as NASTRAN is able to do a thorough
structural analysis of the system. ANSYS now has a multi-physics capability. However, a model
that is able to analyze the coupled effects of these phenomena (flow, thermal, structural, electric,
and magnetic) does not exist.

Many MEMS groups have used modeling studies to support the design of various devices. Some
of these studies are summarized below. Zengerle and Richter (1994) and Gravesen (1993) have
discussed several aspects of flow simulation in micro-fluidic components. Most of the
simulations reported in the literature utilized very simple 0-D or 1-D semi-empirical models.
More recent fundamental Navier-Stokes based studies were performed by Vollmer (1994) on




2-D fluidic amplifiers, by Arkilic (1994) (MIT) on 1-D gas flow in channels and by Mehregany .
(1993) on 2-D flow in micro-motors. A review of the state-of-the-art in computational microfluid
dynamics has been performed by Przekwas (1995).

Early model development efforts for MEMS include initiatives such as MEMCAD, at MIT
(Senturia et al., 1992 ), CAEMEMS at the University of Michigan (Zhang et al., 1990), PUSI,
MEMS design automation at CalTech. Recent development efforts (under the DARPA sponsored
Composite CAD program) include organizations such as CFDRC, Microcosm, Coyote Systems,
Tanner Research, Analogy, etc. Most efforts have integrated different analysis tools (from
different disciplines) into design environments. Appropriate information on boundary conditions
is communicated between the models and the solution is obtained by iterating between the
various models. However, depending on the complexity and non-linearity of coupling between
the various phenomena, this coupling approach may not result in a converged solution for the
overall system. In cases where the coupling is highly non-linear and stiff (of varying time
scales), an explicit linking of the models will not yield a stable and converged solution. For
example, the deflection of a structure in a MEMS device will depend on the thermal, fluid
pressure and electrostatic loads on the structure. However, as the structure begins to deflect, each
of the loads will change as a result of the deflection. In order to reach the stable equilibrium
position of the structure under the action of all the loads, each of the models have to be coupled
in an implicit manner. Otherwise, convergence will not be achieved regardless of the number of
iterations used between the models.

Implicit coupling of models implies the solution of one model depends directly on the solution of
the other models. That is, the solution is a function of the solution of the other methods at
solution points within the discretized computational grid. Some examples of implicit coupling
are solving the models simultaneously in one large matrix or in some way having the predictor
values a function of the coupled models.

1.3 Focus of Proposed Work

Ongoing modeling activities (such as development of MEMCAD) have sought to integrate
specialized software from several disciplines through appropriate exchange of information (on
boundary conditions). However, this approach has major technical and commercial drawbacks.
MEMS processes are highly non-linear and the semi-explicit coupling between the disciplines
will not yield a converged solution. For these systems, it is necessary to solve all of the relevant
processes in a highly coupled implicit manner in order to obtain a stable, converged solution.
Such a capability is not currently available and is a must for prototyping MEMS devices. Also,
the use of a design environment with loosely coupled software is not economically feasible. The
user will have to pay the costs associated with license fees for each of the software packages
(such as FIDAP, NASTRAN, PATRAN, etc.) and still will not get adequate technical support for
the integrated capability.

The goal of the proposed work was to develop a comprehensive multi-disciplinary simulation
capability within a single environment. Depending on the problem being solved, this
environment will provide options for either loose coupling or tight (implicit) coupling between
the different modules. The advantage of this approach is that it enables the developer (i.e.,



CFDRC) to provide the software at low cost to the designer. Additionally, the support of the .
software will be done by a single entity.

The starting point for this development effort was CFD-ACE+, a commercial multi-disciplinary
software developed by CFDRC. CFD-ACE+ has capabilities to simulate coupled effects of fluid
flow, heat/mass transfer and chemistry in conjunction with stress analysis and structural
deformation. Under this project, physical models for electrostatics, magnetostatics and
electromagnetics were developed and coupled into CFD-ACE+. The software has been tested
and verified on several MEMS applications involving coupling between the modules. Specific

examples include :

o Electrostatic-mechanical coupling in accelerometers, comb drives, etc.

a Electrostatic-mechanical-fluidic coupling in microvalves.

0 Electrostatic-fluidic coupling in electrophoresis, electrostatic extraction of droplets from a
fluid bath, etc.

o Magnetostatic-fluidic coupling in magnetic stabilization of fluid flow.

0 Electrostatic-thermal-fluidic-mechanical interactions in a cantilever beam.

o Magnetic-mechanical interactions in a beam

The completion of this project has resulted in a new software environment, CFD-ACE+MEMS,
that is capable of simulating highly complex physical interactions in microsystems.
CFD-ACE+MEMS has set the stage for further development in the areas of reduced models and
parametric models that will enable complete system analysis. Those efforts are DARPA BAA
97-17: “Generation of Reduced Parametric Models of Microdevices from High Fidelity Tools for
System Level Composite CAD” and DARPA BAA 97-39: “Mixed-Dimensionality VLSI-Type
Configurable Simulation Tools for Virtual Prototyping of Biomicrofluidic Devices and

Integrated Systems.”

1.4 Project Tasks and Accomplishments

This section describes the tasks that were proposed under this project along with the
corresponding accomplishments for each task. The two phases of work which have been

completed in this project include:

PHASE 1: DEVELOPMENT OF A THERMO-FLUIDIC-MECHANICAL-ELECTRO-
MAGNETIC MODEL FOR MEMS DEVICE OPERATION

Task 1. Developed and Adapted Electromagnetic Solvers (Electric and Magnetic) for
MEMS Applications: There is now electric (FVM and BEM methods) and magnetic solvers
(FVM method only) available in the CAD environment (CFD-ACE+MEMS) which are coupled
to the flow, heat, and structural physical models. The electromagnetic solvers have been tested

and refined to commercial grade.

Task 2. Adapted the Thermo-Fluidic-Mechanical Code to Include_the Electromagnetic
Models: The existing CAD tool CFD-ACE+ has been modified to interface with the electrostatic
and magnetic models. The structural mechanics model is now supplied with additional forces




such as the electrostatic pressure forces, magnetic moment forces, and the Lorentz force on a .
conducting body. The heat model now has additional heat sources due to joule heating both from
conduction currents in resistive materials and inductive heating due to time varying
magnetic/electric fields. The flow module has an additional Lorentz force on conductive flows.
The volume of fluids (VOF) model is supplied with an electrostatic force which opposes the
surface tension on the free surface. The electrostatic model can calculate source currents for use
by the magnetic model. The thermo-fluidic-mechanical-electromagnetic model developed and
validated in this project has been incorporated into a software environment (consisting of
geometry modelers, grid generators, advanced visualization software, Graphical User Interfaces,
etc.) and is being commercialized as a design tool.

Task 3. Implemented Implicit Coupling Between the Models: A general implicit coupling
scheme, referred to as the multi-level Newton method (Aluru and White, 1997), has been
implemented in the CAD tool and demonstrated for mechanical-electrostatic coupling. The
method is general enough so that it is applicable to any physical model (structures, fluids, heat,
electromagnetics) and any solution method (BEM,FVM,FEM).

Task 4. Developed a Communication Protocol with Microtomography Experiments: This
protocol developed in collaboration with Sarnoff Corporation facilitates the transfer/conversion
of data files containing geometry information. The imaged geometry information can now be
directly accessed by CFDRC models for performing the simulations. The protocol also facilitates
the transfer of information on velocity fields which were used in the validation study. The
significant outcomes of Sarnoff’s efforts are: (i) a progressively refined methodology for
accurate extraction of device structure from microtomography data; and (ii) a tool to perform
good quality surface triangulation of the device.

Task 5. Carried Out Validation and Parametric Studies: Fundamental validation of the
models was carried out comparing the predictions (for simple systems) with published data in the
literature. A series of parametric studies has been performed to evaluate the model characteristics
(numerical stability and physical accuracy) over a range of conditions.

PHASE 2: APPLICATION/VERIFICATION OF PHYSICAL MODELS ON
INDUSTRIAL DEVICES

Task 1. Selected Microsystems to be Modeled: Selected microsystems to be modeled based on
the following criteria: (i) the device operation should rely on physical phenomena that can be
simulated by the model, (i) the device should be sufficiently experimentally characterized to
enable modeling.

Task 2. Performed Verification Simulations of Selected Microsystems: The microfluidic
simulations of Sarnoff devices have been completed. Electrostatic model verification of an
angular resonator comb drive has been completed. The parameters that were tested are (i)
geometry of the device, (ii) the materials used in the device, (iii) flow conditions, and (iv)
magnitude of structural deflection of microsystems.




Task 3. Visualization of Device Performance: The operation of microsystems were imaged .
and visualized at Sarnoff Corporation. Specifically, the flow channel geometries have been
imaged and the velocity fields of flows in these channels have been measured. Previously
imaged mechanical motion of moving parts in a comb drive was used to verify the

electric/mechanical model.

1.5 QOutline of the Report

Chapter 2 describes the fundamental formulation and governing equation for each of the physical
models developed and adapted during the course of this project. Chapter 3 describes the
application of the finite volume method (FVM) and the boundary element method (BEM) for
computing electrostatic fields. The integration of the physical models into a commercial CAD
environment, CFD-ACE+MEMS, is described in Chapter 4. Detailed validation and model
verification studies are presented in Chapter 5. Chapter 6 describes the application of CFD-
ACE+MEMS for simulating coupled multi-disciplinary phenomena in industrial microsystems.
The implicit coupling procedure between the individual modules is presented in Chapter 7.
Chapter 8 describes the imaging and visualization activity performed at Sarnoff Corporation.
Chapter 9 concludes with a summary of work accomplished, commercialization efforts and plans

for future development.




2. DESCRIPTION OF PHYSICAL MODELS

This chapter describes the physical models in the CAD tool. First, the electromagnetic models
(electric and magnetic models) developed under this project will be described. During the
discussion, emphasis will be placed on how the electromagnetic models have been coupled to
existing flow, heat, and structural models. The structural mechanics model is now supplied
additional forces such as the electrostatic pressure forces, magnetic moment forces, and the
Lorentz force on a conducting body. The heat model now has additional heat sources due to joule
heating both from conduction currents in resistive materials and inductive heating due to time
varying magnetic/electric fields. The flow module has an additional Lorentz force in the
momentum equation for conductive flows. The electric model can calculate source currents for
use by the magnetic model.

2.1 Electric Model

The electric model involves the solution of the electric potential. The model solves two basic
equations, either Poisson’s equation (Eq. (2.1)) or a conduction current (Eq. (2.2)) equation.

il

Ve Vo=—— (2.1)
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where ¢ is the electric potential, € is the electric relative permittivity, & is the permittivity of
free space, p is the space charge, and o is the electric conductivity. From the electric potential
the electric field E, the pressure force, and the capacitance of the geometry are calculated. If the
conduction problem is solved the current density J, virtual force, and joule heating source are
also calculated.

Poisson’s equation comes from Gauss’ law for the electric field (VoD = p), the constitutive
relation D = g,&E, and the definition of the static electric field in terms of the electric potential
(i.e., E=-V¢ since VxE =0). The electric field which satisfies Poisson’s equation is used to
calculate pressure forces and capacitances when an electrostatic assumption is valid (no
movement of charge).

The conduction problem is primarily used to calculate source currents for the magnetic model,
joule heating sources for the heat module, and pressure forces for the volume of fluids model.
The conduction or current continuity equation (Eq. (2.2)) is a reduced form of the continuity
equation (Eq. (2.3)). The conduction equation used here assumes movement of charge is
occurring at a much faster rate then the time steps taken (no time varying magnetic fields,
electric fields, or space charge), and that the movement of charge is due only to conduction
current (no convection current). Also, implicit in the conduction equation here is that the
electrons have had enough time to move through the material(s) to a relaxed state (i.e., steady
state).
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2.1.1 Capacitance
Capacitance is a ratio of separated charge to electric potential. In the electric model a total charge

Qo, is calculated for every set of boundaries with a unique fixed electric potential ¢,. To

determine the Q at a fixed potential boundary, one starts with the electric field boundary
conditions

Figure 2-1. Defining Region Numbers and Direction of Normal for Eq. (2.4)

n- (ﬁlEl —52E2)=ﬁs (243)
Ax(E;-E,)=0 (2.4b)

Eq. (2.4a) states that the discontinuity at an interface in the normal component of the
displacement flux is equal to the surface charge at the interface. Assume one region (2) is
metallic so that the electric field goes to zero there. The total charge on a contact is then given by
Eq. (2.5). The total change is the sum at each face with a fixed potential (¢,) of the incident
displacement flux normal to the fixed electric potential boundary (e¢;Ey) times the area of the
face (A)).

faces with bc ¢
Qs = D & EniA; (2.5)
i=1

(o)

A capacitance is calculated for each set of faces with a unique potential boundary condition. First
the total charge on each collection of faces with a unique fixed potential boundary condition

Qy,

o

is

given by Eq. (2.5) is calculated. Then for those face sets with ¢,# 0.0 the ratio C=
calculated.

2.1.2 Electrostatic Pressure Force (Electric/Structural

The coupling between the electrostatic model and the structural mechanics model is through the
pressure forces. The electric model solves Poisson’s equation and uses the electric fields to
calculate the pressure force. The stress model uses the pressure forces as boundary conditions.

The force F exerted by the total electric field Ey on a surface S with a surface charge ps is given
by




F = [fiiEyda or dF =fiE,da (2:6) .
S

The electric field at the surface is discontinuous across the surface interface as given by the
electric field boundary conditions stated in Eq. (2.4).

A good approximation for the total electric field in Eq. (2.6) is to take the average of the electric
field on either side of the interface.

1
B =5 (B +Eo) @7
Substituting Eq. (2.4a) and Eq. (2.7) into Eq. (2.6) yields
dF =i E,da = fig % (E, + E,)da=1-(3,E, - ﬁzEz)% (E; + E,)da (2.8)

So, the pressure force dF/da exerted by the total electric field Ei (approximated as an electric
field average) on an area element da with a surface charge ps separating two regions (1 and 2) is

dF . . . 1
P=—=i-(3E, - 4,E,) = (E; +E,) (2.9)
da 2

where the normal is directed toward region 1 and ¢ is the electric permittivity.

Eq. (2.9) can be simplified if one of the two regions is a metal. For instance, if region 2 is a
metal, no electric field exists in the region (E; = 0), and since the tangential component of the
electric field is continuous across the interface (Eg. (2.4b)), the tangential component of the
electric field in region 1 is also zero (Ej; = 0). So, if region 2 is a metal then Eq. (2.9) reduces to

P= %E = —;—elEf‘nﬁ if metal in region 2 (2.10)
a

where E;, is the normal component of the electric field in region 1, € is the permittivity in
region 1, and the normal is directed toward region 1 as shown in Figure 2.1

2.1.3 Virtual Force (Electric/Volume of Fluids)

A virtual force calculation was added to ease the coupling with a volume of fluids (VOF) model
which is a technique for resolving free surfaces. Since boundary conditions at the free surface are
no longer directly associated with a mesh face a force calculation that did not rely on an
available list of boundaries was needed. The solution was to calculate the virtual force at a
volume due to the varying electric energy in the region. The electrostatic potential is used to
calculate a force at the surface of the liquid due to electrostatic pressure by solving



Fy = VB 3V 2] @.11)

where ¢ is the electric permittivity. The virtual force per unit volume F.i: is obtained by taking
the gradient of the energy per unit volume stored in the electric field. To couple electrostatics
with VOF method, VOF is given access to electrostatic material properties and recalculates them
as a function of fluid fraction. The conduction problem is then solved and the electrostatic virtual
forces at every cell center is calculated by taking the gradient of the energy stored in the electric
field. For coupling to the VOF method, the virtual force is applied only to cells which have a
fractional content of the liquid. Elsewhere in the domain the force is assumed zero. These virtual

forces are passed as body force to fluid model.

2.1.4 Electric Current Density (Electric/Magnetic, Electric/Heat)

The solution of the conduction equation (Eq. (2.2)) supplies links to magnetics, heat, and VOF
models. The electric potential solution from the conduction problem is used to calculate source
currents for the magnetics model, joule heating sources for the heat module, and body forces for

the volume of fluids (VOF) model.

The conduction equation provides source currents (Eq. (2.12)) for the magnetics model. This is a
useful method for describing source currents in that the user does not have to specify a direction
of the current, it enables the use of source currents of arbitrary geometry, and it allows the
current density direction to reflect any changes due to a moving grid.

J =cE (2.12)

When the conduction problem is solved a source term is also added to the heat equation (JeE)
due to current flow through conductive materials.

2.1.5 Boundary Element Method (BEM) and Finite Volume Method (FVM)

Two different techniques are available for solving the electric equations (Poisson or conduction
equations). One is the finite volume method (FVM) and the other is the boundary element
method (BEM). The FVM requires a volume mesh and calculates the electric potential (and the
electric field) at every cell (volume) in the mesh. The BEM requires only a surface mesh
(although volume information is required in defining the different “domains”) and calculates the
electric potential (and the electric field) only at boundary and interface faces. A detailed

discussion of BEM and FVM is given in the next chapter

2.2 Magnetic Model

A magnetic model was developed to compute forces on conductive flows and model
microsystems which rely in part on magnetic actuation for operation. The magnetic model solves
a reduced set of Maxwell’s equations for a magnetic vector potential. The magnetic vector
potential is used to calculate the magnetic field, forces on high permeability materials, and
Lorentz forces on current carrying wires and conductive flows. The magnetics model has been
implemented in 2-D, 2-D axisymmetric, and 3-D using the FVM.
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The magnetic model solves Maxwell’s equations for the magnetic vector potential A

2A OA
vi2 - _J.-cE+c 2.13
" Js-o o= (2.13)

assuming negligible displacement current %t]_)— = 0, isotropic permeability p, and the Coulomb
gauge VeA=0. The current sources can be user specified (Js), calculated from the solution of a
conduction problem (cE), or eddy (- 6—61?—) currents. Eq. (2.13) is solved on a 2-D (cartesian,

cylindrical) or 3-D unstructured mesh using the FVM. In 2-D the source currents are scalars with
assumed direction, J s = J ,Z (cartesian), or J s = J ¢&) (cylindrical). From the magnetic vector

potential the magnetic field B can be calculated (B = VxA).

For sinusoidal current sources (ac case) the equation can be solved in phasor form to obtain the
sinusoidal steady state solution

~

v2A__ 3 + jook (2.14)
il

The coupling between the magnetic model and the structural mechanics model is through volume
forces. The magnetic model solves Eq. (2.13) or Eq. (2.14) for the magnetic vector potential A
which is used to calculate the magnetic field (B = VxA). The magnetic field is used to calculate a
volume force. The stress model uses the volume forces as body force conditions. Different
regions such as current carrying solids/fluids and high permeability solids require different force
calculations.

2.2.1 Magnetic Force on Current Carrying Wire (Magnetic/Structure)

For regions where current sources exist the incremental force dF due to a magnetic field B on an
incremental volume element dv with a current density J is calculated using

dF = JdvxB (2.15)

2.2.2 Force on a High Permeability Material (Magnetic/Structure)

For regions were magnetized material exist either the virtual force per unit volume or the torque
on a magnetic moment can be calculated.

Virtual Force

For regions were magnetized material exist the virtual force per unit volume on the volume
element is calculated by taking the gradient of the magnetic energy density of the volume
element, Fyin = VU, If electric fields also exist in the region the energy density of the electric
field is included in the gradient calculation. The instantaneous energy density of a magnetic field

11
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1S Umag = 5B°H. When the fields are in phasor form Up,e = %Re[l} e H°]where the energy

represents the average over one cycle, and the symbol “*” represents the complex conjugate.

Force Due to a Magnetic Moment
A magnetic moment force calculation has been added in addition to the virtual force calculation.

A material with a magnetic moment M placed in a magnetic field H will experience a force F
given by

F=p,(MeV)H (2.16)
The magnetic moment M is currently assumed proportional to the applied magnetic field (M =

ymH). So using the definition of a magnetic moment in terms of B and H, M = B/, - H and the
definition of relative permeability, p; = (1 + xm) Eq. (2.16) becomes

F{B(p_l_].v] B @2.17)
Ky HoHy

which gives the force on a magnetizable material in terms of the applied magnetic field.

2.2.3 TForce on a Conductive Flow (Magnetic/Flow)
The Lorentz force, J x B is included in the momentum equation for the flow of an electrically

conductive fluid in a magnetic field. The current density J is given by

J=c(E+uxB) (2.18)
The Lorentz force can be expanded as
F=o(-Vé+uxB)xB=-cVoxB +c(u-B)B-c(B-Bu (2.19)
The last two terms damp the flow when the magnetic field B and velocity u are not aligned.

The current in the fluid is calculated from the conservation of charge. The divergence of the
current density is zero, giving

V-J=V-o(-Voé+uxB)=0 (2.20)

This equation is solved for the electric potential, ¢. The electrostatic model was modified to
include the term V-o(u x B). The boundary conditions for the electrostatic module have been
modified to allow for insulated boundaries where the normal component of the current density

vector is zero.
2.2.4 Joule Heating by Induction (Magnetic/Heat)

A time varying magnetic field generates a time varying electric field which generates eddy
current in conductive materials. The flow of current through the conductor generates heat and is
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called inductive heating. The inductive heating can be thought of as joule heating (JeE) with the .
conductive currents (J = oE) generated by the time varying field (E = -V¢ - dA/0t). So assuming

the electric field is due only to the time vary magnetic field (E = j(D:&) and the current is only a

conduction current (J = 67&) the time averaged expression for joule heating becomes
~ 1 ~12
ZRefj e K}= 0,024 @21)
2 2
where o, is the real component of conductivity and o is the radian frequency (2xf).

2.3 Flow Model

The fluid flow model solves the continuity equation and the pressure based Navier-Stokes
equations (Patankar, 1980) assuming that the fluid is a continuum.

op O .

P, % (ou)=mn 222
ot axj(pul) (222)
2 (o )+ 2o )= - 2 T8 pp (2.23)
o puj o idj ox -t Ph .

where p is the fluid density, u; is the ™ Cartesian component of the instantaneous velocity, m is
the rate of mass generation in the system (typical examples of mass generation include surface
reaction, spray vaporization etc.), p is the static pressure, Tj; is the viscous stress tensor, and fj is
the body force (e.g., gravity, surface tension, etc.).

For very small flow dimensions and/or very low pressure gas flows, the mean-free path of the
molecules A becomes comparable to the characteristic flow dimensions L and the no-slip wall
conditions associated with continuum assumption are no longer valid. For instance, low pressure
gas flows in micro-fluidics. Use of no-slip walls under these conditions usually generates wall
shear that is overestimated. If the operating conditions are such that the Knudsen number (Kn =
ML) falls in the “transitional” regime (0.01 < Kn < 3.0), a slip-wall boundary condition is used.
The slip-wall formulation includes effects of local temperature and diffusive creep in velocity
slip. A formulation neglecting thermal effects can also be used (Rohsenow and Choi, 1961).
Under low absolute pressures and gaseous mixtures the gas transport properties are not known
and the Lennard Jones potential model can be used to calculate the transport properties of
rarefied gas/gas mixtures at low absolute pressure. A detailed description is given in Bird et al.,
1960.

The salient features of the fluid model are:

o pressure-based, implicit Navier-Stokes code ¢ multi-species transport

e incompressible and compressible flows e multi-step gas phase chemical reactions
o turbulence models including standard k-e e surface reactions

e steady-state or transient problems e slip-wall boundary conditions

¢ multi-component diffusion

13



24 Heat Model

The thermal model solves the total enthalpy form of the energy equation

0 0 0 0 0
_ét—(pH)-F_a;—.(pujH):g.—(—qj)-F% + Ex—i('fijuj) - &;(Jijhi)“‘“sa +pfju; (2.24)
] J

where Jj; is the total (concentration-driven + temperature-driven) diffusive mass flux for species
i, h; represents the enthalpy for species i, S. represents additional sources due to surface reaction,
radiation, joule heating, and liquid spray, and g; is the j-component of the heat flux. Fourier’s
Law is employed to model the heat flux

qj = kL (2.25)

ox j
where K is the thermal conductivity and T is the temperature. The total enthalpy H is defined as

Ui

H=h+— (2.26)

where h is the static enthalpy.

The energy equation includes unsteady, convective, conductive, species energy, viscous
dissipation, work, joule heating and radiation terms. The conductive term uses conjugate heat
transfer. The radiation source term in the energy equation is a solution of a radiative heat transfer
equation for emitting, absorbing, scattering, gray medium using either a discrete ordinate method
(Fiveland, 1984) or a surface-surface exchange method.

2.5 Mechanical Model

The mechanics equations describe the deformation of a solid body, and the resulting strains and
stresses, under applied loads. These applied loads may be surface forces (e.g. pressure) and/or

body forces (e.g. gravity).

2.5.1 Strain-Displacement Relations

In fluid mechanics, we are typically interested in measuring the velocity of fluid particles as they
pass through a fixed point in space, and thus an Eulerian formulation is used. In solid
mechanics, on the other hand, we use a Lagrangian formulation where a continuum undergoes a

deformation with the motion expressed as:

R = R(r,t) (2.27)

which gives the current location R of the particle that occupied the position r at time t = 0. This
may be thought of as a mapping of the initial configuration onto the current configuration. Thus,

we may write
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R=r+u (2.29)

Where u is the displacement vector of the particle.

Consider an infinitesimal line segment on the undeformed and deformed bodies. The square of
the lengths of this line segment are given by:

ds2 = dr-dr = dx;dx; (2.30)
ds? = dr.dR = R R dx;dx 2.31)
6xi 6xJ

The difference between ds* and dsg is a measure of strain in the body, defined as
2 2
ds® —dsg = 2yijdxidxj (2.32)

where Vij is called the Green-Saint-Venant strain tensor. Using Egs. (2.28) through (2.31), the

( )

This representation is referred to as the Lagrangian strain tensor since the initial coordinates were
used as the basis.

If the displacement gradients uj; are small in comparison to unity, the product term in Eq. (2.33)
is negligible and the strain is represented by its linear portion.

vii = =5 +ui) (2.34)

Such problems are referred to as geometrically linear.

2.5.2 Stress-Strain Relations

A body which has undergone deformation as a result of applied loads will transmit forces
throughout its interior to balance the applied loads. As a result of forces being transmitted from
one portion of the continuum to another, an element with area AA, on or within the body and
oriented with normal n, will be subjected to a resultant force AF, and moment AM,. The vector
force and moment will not, in general, be parallel to n.
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The Cauchy Stress Principle states that the ratio AF,/ AA, tends to be a definite limit as AA, .
approaches zero, and also that the moment vanishes in the limiting process. The stress vector or
traction is defined as

AF, _ dFy (2.35)

T,= lim
A0  AA, dA
The traction T;, acting on a face normal to the Cartesian unit vector ;i’ may be expressed in

terms of the Cartesian stress tensor Gjj as
Ti =Gijij (236)

The coefficients o; represent components of the stress tensor. The subscript and sign
conventions are as follows:

. The first subscript i refers to the normal ii denoting the face on which T; acts.

. The second subscript j refers to the direction i jin which the stress acts.

. The normal components (o1, O22, o33) are positive in tension and negative in
compression.

. The shearing components oy (i # j) are positive if directed in the positive x; direction

while acting on the face with the unit normal + ii, or if directed in the negative X;

direction while acting on the face with unit normal - 1;.

If the Cartesian stress tensor o is known, this completely defines the state of stress at a point
(Gould, 1983).

A relationship between the stress tensor c;; and strain tensor y;; may be derived as follows.

A generalized Hooke’s Law formulation may be derived by assuming the existance of an elastic
potential W which is invariant with coordinate transformations of the strain tensor v;:

W =W(y;) (2.37)

Expanding this in a Taylor Series about y;j = 0 gives

1 1
W =Wy +Ejjvjj +'2”Eijkainkm +gEijkmaninkanp +... (2.38)

where W, is a constant and

2 3
oW 0°W 0°W (2.39)

El Elkl’n= ,Ei'kl'nn = — ———,CtC.
T oy i0rkm . T OYij0Ykm Y np

oy
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Consider W, a small change in energy due to dy;;,

From Eq. (2.37), we can write
oW
OW =—0y;; (241)
oyy

We see from Egs. (2.40) and (2.41) that the stress tensor and elastic potential are related by

cij = —Z—}:W— (242)
ij

Substituting Eq. (2.38) into Eq. (2.42) gives the stress-strain relationship

0 1
Ors ='aTrs‘(Einij +'2-Eijkmvijvkm +j

1
=E;;6:8 s +§Eijkm (¥ijOrkOsm + YkmSirSjs) +---

1
=B +'2'(EijrsYij +E rskmYkm)
=E +Ersinij (2.43)

where the last step in Eq. (2.43) results from the symmetry relationship Ej;s = Erj, as seen from
the definition in Eq. (2.39). The term E is the initial stress state, which may be taken as zero in
the unconstrained state. Thus, the generalized Hooke’s law for small strain elasticity is given by

cij =Ejjx 1k (2.44)
The 81 coefficients E;j are called elastic constants. With application of stress and strain tensor
symmetry, the number of independent equations reduces from nine to six, and the number of
elastic constants reduces to 21 (using symmetry of the Eji tensor). Further reductions are
possible for materials with one or more axes of symmetry.

Note that small strain does not necessarily imply small displacement gradients (and thus, a linear
strain-displacement relationship). It is possible to have a large deformation, small strain
problem.

2.5.3 Governing Equation of Mechanics

The governing equation of the mechanics module is written in terms of stress, which may then be
related to displacement via the stress-strain and strain-displacement equations. The equation is
derived using a balance of linear momentum as follows.
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Consider a volume V with surface area A. The principle of linear momentum states

[fdv+ [TdA = [piid¥ (2.45)
v A v

where f is the body force, T is the surface traction, p is the mass density, and u is the
displacement vector.

We write this in tensor form using

A

f =fiii (2463)
T=Tii; =0 i; (2.46b)
u=u,i; (2.46¢)

The Green-Gauss theorem is used to convert the area integral of Eq. (2.45) into a volume
integral:

[ojniidA =[oy idV (2.47)
A v
Equations (2.45) and (2.47) give
I(Gji,j +fj _pﬁi)idv =0 . (2.48)
v

For this integral to vanish for all arbitrary volumes the integrand must vanish, which yields

ojij+f —pii; =0 (2.49)

This is the equation of motion describing the distribution of stress in the body.
The balance of angular momentum shows that the stress tensor is symmetric (Chung, 1996), i.e.

Gij = cji (250)

Thus, Eq. (2.49) is often written as

Gij,j +fi —pﬁi =0 (251)

2.5.4 Multidisciplinary Coupling

The mechanics module is coupled to other modules of CFD-ACE+ through boundary conditions
and source terms. These are described briefly below.
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Coupling with Thermal Module Thermoelasticity :
Temperature changes can be an important contributor to stress in elastic bodies. We assume a
linear relationship between the temperature difference from a datum value and the corresponding

strain:

y(i)(T) = o()[T - To] (2.52)

where the parentheses in the subscript implies no summation. Here yi) (T) is the linear strain in
coordinate direction i corresponding to the temperature difference T - To, and oy is the
coefficient of thermal expansion corresponding to that coordinate direction.

With Eq. (2.52), we generalize the stress-strain relations to

ojj = Ejjx (i "'Skla(k)[T‘TO]) (2.53)

Coupling with Electrostatics and Fluids

The fluid and electrostatic modules are each coupled to the mechanics module via surface
pressure terms. These enter the system as boundary conditions to Eq. (2.51), where the stress at
the boundary is given by the expression

Gijnj =pn; (254)

at a boundary with unit normal n. Here, p is the pressure from the fluids or electrostatics
module.

Coupling with Magnetics

The magnetic model is coupled to the mechanics model via a body force. The magnetic body
force can occur in current carrying wires where the moving charge experiences a force as it
travels through a magnetic field (Eq. (2.15)). A magnetic force can also occur on magnetized
material (Eq. (2.17)) as the magnetic field attempts to align the magnetic moment.

The body force vector f is then given directly to Eq. (2.51) as a source term.
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3. BOUNDARY ELEMENT AND FINITE VOLUME METHODS

Two different techniques are available for solving the electric equations (Poisson or conduction
equations). One is the finite volume method (FVM) and the other is the boundary element
method (BEM). The FVM requires a volume mesh and calculates the electric potential (and the
electric field) at every cell (volume) in the mesh. The BEM requires only a surface mesh
(although volume information is required in defining the different “domains”) and calculates the
electric potential (and the electric field) only at boundary and interface faces. The two methods
will be discussed, followed by a brief discussion comparing the methods. The benchmarks
comparing the two methods are provided in Chapter 5.

3.1 Boundary Element Method (BEM)

BEM:s deal with “boundary elements” which separate “domains”. The boundary elements are

defined by a surface grid S. A domain is a region in space with a unique & or where no solution
is being computed (an empty domain). BEM can solve both bounded and unbounded problems.

For unbounded problems the potential at infinity is assumed zero (i.e., d(e0) = 0).

Significant enhancements were made to the CFDRC BEM solver to obtain O(N) computation
times for both the Laplacian and the Navier equations. The first phase of development involved
the implementation of a stable fast boundary element solver/ library for Laplace/Poisson, Stokes,
and Navier equations using low order interpolation and multipole-like expansions.

The BEM solver is capable of solving different equation types including Laplace/ Poisson,
Navier, Stokes, and Hemholtz at low frequency. Boundary conditions BEM supports include
Dirichlet, Neumann, and third kind (convective for Laplace and spring support for Navier).
Multi-domains, each with different set of properties, are supported. Continuity of the primary
variable (temperature, electric potential, displacement) as well as the secondary variable (fluxes
and tractions) are automatically handled across the interface. A new method (developed within
CFDRC) is used to evaluate the boundary integrals. The method is similar to the multipole
method, but is applicable to any boundary integral equation, including the 3-D Navier equation.
Sources terms (terms typically placed on the right-hand side of the equations and are not a
function of the primary variable solved) are approximated by particles. Fast summations of the
sources terms are used. The time complexity is O(log M) for each summation of the contribution
of M particles. A “matrixless” generalized minimal residual (GMRES) method is used to solve
the linear equation systems iteratively. A diagonal preconditioner is used everywhere except on
the interfaces, where a 2x2 submatrix preconditioner is used. The overall time complexity is
O(N) without sources and O(N log M) with sources for each iteration. The total time also
depends on the number of iterations of the GMRES method. This number is in turn problem
dependent and preconditioner dependent. In general, about N005-025 jterations are needed.
Therefore, the time dependence is roughly OBy or ON'~1% 1og M). The spatial
dependence is O(N+M). For small problems (with up to a few hundred elements), conventional
O(NZ) BEM can be faster than accelerated BEM. The conventional BEM solver can be activated
by a simple parameter setting. The BEM libraries are accessible through C function calls. The
user can print the results in CFD-VIEW format or VRML.
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3.1.1 Qverview :
The BEM for the electric problem uses the “FastBEM” solver. The FastBEM solver is a general
purpose BEM solver developed at CFDRC and capable of solving Navier-Stokes and Laplace-
like equations. In general, FastBEM can be used to solve any equations of the form

[H@' -r)u@)-G('-r)q(r)]dSr'= [K@'-r)s(x)dV(r'),reQ (3.1)
S A"

where H, G, and K are kernel functions, s is a source term, u is the primary variable, q is the
“flux” variable, and the integrals are over a closed surface S containing a volume V. The
electrostatic module will use the Laplace-like form of Eq. 3.1 which is

1 o1

13 ____1_ _ _a__ I3 ! —_ __1_ ! 13
£ K‘E&‘[ZED“"” W( e 4 )ﬂds(r) Sj PNV r €0 (3.2)

where r = |r’ - r|, n is the normal to the surface S, ¢ is the electric potential, € is the electric
permittivity, and p is the space charge.

The surface(s) S is(are) divided into boundary elements, and hierarchically arranged. For
example, the elements in S can be divided into subgroups S1 and S2 such that S = S1 + S2.
Similarly, S1 = S11 + S12, 82 = S21 + S22, and so on. Any tree structure can be used for the
hierarchical arrangement, an octree is used in many multipole methods. FastBEM uses a
balanced axis aligned binary tree.

In general FastBEM is flexible and able to solve different equation types. The penalty for this
flexibility is more memory and CPU time. Therefore, a technique called “code specialization”
was introduced. A specialized version of FastBEM has been created to handle only a single type
of equation, with corresponding gains in memory and time efficiency (by more than 100%). If
needed, the original general version can be also compiled, with a simple compiling option.

3.1.2 Space Charge Approximation
The space charge source term is approximated as a summation of point charges in FastBEM.

That is,

pir) = 3Q8-T) (33)
i=1
Q; = [p(r)dv; (3.4)

where r; and Q; are the location and the strength of the point charge i respectively, Nsources 18 the
number of point charges, 3 is the direct delta function, and v; is the volume over which a point
charge i has been approximated.
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3.1.3 Kernel Expansion and Fast Integration
When the minimum distance between a position r and a surface S is large compared to the
distance between the furthest two points on a surface S the kernel functions become smooth and

can be approximated by low order expansion. That is for a scaling parameter 0 <6 < 1. In the
extreme case 6 << 1,

When the minimum distance between a position r and a surface S is large compared to the
distance between the furthest two points on a surface S the kernel functions in 8.1 become

smooth and can be approximated by low order expansion. That is for a scaling parameter 0 < 6 <
1.

of ™ Jeory|= T -l
res r,rresS

(3.5)

In the extreme case 8 << 1, a kernel can be approximated by a single term approximation. For a
kernel K(r’ - r) the approximation is a single value of K at the center I'eenter of a surface S, that is
K(r’ - r) = K(Xeenter - ¥). For 8 =0 no (r,S) pair can satisfy Eq. (8.5), so all calculations have to
be performed with no optimization. In this case, the conventional BEM is recovered. Currently in
FastBEM the kernels are expanded using the Taylor series expansion if they meet the criteria for
expansion.

For quadpole expansions in their optimal performance range, the solution error in primary
variables (temperature, electric potential and displacement) is typically 5% to 10%. The error in
secondary variables (heat flux, electric field, and traction) is even larger. Higher order
expansions are available. The expansions have been implemented in a hierarchy of C++ classes.
Two general expansion schemes of any user specified order are available.

Once a position r and a surface S in Eq. (3.2) satisfies the distance condition in Eq. (3.5), the
kernel can be approximated by a few terms of its expansion (such as Taylor series), and the
integral can be quickly evaluated. If a position r relative to a surface S does not satisfy the
distance condition in Eq. (3.5) one moves down the sort “tree” to subsets of the surface S (S1,
S2, etc.) to see if (r,S1), (r,S2), etc. pairs satisfy the distance condition. If any pairs satisfy the
distance condition then the integral is approximated by a set amount of terms of a series
expansion (such as a Taylor series expansion), otherwise the surface is broken down further and

the condition is tested for again.

Even more efficiency is gained when r is also arranged into hierarchies. So, the criteria for the
expansion of a kernel is not only between a position in space r and a surface S (r,S) but (S,T)
pairs between two surface groups one inr e T and the other in r’ e S. Whether (T,S) = (TL,S) +
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(T2.,S) or (T,S) = (T,S1) + (T,S2) is used depends on which grouping increases the efficiency of .
the calculation.

For piecewise constant interpolations, semi-analytical integration methods are usually used for
all kernels. For higher order interpolations, pure numerical integration was used. The latter is
very slow, and consumes considerable CPU time. During testing it was found that for some
problems in elastostatics at least linear interpolation is needed. Therefore, a similar
semi-analytical integration method has been implemented for the higher order interpolations
(linear to cubic) for quadrilateral and triangle boundary elements. For other polygon elements,
piecewise constant interpolation is retained. Semi-analytical integration schemes were introduced
in the BEM model for the singular integrals and integrals in which the source point and the
integration domain are co-planar. This capability is now available for the Laplacian/Poisson and
Navier kernels with constant and linear interpolations. The analytical integrals reduce the
computational time significantly, e.g., for a capacitance extraction problem (for a unit cube with
2400 faces), the analytical integrals reduce computation time by a factor of 3, i.e., 2.87 s from
9.08 s with numerical integration.

3.1.4 FastBEM Implementation

FastBEM is written in C++ and is accessed by ACE+ through C subroutine calls. FastBEM deals
with “boundary elements” which separate “domains”. A domain is a region in space with a
unique & or where no solution is being computed (an empty domain). FastBEM requires a list of
nodes which make up the boundary elements, the nodes physical position, the node to boundary
element connectivity, a list of domains, the domain present on either side of a boundary element,
the boundary condition on a side opposite the end of an empty domain if present, and the
location and strength of the point source terms. The node order which specifies a boundary
element follows the right-hand rule for face normal definition. A boundary element face “side”
uses the normal from the face to distinguish between sides.

The problem specification (grid, boundary conditions, material properties, space charge volume
conditions, and solution method) is inputted into the electrostatic module using a DTF file
format. If the solution method is the BEM then the problem specification data is reorganized for
submittal to FastBEM subroutines.

Rules were established for “faces” which will not be submitted to FastBEM as boundary
elements: (i) faces between two non -1 domains with a boundary condition other than
dielectric/dielectric, (ii) faces between two g = 0 (i.e. “empty”, or metal) domains, (iii) faces
between two similar domains (g; and mat_type the same), and (iv) faces with “ignore” boundary
condition.

The FastBEM libraries for solution of Laplace-like equations are used within the CFD-ACE+
environment. A connection of the FastBEM Laplace-like equation solver to the GUI was
implemented through C subroutine interface calls supplied by the FastBEM libraries. Problem
specification data such as boundary conditions, domain information, and permittivity values, and
charge distributions are processed into a form recognized by FastBEM. A special permittivity
value is used to flag to FastBEM the presence of a closed domain.
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3.1.5 FastBEM Grid Adaptation

Grid adaptation capability (for BEM) has been added as an independent module. It reads in the
original grid file and the initial solution by FastBEM, and generates a new grid adapted to the
solution. Figure 3.1 demonstrates grid adaptation in a BEM solution.

Figure 3-1. Grid Adaptation in FastBEM

3.2 Finite Volume Method (FVM)

The FVM for the electric problem uses finite differencing and the Divergence Theorem to
discretize the solution space

[V o fdV =4(f o ))dS (3.6)
\Y S
cellfaces
2 Ajf;
Vef g = —f;—— 3.7)

The normal diffusive fluxes (f e i ) are approximated as the ratio of the difference of cell center
values and cell to face distances. The resulting difference equation is solved using an iterative
conjugate gradient solver (CGS).

3.3 BEMys. FVYM

The cpu “price” per element (cell) is much greater for BEM than for FVM. A typical question
then is, “when is one method “better” or “worse” to use than the other?” In most cases, FVM is
the “better” method. There are two instances when BEM is the better or only choice. One is if the
“yolume cell” to “boundary + interface face” ratio is on the order of 100 or 1000. In this case the
higher cpu cost per element of BEM is offset by the fewer number of elements in the BEM
computation (boundary + interface faces) compared to the number FVM will use (volume cells).
Another instance when BEM may be chosen over FVM is for unbounded problems, that is
problems with an infinite domain. The FVM requires extra cells to extend the boundary to a
region where the solution no longer varies, approximating the infinity point. With BEM no extra
meshing is required to extend the domain.
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4. INTEGRATION OF PHYSICAL MODELS INTO COMMERCIAL CAD TOOL

41 CFD-ACE+MEMS CAD System

The main objective of the proposed study is to develop an integrated commercial CAD tool for
MEMS applications. It is therefore important to link the physical models with other peripheral
software (such as grid generators, geometry modelers, visualization software, Graphical User
Interfaces, interfaces to other CAD packages, etc.) to enhance the value of the physical models as
a design tool. The thermo-fluidic-mechanical-electric-magnetic model developed during this
project has been incorporated into a design software environment, the CFD-ACE+MEMS CAD
system shown in Figure 4-1. The design environment for MEMS which has been developed
includes grid generation (CFD-GEOM), data visualization (CFD-VIEW), graphical problem
setup (CFD-GUI), and coupled fluidic, thermal, mechanical, electric, and magnetic physical
model solvers (CFD-ACE, CFD-ACE(U)).

CFD-ACE®*

CFD-ACE(U) .
CFD-GEOM (Y | CFD-VIEW

Figure 4-1. The CFD-ACE+MEMS CAD System

Geometry Modeling and Grid Generation Tool: The CFD-GEOM software developed by
CFDRC is used to define the geometric details of MEMS devices. CFD-GEOM is a NURBS
based 3-D geometric modeler. It has points, lines, curves and surfaces as the basic geometric
entities from which complex geometries can be defined. It is possible to import geometric
definitions from other CAD tools (Pro/ENGINEER, MICROSTATION, ICEM, and AutoCAD)
through IGES files. GEOM can also import ECAD formats such as CIF and GDSIL
Additionally, GEOM has interfaces to facilitate geometry and data transfer from other
commercial CAD packages such as Pro/ENGINEER, AutoCAD.

CFD-GEOM can be used to create both structured and unstructured meshes for the simulations.
The basic entities for creating meshes include edges, faces, loops, surfaces, blocks, and domains.
It is also possible to form prisms (triangles extruded in the third dimension) which are useful for
device geometries which have most of the spatial variation in two dimension.

Visualization Tool: CFD-VIEW, developed by CFDRC, is used to visualize the results of
simulations. The input formats recognized by this package include FAST-U, hybrid, mixed-u,
polyhedral, PLOT3-D data sets (NASA Standard) or the DTF format developed by CFDRC.

Visual Environment: The Visual Computing Environment (VCE) capability being developed at
CFDRC for parallel execution of multi-disciplinary analysis codes will also be available in the
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CAD tool environment. VCE is an object-oriented environment for running multiple software .
modules on a network of heterogeneous workstations.

Graphical User Interfaces (GUIs): Complete access to the CAD tool is provided through a
master GUL This GUI facilitates access to any of the individual modules such as CFD-ACE,
CFD-GEOM, CFD-VIEW, etc.

Physics Solvers: CFD-ACE and CFD-ACE(U) are modules of the CFD-ACE+MEMS analysis
package. They provide the tools to specify, and iteratively solve, the equations that describe the
physical processes for fluidic, thermal, mechanical, electric, and magnetic problems. The
physical models are solved on a 2-D, cylindrical, or 3-D multi-domain grid. The grid can be
structured, unstructured, hybrid, or adaptive Cartesian. There is also a moving grid capability to
track moving and deforming bodies and surfaces. Strong links exist with data transfer facilities
(DTF), parallel execution on multiple machines using the message passing interface (MPI), and a
link with ADAPTER for solution based grid refinement/adaptation. The physical models are
implemented in a highly modularized code architecture which facilitates the addition of future
physical models.

In addition to the above mentioned existing software modules, a virtual component library and a
MEMS knowledge base (to be developed under an ongoing project) will be integrated with the
software environment. The component library will contain a set of predefined, parameterized
components which can be used to design a complicated system. The knowledge base will contain
flow and process parameters and their relationships for these components. It will also contain
design rules and guidelines for integration with other components.

4.2 Electric Model in CFD-ACE+MEMS CAD System

The electric model physics solver was discussed in the previous chapters. In this section the
electric problem specification capabilities in CFD-ACE+MEMS will be discussed. First, the
problem specifications that are common to both FVM and BEM solution methods of the electric
model are given. The common problem specification options are the boundary conditions,
relative permittivity material property, and the space charge volume condition. This is followed
by a discussion of additional problem set-up specific to FVM and BEM solution methods.
Finally, the variables deposited to the DTF formatted input/output file will be discussed.

A user can choose between FVM and BEM using the dialog shown in Figure 4-2.
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4 Incompressible Flow

-i Compressible Flow
- Turbulence

i HeatTransfer
-4 Radiation

S Miking
-1 Reaction i

o Deformation
4 Stress

® Electrostatics |
.. BEM Solver E
' FVM Solver ;

-! Free Surfaces (VOF)
! Curing Chemistry
-+ Surface Tension
1 Voids

.J Plasma

-4 Electromagnetics

__Close |

Figure 4-2. Dialog Where Electric Model is Chosen and Either FVM or BEM Solver is Selected

4.2.1 Electrostatic Boundary Conditions

The five boundary conditions available in the module and shown in Figure 4-3 are specifying the
value of the potential at a cell face (Eq. (4.1)), specifying the negative normal potential gradient
(electric field normal) at a cell face (Eq. (4.2)), specifying a mixture of fixed potential and
electric field normal (Eq. (4.3)), indicating a cell face is at a dielectric interface which is useful
when specifying an unbounded problem, and an ignore boundary condition which is useful when
multi-disciplinary problems are specified.
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Figure 4-3. Electrostatic Boundary Conditions Window at
Model.“Bond.Cond.”.“Surface BC”.Values

4.2.1.1 Fixed Potential or “Potential (Voltage)”’. The “Potential (Voltage)” boundary
condition in the GUI allows the specification of a fixed potential at a cell face. Clicking on
“Potential (Voltage)” causes a “Voltage:” labeled box to appear. One then specifies the voltage
in units of volts that the selected face(s) should be fixed at.

b =¢,=Voltage 4.1)

4.2.1.2 Fixed_Flux_or “Electric Field Normal”. The “Electric Field Normal” boundary
condition in the GUI allows the specification of a fixed electric field normal at a cell face
weighted by a relative permittivity. Clicking on “Electric Field Normal” causes a “Flux:” labeled
box to appear. One then specifies the electric field normal or flux in units of volts/meter that the
selected face(s) should be fixed at.

-g,V$-n=Flux 4.2)

The normal direction is away from the mesh at mesh end, toward the solid at a solid/fluid
interface, and dependent on the node order of the face at a solid/solid interface.

4.2.1.3 Mixture of Fixed Potential and Flux or “Mixed”. The “Mixed” boundary condition in
the GUI allows the specification of a mixture of fixed potential and fixed electric field normal at
a cell face. Clicking on “Mixed” causes three boxes labeled “a:”, “b:”, and “c:” to appear. One
then specifies the values for the constants a, b, and ¢ which fit the following equation.

adp—be Vo -n=c (4.3)

4.2.1.4 Dielectric/Dielectric Interface or “Dielectric”. The “Dielectric” boundary condition in
the GUI is used to indicate that a dielectric/dielectric interface exists. Interfaces which separate
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regions of different permittivity within the grid are dealt with automatically in the code so there
is no need to apply the “Dielectric” boundary condition at these interfaces. The boundary
condition is used for electrostatic problems when the BEM solver is used. The boundary
condition allows the user to include faces in the calculation where the voltage value is desired
but no knowledge of the potential or its gradient is known. Clicking on “Dielectric” causes no
labeled boxes to appear. This boundary condition does not require any constants to be specified.

4.2.1.5 No_Electrostatic Boundary Condition Exists or “Ignore”. The “Ignore” boundary
condition in the GUI is used to indicate that a set of faces has no electrostatic boundary
conditions. This boundary condition is useful when multi-disciplinary problems are being
specified. A set of faces may require a boundary condition to be specified in one problem type
but have no boundary conditions applicable for another problem type. The “Ignore” boundary
condition allows one to specify that a set of faces has no electrostatic boundary condition
although it may have a boundary condition for another problem type. Clicking on “Ignore”
causes no labeled boxes to appear. This boundary condition does not require any constants to be
specified.

4.2.1.6 Symmetry. The symmetry boundary condition in the GUI is used to specify areas of
symmetry in the grid. That is, specify symmetry planes. Mathematically it is equivalent to
-£,V$-i=0 or the field normal at a face is equal to zero. This boundary condition does not
require any constants to be specified. It should be noted that for unbounded problems solved with
BEM there is no possibility of specifying a symmetry plane. An infinite plane would need to be
specified with a zero normal field. :

4.2.2 Electrostatic Volume Conditions
The two electrostatic volume conditions that can be specified are the relative electric permittivity

&, and space charge p, as defined in Eq. (2.1).

- Electrostatios ——— -~ —— !
| Relative Permittivity [_[1

Space Charge f}_o

 Close]

Figure 4-4. Electrostatic Volume Conditions Window at Model.Prop.Solid.Electrostatics or
Model.Prop.Gas.Electrostatics
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4.2.2.1 Electric Permittivity. Only the relative permittivity &; of the total electric permittivity .
€:&, 18 set in the GUIL The value used for the permittivity of free space is &, = 8.854187 x1012
F/m or C*/Nm®. The relative permittivity defaults to 1.0 for all cells in the grid.

To specify a metal (or an empty domain in FastBEM) the relative electric permittivity for the
group of cells should be set to zero. No electric field exists in a metal and a relative electric
permittivity of zero is used in the code as a flag to indicate that a group of cells should not be
included in the solution to Poisson’s equation. In the FVM the cells are “blocked” so that the
electric potential and field are not solved for those cells. In the BEM, setting a group of cells to
zero relative electric permittivity is equivalent to establishing an empty domain. If fixed
potential, fixed flux, or mixed boundary conditions are set on a face one of the two domains the
face separates must be an empty domain.

4.2.2.2 Space Charge. The space charge p of a group of cells can be specified in the GUI in
units of C/m”. The space charge defaults to 0.0 for all cells in the grid.

4.2.3 FVM Control Parameters

The FVM control parameters for the electrostatic problem are accessed at different places in the
GUL The iteration number and final residual are accessed at Solve.Control.Electrostatics. The
solver, relaxation, and limits are accessed at Solve.Control. The FVM control parameters
windows are shown in Figure 4-5.

30



Control - _1
TS Conjugate CCS+ Terminatden
’_Eeratlons Gradlent  Pre AL Bweeps  Crterion
Solvers o o o
‘_ISIIWUCS Te2sre LA
Relaxation ~ N
-— Brugioinee ARl i [
Limits
5 )

Electrostatics

Mediien brpmingy o re 4

Motentlal (Vohuge) o & A E

Napendant Varisbias ; ' ' S
Yelaes

et

R XRXRTELATERA)

Slasny

RECLLZPE R RLINIR]

Atedilary Ynriables

Nensity

Prussure

Temperature Al Ly 180w [~AUPILARY VARIABLES - —-——————

MiN Max

Viscasiy 10 = %Pl'“lll'l !".-lm»?.') I: -

ot hdeandy 1 Viscosiy W [:—::J

Polentiul{YoRuge) 10 = i Doy [L]_::Ir l-_':-“
;

Claze Neset | ibexamaanznr | elp

| ciose} Dok | Default

Figure 4-5. An Overview of the FVM Controls. The control menu (upper left) is used to reach
the solver, relaxation. limits, iteration, and residue controls.

4.2.3.1 Maximum Iteration Number

>0

The “Maximum Iteration Number” controls the maximum number of iterations to be made by the
FastBEM algorithm before exiting. The default value is 200.

4.2.3.2 Residue

>0
The “Residue” is the desired residue reduction factor for the electric potential. The residue is
normalized to one at the beginning of the calculation. The calculation will stop when either the

desired electric potential residue has been achieved or the maximum iterations have been
exceeded. The default value is 1.0 x10™,
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4.2.3.3 Electric Potential Limits. A maximum and minimum value can be set on the value of
the electric potential as it is being solved. :

4.2.3.4 Under Relaxation. Under relaxation can be used when solving the electric potential
using FVM which weights the current solved value with the previous solution.

4.2.3.4 Linear Solver. The type of linear solver can be chosen (conjugate gradient, arithmetic
multi-grid), as well as the maximum number of sweeps to take in the solver and the residual
reduction criteria for exiting the solver.

4.2.4 BEM Control Parameters

The BEM control parameters for the electrostatic problem are accessed at
Solve.Control.Electrostatics. The Electrostatic option is not available in the Control.Solve menu
unless the Model.Problem_Type.Options.Electrostatics. BEM Solver option has been selected.
The BEM control parameters window is shown in Figure 4-6.

Elctros tatics: B Solvr Ettatics: BEM SovglT

Interpolation Order LO Interpolation Order ,LO

Maximum iteration Number [200

Maximum Iteration Number {;200

[P
Gmres Restart Steps |10

» PO —
Expansion Mode |11

Expansion Mode '[1

Expansion Order |12

Distribution Criteria [,{o .5

Expansion Order |12

1 Distribution Criteria fp .5

Estat Residue BO .0001

¥ Unbownded] & 1

Estat Residue {j0.0001

4 Unbounded

OK Default

Figure 4-6. BEM Control Parameters Window at Solve.Control.Electrostatics

4.2.4.1 Interpolation Order

0 - uniform (anything larger than 0 is very computational expensive)
1 - linear

The “Interpolation Order” controls the interpolation level on a face where the potential and/or
gradient will be solved. Higher interpolation order leads to better accuracy in results but
increases the computational expense of the calculation drastically. Only zeroth (uniform) and
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first order (linear) interpolation are currently available. In addition first order interpolation is .
only available for n-polygon faces of n =3 or 4 (i.e., triangles and quadrilaterals) faces. If first
order interpolation is specified any n-sided polygon faces greater than four will use zeroth order
interpolation. Zeroth order introduces only one node/face at face center. First order interpolation
introduces n nodes for an n-sided polygon face. Inputted values less than zero are changed to
zero. Inputted values greater than 1 are changed to 1. The default value is 0.

4.2.4.2 Maximum Iteration Number

>0

The “Maximum Iteration Number” controls the maximum number of iterations to be made by the
FastBEM algorithm before exiting. The default value is 200.

4.2.4.3 Gmres Restart Steps

>0

A matrix-less GMRES method is used to solve the equation systems iteratively. A diagonal
preconditioner is used everywhere except on the interfaces, where a 2x2 submatrix
preconditioner is used. The “Gmres Restart Steps” parameter controls the number of sweeps
within the linear solver for each iteration. The default value is 10.

4.2.4.4 Expansion Mode

1

The “Expansion Mode” controls the method of approximating the kernel function as a series
expansion. Currently only Taylor series expansion of the kernel function is available. Multipole
expansion itself is not implemented due to its lake of generality. In the future other expansion
modes may become available. The default and only possible value is 1 so any changes made here
will not effect the solution.

4.2.4.5 Expansion Order

0-4

The “Expansion Order” is the order of the kernel series expansions (currently only the Taylor
series expansion is available). The default value is 2.

4.2.4.6 Distribution Criteria

00<x<10

The “Distribution Criteria” is the multipole accuracy parameter. Loosely put the parameter
controls the level of “fast” in the FastBEM algorithm that is used. The “Distribution Criteria” is

33



connected to the 6 of Eq. (3.3). A vilue of zero is conventional BEM with no attempts made to -
speed up the algorithm. The solution will have a high level of accuracy but the solution speed

will be very slow. As the parameter is increased from zero the level of optimization increases as

attempts are made to speed the level of convergence. Mechanisms such as clumping together

boundary elements into an equivalent boundary element -are used. The benefits of optimization

(larger Distribution Criteria values) are faster solutions. The drawbacks are a lower level of

accuracy of the solutions and an increase in the memory requirements to achieve a solution. The

suggested value is around 0.5. Inputted values greater than one or less than zero are changed to

0.5. The default value is 0.5.

4.2.4.7 BEM Residue
>0

The “BEM Residue” is the desired residue reduction factor for the electric potential. The residue
is normalized to one at the beginning of the calculation. The calculation will stop when either the
desired electric potential residue has been achieved or the maximum iterations has been
exceeded. The default value is 1.0 x10™. :

4.2.4.8 Unbounded. The “Unbounded” toggle specifies if the problem is bounded or
unbounded. A bounded problem assumes the boundary elements bound the solution space. An
unbounded problem assumes a solution is unbounded with the electric potential ¢(c0) = 0.
“Unbounded” is true (toggle on) if the problem is an unbounded problem, false (toggle off) if the
problem is bounded.

4.2.4.9 Relative Permittivity &,

>0.0

The relative permittivity in the unbounded region. The relative permittivity in the unbounded
region can not be specified unless the unbounded option has been selected. The default value is
1.0.

4.2.5 Electric Model DTF Output
The values deposited by the electrostatic module into the DTF file are different depending on the

method used (BEM or FVM) to solve Poisson’s equation.

4.2.5.1 BEM Electrostatic OQutput

cfd-view description symbol units
elpot electrostatic potential ¢ A"
cpsr_c_En electric field normal -&,Vo- n V/m
pestat electrostatic pressure P N/m?
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All three values are calculated only on boundary or interface faces and averaged onto the vertices .
using 1/r weighting. As a result values at vertices at the corner of the grid may differ
significantly from their original face values. The electric field normal weighted by the relative
permittivity uses the normal local to the face. The electrostatic pressure force is the normal force
directed toward an empty domain. Thus a positive pressure pushes the face “toward” the empty
domain and a negative pressure force would pull a face “away” from the empty domain

4.25.2 FVM Electrostatic QOutput

cfd-view description symbol | units
elpot electrostatic potential ) \Y%
efieldx electric field x component | Ex V/m
efieldy electric field y component | Ey V/m
efieldz electric field z component | E, V/m
pestat electrostatic pressure P N/m*

All values are calculated at cell centers and averaged onto the vertices using 1/r weighting. As a
result values at vertices at the corner of the grid may differ significantly from their original cell
values. The three components of the electric field E = ExX + E,§ + E,Z are given as the three
components of the cartesian coordinate system. At material interfaces (faces where the electric
permittivity changes) the electric field is discontinuous. This is not seen in CFD-VIEW where
the cell center values have been averaged onto cell vertices before output to the DTF file.
Currently there is no way to assign two different values to the same vertex. The electrostatic
pressure force is the normal force directed toward an empty domain. Thus a positive pressure
pushes the face “toward” the empty domain and a negative pressure force would pull a face
“away” from the empty domain

4.3 Prototype for Web Based Interface

An HTML-VRML based interface was developed to allow job submission to FastBEM via the
Web. The user specifies as input a simple CSG model, as well as parameters relating to mesh
size, problem type, and boundary conditions. The server then generates the grid, solves the
problem, and returns the results to the user's browser, along with a link to the 3-D plot in VRML
format. Sample results are shown in Figure 4-7 to Figure 4-10.
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Introduction to FastBEM FastBEM Job Submission

Thisi® an experimental web versian of the CED-FastBEM. It allowes CS@ input using
axis-aligned boxes Versions for more input formats are being developed

@ Enter the lower corner (int.int,int) and upper corner (int,int,int) of the boxes,
as well as the material index (int).
Xg Yor 2g: ¥;.¥),2;, material index

0,0,0, 16,16,1, 1

4,4,2, 12,12,3 , 2

3
!._4__.

5

T L T T et D SRR

Note: The boxes are axis-aligned. Each box is “inserted” into the geometry defined by the
previous boxes. The initial box O isinfinite and always exists before insertion. See info about the

box csg.

Miscellnaneous @ Which materials are treated as empty (int,int,...} l 1,2

i

@ Desired element size (int):

@ Equationtype: 1 :

@ BCs on interfaces of materials | and § (int,int, float, float, ,..) (total 202+
‘floats, where n=1 for Laplace, 2 for Helmholtz, 3 for Neavier or Stokes).

material i, material j, alpha, beta, gamma

0,1, 1,0,10.

Figure 4-7. Snapshot of Upper Portion of GUI for CFD-FastBEM
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Netscape:

| material i, material j, alpha, beta, gamma

Intrgduction to FastBEM
L 0,1, 1,0,10.

0,2, 1,0,0.

Laplace Eq. Benchmarks

CalLi

Note: BCisin the formalpha * T+ beta * g, = gamma. Eitber i or j should be an "ermpty*
matedial. alpha, beta are n by n matrices, 7, ¢,, and gamsma are vector of length n. (T,q,)represents

(terrperature, flux ) for Laplace, (normal velocity, pressure) for acoustic Helmholtz, {displacemant,
traction) for Navier, and (velocity, traction) for Stokes.

4s. Benchmarks
W . oo D

~ o~

@ Properties of each material (m*k integers, 5 is the number of materials
including material 0, separated by comma)

Benchimarks 1,1,1

: Note:
— For Laplace, k=1, property = conductivity.
- For Helmholtz, k=2, property = (wavenumber, density*speed_of_sound).
— For Navier, k=2, property = (Young”s moduluy, Poisson ratio),
— For Stokes, k|, property = viscosity.

@ Theta (0.5 - 0.8 suggested), |;

Figure 4-8. Snapshot of Lower Portion of GUI for CFD-FastBEM
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" Netscape:

FastBEM Results

boxes:

000161611 i

Navier Eqs. Benchmarks 442121232

exterior: 12
eqgtype: laplace g
be:

011010
Helmhoitz Eq. Benchmarks 02100

seatteldeg by ol
theta: 0.7
eps: 0.0001

: Summary

Coen Number Non-Empty Materials: 1 K

: Number Elements: 100 . e
Degrees of Freedom: 100 .
Number Vertices: 104

MEMS Applications

[

Miscellnangou
Total CPU Time: 39.4 sec.

ai
Vrml Results o

click to view VRML,

Convergence History

iter
1

Figure 4-9. Results from On-line Execution of FastBEM
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Metscape.

Ay

Figure 4-10. Visualization of FastBEM Results Using VRML
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S. VALIDATION STUDIES AND STUDIES OF INDUSTRIAL MICROSYSTEMS

5.1  Benchmarks of BEM

In order to verify the O(N) performance of the developed BEM solver several benchmarking
tests were carried out for some standard problems for which analytical solutions exist.

The first problem is that of heat conduction inside a sphere which is subjected to convection and
irradiation on the surface. The temperature distribution is shown in Figure 5-1. The second
problem is that of a cylindrical vessel deformation under surface pressure. The displacement is
shown in Figure 5-2.

Tables 5-1 and 5-2 summarize the time and memory required by BEM as a function of the
number of elements, N, for the above two problems. For comparison, the performance of the
conventional BEM (i.e., theta = 0.0) is also included.

As the numbers in the tables show, the actual performance of the BEM solver-is indeed very
close to O(N) for each iteration. The overall time performance is worse for the second problem
(O(N”1.16) to O(N”1.32), because the number of GMRES iterations grows as N increases, but
this should be expected for all linear solvers of the CG class.

330

320

3143547

Figure 5-1. Temperature Distribution on a Sphere Subjected to Surface Irradiation and
Convection

40



obs_displ

D.0011

0.001

Figure 5-2. Displacement of a Cylinder Under Surface Pressure

Table 5-1. Benchmark Results for Heat Conduction Inside a Sphere

Additional validation of the FastBEM model was carried out on benchmark problems calculated
by NASTRAN's boundary element method package, TEAM. Figure 5-3 shows a sample list of
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the benchmark problems and Table 5-3 shows the comparisons of the results/performance of
FastBEM and those of TEAM.

3.5 Simple Beam

3.7 Arc Beam 3.8 Plate under Gravity 3.10 Spinning Disk

Figure 5-3. Test Cases Used by TEAM

Table 5-3. Benchmark Comparisons with TEAM

27 | Tapered Plate under Edge | 59 yp, | 271 MPa | 2494 MPa 198 | bilinear -
210 Plate with a Central Crack | 6.0066e-61in | 413e~6in | 6.2704e-6in ; 240 | bilinear
. 35 . Simple Cantilever Beam 1~0.33333e-3 in|-0.3510e-3 in —0.3_2.‘5§5e—3 inj 64 | bilinear -
37 1’ 90° Arc Beam Bending | 1.442e-3in izggg:g ;g iggg::g 12 ‘ 14982 ‘bilinear
3 Tapered Cantllever under | ~0200MPa | 0200 MPa | ~0.193 MPa - 70 | bilnear
| 3.10 | Flat Spinning Disk | 1.064e-3in { 1.066e-3in | 1.05e-3in | 208 | "constant

5.2 Benchmarks of FVM and BEM Applied to Electrostatics

The performance of FVM and BEM were compared when solving Poisson’s equation on
standard test problems. Initial testing shows FVM faster than BEM (for simple problems such as
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a parallel plate capacitor) and more accurate. BEM is better at unbounded problems and .
problems where the cells/boundaries ratio is on the order of 1000.

5.2.1 Parallel Plates

The first benchmark is a rectangle with two different electric permittivity materials sandwiched
between square parallel contacts as shown in Figure 5-4. It is a bounded problem with applied
potentials of ¢(x = d) = ¢, V, ¢ (x = 0) = 0 V. All other surfaces have zero normal potential

gradient (i.e., —¢,V$-n=0).

0 X, d X
Figure 5-4. Parallel Plate Geometry
The electric potential at X =X, 18
€9X
d(x,) = 20— ¢, (5.1

g1(d-x4)+e9X,

The uniform electric fields at either side of the x = X, interface are

—82 R
E X 5.2
1 g1(d—x4)+e2X, % (5.2)

“81 n
E, = X 5.3
2 g1(d—x4)+e0X, %o (5-3)

The capacitance is

C= A182 (5.4)
g1(d—x4)+e2X,

This benchmark was done on a DEC 500 with d = 10, A = 25, and ¢, = 50 V for two different
cases where the permittivity of the two regions is varied. In the first case they both equal the
permittivity of free space, in the second one of the regions has a permittivity four times that of
free space. The electric potential at the interface, the electric field in each region, the
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capacitance, memory requirements, and solution time were compared for BEM and FVM. As
expected, the FVM performs much better than BEM for this case in accuracy, speed, and
memory requirements. It is expected that BEM will be more approximate given that accuracy has
been sacrificed to gain solution speed. The BEM predicted capacitance values are fairly close to
theory which implies that on average the calculated field values at the contacts is accurate.

Dei=e=¢

dx=5)(V) | Ex (V/im) | Exx (V/m) | C (Farads) Mem CPU
Theory |25.00 -5.00 -5.00 2.214x10™" MM:SS
FVM | 25.00 -5.00 -5.00 2.214x10" |35M 00:02
BEM | 24.88to0 -5.25 to -5.25 to 2.183x10" | 18.0M .| 00:22
25.17 4.85 -4.72
(2) €1 =& &= 480
d(x=5)(V) | Eix (V/m) | Ex (V/m) | C (Farads) Mem CPU
Theory | 40.00 -8.00 -2.00 3.542x10! MM:SS
FVM | 40.00 -8.00 -2.00 3.542x10"" | 3.6 M 00:05
BEM | 40.51 -7.66 to -1.92 to 3.332x101" [ 21.0M | 00:23
-8.49 +2.12
5.2.2 Concentric Spheres

Another benchmark case is two spheres with different radii a and b shown in Figure 5-5. Electric
potentials of ¢(r = a) = ¢, V and ¢ (r = b) = 0 V are applied to the spheres. The potential and
electric field normal were calculated at the center of 25516 tetrahedrals for FVM and 1128
triangle faces for BEM.

Figure 5-5. Concentric Sphere Geometry

The electric potential as a function of z is

0@)=2¢, O0<z<c (5.5)
C



The uniform electric fields in the two regions are equal and are given by

E =E, = ﬁz (5.6)
C
The capacitance of the geometry is given by
C= Méf}ﬁ (5.7)
DEC 500,a=1,b=3,0,=60V,e=¢g
d(x =2) (V) | B =1)V/m | E; ==3)V/m | C (Farads) | Mem | CPU
Theory | 15.00 90.00 10.00 1.669x107'° MM:SS
FVM 15.00 85.00 11.00 1.651x10 |16 M | 00:15
BEM nat 85.0t090.1 | 941t010.2 |1.648x107° |51 M |00:30

*BEM calculated values only for boundary faces at r=1,3; does not have any values at r=2

The values in the table are approximate due to the amount of value averaging. First there is
averaging from volume center to nodes, than in CFD-VIEW where the point and line probe
average from the node values. The capacitance calculation which is done internally with actual
data is a good measure of how close the average electric field values are to the theory. The FVM
field values are off because the cell center gradients are not being interpolated properly to the
faces. The values reflect the value at cell centers near the boundary, not the value at the
boundary.

5.2.3 Sphere of Space Charge

The third benchmark study of FVM and BEM is the electric potential and field due to a sphere of
uniform space charge. The sphere has a uniform space charge of p and a radius R as shown in
Figure 5.6. The total charge of the sphere is thus Q = p(4/3)nR3. It is an unbounded problem with
the potential at infinity assumed to be zero (i.e., ¢(0) = 0.0). For the FVM case a square with
length 300 was generated around the sphere with a b.c. of ¢ = 0.0 V at the six square sides as an
artificial truncation point for the domain. In theory ¢(r=300) = 9/300 = 0.03 V. Applying b.c of
0.0 V at points that are actually 0.03 V introduces error. For the BEM case the unbounded
problem needs no modification of the mesh. The mesh for FVM is 64996 tetrahedrals, for BEM
the potential and electric field normal were calculated on 652 faces.
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Figure 5-6. Sphere of Space Charge of Radius R in an Optional Box with Aides of Length a>R

The electric potential as a function of the radius r is

Q r>R
4me,r
(r)=1 (5.8)
¢ 9 2
3- r<R
8neyR R?
The electric fields in and out of the sphere as a function of r are given by
Q r r>R
4dne,r
E(r)= (5.9)
Qr 3 r r<R
4me R

DEC 500, R = 1, (a = 300 for fvm case), p = 27¢o, € = &

o(r=3) (V) | E(r=3) V/m Mem CPU
Theory | 3.00 1.00 MM:SS
FVM |29 095t01.05 |40M 02:00
BEM |2.7t0298 |081t01.05 |53M 00:45

Neither method will be exact given that the sum of the volumes of all of the tetrahedrals making
up the meshed sphere will not equal (4/3)nR>. The FVM accuracy would increase if the
bounding box were made larger. The BEM was faster than FVM and as accurate. The memory
requirements are still comparable. The set-up time for the BEM was also much less than FVM.

5.3 Electrostatic Loading of Mechanical Structures

5.3.1 Doubly Clamped Beam
A typical canonical coupled electrostatics and stress problem is an elastic beam under an

electrostatic load. The problem is shown in Figure 5-7. The upper 0.5x10x80 um elastic beam is
clamped at either end and is 0.7 um above a rigid beam. The elastic beam has a Young’s
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Modulus of 1.69 x10° Pa, Poisson’s Ratio of 0.3, and no residual stress. A voltage of ¢o= 10V or
20 V is applied to the upper beam and the lower beam is grounded (0 V). The electrostatic model
calculates the electrostatic pressure force on the elastic beam. The structural model is used to
calculate the stresses, strains, and displacements on the elastic beam. As seen in Figure 3-1 when
10 V is applied to the upper beam the deflection toward the rigid body is small, with a maximum
displacement of 0.055 um at beam center. With an applied voltage of 20 V the beam deforms
onto the rigid body.

fixed end

elastic beam

20V

Figure 5-7. Doubly Clamped Beam Under an Electrostatic Load, with an Applied Voltage ¢, =
100r20 V.

5.3.2 Accelerometer

Another problem shown in Figure 5-8(a) is an electrostatically loaded plate. This is an example
of an accelerometer. A large plate with an applied voltage of 20 V is clamped by four beams.
The whole upper elastic structure has a Young’s Modulus of 1.69 x10° Pa, Poisson’s Ratio of
0.3, and no residual stress. The upper plate is 2.0 pm above a ground plane. Figure 5-8(b) shows
the calculated displacement contours on the upper plate due to the electrostatic load. With 20 V
applied to the upper plate a maximum deflection in the center of the plate of 1.83 pm toward the
ground plane is calculated.

—Y @Yy <— fixed ends
20.0 pm _ ~

(2) (b)

Figure 5-8. Accelerometer Under an Electrostatic Load. (a) The geometric dimensions and
problem set-up. (b) The calculated displacement of the plate due to the electrostatic

47




load. The displacement of the plate toward the ground plane is maximum (1.83 pm)
at the center of the upper plate.

5.3.3 High Frequency Resonator

Electrostatic (BEM)/structural mechanics coupling was demonstrated on a high frequency
resonator shown below and used for applications such as high pass filters. A sinusoidal driving
voltage is applied to a plate below a resonator beam. An electrostatic pressure force deforms the
resonator beam as seen in Figure 5-9. The deformation is coupled through a “coupling beam” to
an “output beam” where the change in capacitance between the beam and the ground is used to
detect its deformation. The contours show the calculated vertical displacement for one instance
in time.

“output” beam

voltage applied resonator beam

Figure 5-9. Displacement Field Contours on a High Frequency Resonator

5.3.4 Electrostatic Torsional Micromirror

Electrostatic torsional micro-mirrors are employed to serve as light modulators in devices such
as printers, scanners etc. The commonly used configuration consists of a flat plate made of
aluminum or polysilicon that is suspended above a ground plane by flexible hinges. Here, an
aluminum mirror of dimensions 70x40x1.3 um (length x width x thickness) was chosen for
analysis. The torsion hinges are of dimensions 15x2.5x0.3 pm. The plate is suspended 2 um
above a ground plane with embedded driver electrodes that are alternately made electrically
active. A range of voltages from 0 to 10 V have been analyzed using the FVM/FEM coupled
approach. The torsion hinge was modeled as a torsion bar with a specified spring constant
designed to describe the mechanics of the mirror as that under a solid body rotation due to an
applied moment. Only one half of the mirror was simulated exploiting the symmetry in the
problem. In the analysis, the standard far-field and symmetry boundary conditions were specified
at appropriate locations. The markedly disparate aspect ratios in the problem are an excellent test
of the robustness of the employed approach. The coupled approach was able to handle this issue
very well without any stability or convergence problems. Figure 5-10(a) shows a SEM picture of
an aluminum micro-mirror based upon which the present geometry was roughly modeled.
Figure 5-10(b) shows the mirror, which is grounded, in a deflected position due to one of the two
address electrodes being made active at 10 V.
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(b) computed electrostatic deflection

Figure 5-10. Computational Results for an Electrostatic Micromirror

5.3.5 Micromotor Torque Curve Extraction

The geometry and boundary element grid of a micromotor device is shown in Figure 5-11. The
radius of the rotor blades is 50 mm, and the gap between rotor and stator is 1.5 mm. The four
blades of the stator have a potential of 9.5 V, the other components are grounded. All parts are
conductors. In generating the grid, care was taken to ensure sufficient number of elements near
the gaps. The BEM solver was used to compute the normal electric field on the surface, which is
used in turn to compute the surface pressure. The pressure is then used to obtain the torque. The
computations were performed for different rotor angles. The final torque-angle relationship is
shown in Figure 5-12. The result is in close agreement with the Finite Element calculations of

Barba et al., 1994.
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Figure 5-11. Geometry and Computational Grid for an Electric Micromotor
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Figure 5-12. Computed Torque-Angle Relationship for the Micromotor

5.3.6 Linear Lateral Resonator Comb Drive

The electrostatic and structural models were tested on a linear lateral resonator comb drive (Tang
et al., 1992) shown in Figure 5-13. The device has the potential for many uses such as an
accelerometer or gyroscope. A folded beam with attached combs is placed between comb drives.
The comb drives have applied ac or dc voltages to drive or sense the resonance of the moving
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folded beam structure. The sensing circuitry takes advantage of the change in capacitance of the
structure as it moves.

A calculation was performed on the linear lateral resonator comb drive shown in Figure 5-13.
For this calculation, one of the comb drives is grounded and to the other a sinusoidal drive
voltage is applied. The ground plane and the folded beam structure are also grounded. The folded
beam is only fixed at two anchor points in the center of the structure. The beam’s modulus of
elasticity is 1.69 x10'! Pa with a Poisson’s Ratio of 0.3.

As the voltage increases at the driven comb drive an electrostatic pressure force pulls together
the comb drive and the comb on the folded beam structure. The electrostatic pressure force also
pulls the folded beam structure nearest it upwards away from the ground plane due to the electric
field asymmetry introduced by the ground plane. This can be seen in Figure 5-13 which shows
the structure at two instances in time. The plotted contours represent the vertical displacement
(displacement normal to the ground plane). The contours show the resultant increase in tilt due to
the electric field asymmetry in the vertical direction as the voltage is increased.
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Figure 5-13. Linear Lateral Resonator Comb Drive with an Applied Sinusoidal Drive Voltage at
Two Instances in Time

5.4 Fluid Damped Beam Under an Electrostatic L.oad

The coupled thermal-fluid-structural-electrostatic capability in CFD-ACE+MEMS was tested on
a simple demonstration problem. The problem setup is shown in Figure 5-14. The geometry
consists of a closed chamber, 5 mm high and 70 mm long, which contains a compressible gas of
viscosity equal to 0.0171 Pa-s at an initial pressure Po= 10 Pa and temperature T,= 300 K. The
chamber is bounded at the top by a flexible beam clamped at each edge, and by adiabatic walls
on the other three sides. The beam is 1 mm thick, and has a modulus of elasticity of 4000 Pa.
From symmetry considerations, half of the geometry is modeled, with symmetry conditions
applied to the left edge.

A sinusoidal voltage is applied (12000 sin 5nt V) to the bottom wall, and the beam on top of the
chamber is grounded. The sinusoidal varying electrostatic force deflects the beam downward
compressing the gas. As the gas is compressed, the pressure increases, applying an upward force
to the beam to counteract the electrostatic force. At each time step the resulting deformation is
obtained from a balance of the electrostatic, pressure, and inertial forces.

The result of the analysis was to determine the transient response of the fluid pressure,
temperature, electrostatic field, and the deflection and stresses of the beam. To accomplish this,
the governing equations for the four models (flow, heat, electrostatic, and structural analysis) are
coupled and solved implicitly at each time step. The time sequence of Figure 5-14 shows the
deflection of the beam, the gas flow as vectors, and the normal axial stress as contours on the
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beam. The snapshots were taken before, at, and after the voltage maximum. As the beam moves
downward the gas is forced into the clamped corner pushing the elastic beam upward. The
energy equation was also solved but the temperature increases were minimal (only 0.1 K) due to
the small number of cycles simulated.

A parametric study was performed by varying the initial gas pressures. The graph of Figure 5-15
shows the center beam displacement for three different initial gas pressures and the lower wall
voltage versus time. The beam displacement maximum is reduced with increasing initial gas
pressure P, as the increasing gas pressure counteracts the electrostatic pressure applied to the
beam. Also, the higher the initial pressure, the later the time the beam reaches its maximum
displacement. This is indicative of the strong nonlinear coupling between the different models.
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Figure 5-14. Doubly Clamped Fluid Damped Beam Under a Sinusoidal Electrostatic Load.
Shown is a time sequence of the beam displacement, fluid velocity field (vectors),
and normal axial stress (contours on beam) for the P,= 10 Pa case.
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Figure 5-15. Displacement and Voltage Plots for a Doubly Clamped Fluid Damped Beam Under
a Sinusoidal Electrostatic Load. Shown are the center beam displacement for
different initial gas pressures (P,) and the applied voltage on the lower chamber

wall versus time.

5.5 Electrostatic/'VOF Test: Electrostatic Extraction of Conductive Fluid from Bath

The geometry shown in Figure 5.16 was used to demonstrate the electrostatic extraction of a
conductive fluid from a bath. The problem involves calculating gas flow, free surface flow, and
electrostatics. A very large voltage is applied to the upper wall of the chamber. The lower wall
and bath are grounded. The conductive fluid contained in the lower chamber contains charges on
its surface due to the applied field. The pressure force on the surface of the conductive bath is

resisted by the surface tension of the liquid.
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Figure 5-16. Time Evolution of the Electrostatic Extraction of a Conductive Fluid from a Bath

The free surface flows are calculated using the volume of fluid (VOF) method (Hirt et al., 1981).
Briefly, the VOF method solves an additional scalar quantity F which is the volume fraction of a
component in a cell. Distribution of F as a function of time and space is calculated and
determines the location of the liquid cells. The main equation solved is

§E+UOVF=O (5.10)
ot

where u is the flow velocity vector.

The VOF formulation includes surface tension and electrostatic pressure effects. To add the
surface tension and electrostatic pressure effects, the free surface of the liquid needs to be located
and then the forces applied. A conservative formulation for the surface tension forces calculation
is used (Yang et al., 1998). It considers the equilibrium of a curved surface under a surface
tension force. The net normal force acting on the surface is linked to the summation of all
tangential forces due to surface tension. In the discrete form only the boundary lines along the
surface are necessary to estimate the surface tension forces.

The results of the calculations are shown in Figure 5-16 for different time steps. The contours are
the electric potential, the vectors are the fluid flow, and the surface of the liquid is represented by
the grey surface. As time progresses the electrostatic pressure force on the surface of the
conductive bath begins to draw the liquid from the bath toward the upper wall counteracting the
surface tension forces.
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5.6 Magnetic Test Cases

5.6.1 Magnetic Field Due to a Circular Current Carrying Wire

An infinitely long wire of finite radius was simulated using the magnetic model. A uniform
current density in the z-direction (out of the page) of J, = 1/, A/m* was applied to the grey
region (a cross-section of an infinite wire). The calculated magnetic field shown in Figure 5-17 is
rotating in the counter clockwise direction as one would expect from the right-hand-rule. The
calculated and analytical values for the z-component of the magnetic vector potential A, are
plotted in Figure 5-17 (one plot is for inside the wire, the other for outside the wire) and show

very good agreement.
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Figure 5-18. Comparison of Calculated (Red) and Analytical (Black) Solutions of Magnetic
Field Due to an Infinitely Long Current Carrying Wire
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5.6.2 Magnetic Field Due to Current Carrying Bus Bar at a High/Low Permeability
Interface
As a validation test case of the magnetic model’s multi-material capability based on the solution
of the vector magnetic potential equation a benchmark numerical solution provided by Ida
(1995) was simulated. This is a 2-D problem in which a current carrying conductor sets up a
magnetic field that penetrates into a lower conducting material, the depth of penetration being a
function of the relative permeability of the material. A very fine grid of resolution 300x100 cells
was used to discretize the domain. The values used in the problem set-up are shown in
Figure 5-19. The contour plot of the computed magnetic vector potential is shown in
Figure 5-20. Comparison with the solution of Ida (1995), not shown here, shows excellent

agreement.

current carrying busbar

{J = 50,000 A/sgm
2cmx1cm b= bo)

free space
(B=py)

passive
conductor
(4 =100 u)

tzcm

-

10 cm

Figure 5-19. Bus Bar Test Case Specification
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Figure 5-20. Calculated Vector Magnetic Potential Around a Bus Bar Between Materials of
Different Permeability

5.7  Magnetic Field Using a Source Calculated from Electric Model

Some testing was done for the electric/magnetic link when the electric model solves the
conduction equation to supply the magnetic model with a source current. This is an important
link when current sources of arbitrary shape are introduced into a problem. It would be
impossible for a user to specify the current source magnitude and direction in every grid cell of
the source. The coupling of the two models automates the source current specification. Two
different source current shapes were tested: a circular and square planar coil.

5.7.1 Magnetic Field for Spiral Conductor
The coupling between the electric and magnetic models is demonstrated by calculating the

magnetic field around a spiral conductor. The terminals of the spiral are fixed at different
voltages and the electric model calculates the current through the conducting material. The
current is shown in Figure 5-21 as vectors colored with the value of the potential. The grid
density in the conductor is too high to distinguish individual vectors in this plot. This current is
used as a source in the magnetic calculation. The magnetic field vectors are shown in black in a
plane perpendicular to the spiral.
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Figure 5-21. Magnetic Field Due to Current in Circular Coil

The spiral has a constant cross section, so the magnitude of the current density is a known
constant value everywhere in the conductor. The direction of the current, however, depends on
the path length along the spiral.

5.7.2 Magnetic Field Due to Planar Coil

The magnetic actuation of structures is of great interest due to the larger distances which a
structure can be moved when compared with electrostatic actuation. The test problem, which will
be used to test this capability, is the actuation of a plate due to a magnetic field generated from a

planar coil.

A first step in this problem is to calculate the magnetic field generated by a planar coil. The
conduction problem is solved on the coil to get a source current. The source current is then fed
into the magnetic solver which calculates the magnetic field due to the current through the planar
coil. Shown in Figure 5-22 is the magnetic field due to current flow in a two turn planar coil.
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Figure 5-22. Problem of Plate Movement Due to a Magnetic Field. Shown is the (a) the electric
potential in the coil and (b) the calculated magnetic field generated from the planar
coil.

5.8 Magnetic Actuation of a Beam

The magnetic actuation of structures is of great interest due to the larger distances which a
structure can be moved when compared with electrostatic actuation. In Figure 5-23 is a
demonstration of the magnetic actuation of a beam in 2-D. The deformation of the 2-D beam was
due to an induced magnetic moment of some attached magnetizable material to a beam. Initially
a uniform magnetic field was applied to the structure. As the material magnetized, the magnetic
field near the magnetized region underwent variation. With a non-zero magnetic moment and a
non-uniform magnetic field in the region of the material a torque on the material is induced. The
torque on the material actuates the beam to which the material is attached. The displacement of
the beam, the magnetic field near the high permeability material, and the torque on the beam are
shown in Figure 5-23.

magnetizable material

fizxed end

/

force vectors —————p»
magnetic field lines ——p»

Figure 5-23. Displacement Field Contours, Magnetic Field Lines, and Force Vectors on a
Magnetically Actuated Beam
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5.9 Buoyancy-Driven Flow of a Conductive Fluid

The Lorentz force is demonstrated by the calculation of buoyancy driven flow of a conducting
fluid in a uniform magnetic field. The bottom boundary rotates with a specified angular velocity
and has a uniform temperature. The inner part of the top boundary rotates in the opposite
direction of the lower boundary and has a uniform temperature lower than that of the bottom
boundary. The outer part of the top boundary is a free surface. The temperature difference
between the boundaries creates a buoyancy-driven flow pattern in addition to the rotation
imposed by the walls. A uniform magnetic field in the opposite direction of gravity damps the
flow through the Lorentz force. Figure 5-24 shows contours of the temperature and velocity in
the vertical direction with and without the magnetic field. The velocity magnitude is much
smaller when the magnetic field damps the flow.

noB

noB

T s (b)

Figure 5-24. (a) Temperature and (b) Vertical Velocity Contours for Coupled Flow/Magnetics
Solution. Right Half is without the Magnetic Field, Left Half is with the Magnetic

Field

5.10 Electroosmosis

Electroosmosis techniques are widely used for transport of charged fluids in microfluidic
systems. Shown in Fig. 5-53 is a cross channel device used for sample injection and separation.
The flow of material in the device is controlled by static fields. Depending on the voltage V;
applied to the upper and lower reservoir of the cross channels, the flow of charged specie can be
suppressed (0V), flowed into (37.5V), or flowed out of (135V) the cross channels.
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6. ANALYSIS ON INDUSTRIAL DEVICES

The development of the MEMS CAD tool has enabled CFDRC to analyze various industrial
problems and devices. The coupling of the electromagnetic model to the flow-heat-structure
model has enabled the following simulations.

6.1  Xerox Flap Valve

Xerox was concerned with the voltage required to close the flap on a pressurized valve. The
results are shown in Fig. 6-1 for four different applied voltages. The structural element is a flap
over a flow inlet that is fixed at the left. With no flow or applied voltage, the flap lays over the
inlet. At OV with a flow, the flap is deformed, allowing flow through the system. An electric
potential difference is applied between the flap and the lower right plate. A voltage which closes
the flap, despite the flow, is determined.

300V 325V

Figure 6-1. Flow Across a Flap with Different Applied Voltages

6.2 Honeywell Mesopump

Honeywell is developing a mesopump for microsystem applications (Fig. 6-2). Specific pump
design parameters such as actuation voltages, actuation times, and volumetric efficiencies were
of primary interest to Honeywell pump designers. The pump actuation is accomplished through
electrostatic pressure forces. This was a flow/structural/electrostatic problem. Computational
results such as valve closure times, membrane dynamics, and pumping rate agreed well with
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experiments conducted at Honeywell (see Fig. 6-3). An example of calculated electric fields is
shown in Fig. 6-4.

Vent

Upper electrode E2

Flexible Diaphragm D1
(ground)

Lowerpump
electrode E1

* Outlet

(Vertical scale enlarged for clarity)

Inlet to pump chamber

Inlet channel
Inlet
Figure 6-2. Solids Model of a Mesopump Cell with Boundary and Physical Conditions
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Figure 6-3. Comparison of Calculated and Measured Actuation Times of Pump for Different
Driving Voltages




Variable Permittivity Causes Local
Uniform Flectrical Potential

Figure 6-4. Electrostatic Field Distribution in Pump

6.3 Honeywell Cantilever Beam

This test case is an analysis of a polymer cantilever beam. The geometry for this device is
shown in Figure 6-5. A kapton sheet with a thickness of 25 microns is electrostatically attracted
toward a dielectric coated ground plane. The thickness of the dielectric is 0.2 micron. In an
unstressed state, the kapton sheet lies flat on the dielectric substrate. An upward directed force is
applied to the kapton sheet, over a length denoted as L in the figure, to raise it to a specified
height h (typically 20 to 100 microns). «

The kapton sheet is clamped on both the right and left edges, and thus nonlinear structural effects
are important as stress-stiffening effects become non-negligible. In this analysis, the dielectric
and ground planes were assumed rigid, and the rigid contact formulation was used to model the
contact between the kapton sheet and the dielectric.

The purpose of the analysis is to determine the force required to raise the sheet for a specified
voltage and gap height. This problem exhibits an interesting nonlinear effect. From a structural
standpoint alone, more force is required to lift the sheet to a higher gap height, but a smaller gap
height will require a larger force to overcome the electrostatic attraction. Consequently,
depending on the structural properties and the applied voltages, there is a possibility of a local
maxima in the required force for different gap heights, as opposed to a montonically increasing
force vs. gap height curve.

Figure 6-6 shows results for gap heights of 20 and 60 micron, with an applied voltage of 80 V in
each case. Shown on each plot are stress contours in the kapton sheet and the electric field
through the gap, dielectric, and ground plane. Figure 6-7 shows plots of the required force per
unit area for the case of zero and 80 V. A local maxima is seen in the 80V curve between a gap
height of 20 and 25 micron. After approximately 50 microns the electrostatic attraction becomes
negligible and the two curves are nearly identical.
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Figure 6-5. Schematic of Electrostatic Actuator
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Figure 6-6. Computational Results for h =20p and h = 60p
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Polymer Electrostatic Actuator Analysis

Required Pressure at 0 and 80 V
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Figure 6-7. Pressure vs. Height Curves for 0 and 80 Volts
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7. IMPLICIT COUPLING VIA MULTI-NEWTON METHOD

The linking between physical models such as the electric and the structural models is sequential.
Each physical model is solved separately from the others using only boundary conditions and
volume conditions the other models calculated during their previous solution. When passing the
information between models, linear relaxation may be applied to the relevant parameters to
improve convergence. While this linking is efficient for many systems, it will fail when the
coupling becomes too stiff. This occurs quite often in solid/fluid systems with small clearances,
i.e., elastohydrodynamics. Coupled electric/structural systems with small clearances will also
demonstrate tight coupling. In these instances, a certain degree of implicit coupling between the
models will become necessary to obtain a stable, converged solution. One advanced implicit
coupling methodology the “multi-level Newton method” (Aluru and White, 1997) has been
implemented to ensure stable and robust convergence. The multi-level Newton method has also
been demonstrated for electric/structural coupled problems.

7.1 Multi-Newton Method

The implicit coupling method implemented is the “multi-level Newton method” being developed
by Jacob White’s research group at MIT (Aluru and White, 1997). The method appears general
enough so that it is applicable to any physical model (structures, fluids, heat, electromagnetics)
and any solution method (fvm, bem, fem). The technique is a black box approach in that the
models to be linked need only have a clear set of input and output values upon which they
mutually depend. So, no complicated links need be established between the models.

In the multi-level Newton technique, coupled equations are solved by employing a Newton-
Raphson method. The outer Newton iteration solves a “Newton-update linear system” which is a
residual equation expressing the difference of the inputs and outputs of the linked models. Each
Newton iteration requires the solution of the Newton-update linear system, and this linear system
can be solved with a Krylov-subspace algorithm such as GMRES. Each iteration of a Krylov-
subspace algorithm requires a matrix vector product which can be approximated using the black
box linear solver of each model. Since many of these black box solvers typically employ
Newton’s method, the approach is referred to as a multi-level Newton method.

For instance, in an electro-mechanical coupling one black box is the structural mechanical model
Ry() which inputs an electrostatic force f and outputs a grid displacement u = Rm(f). The other
black box is an electrostatic model Rg() which inputs a displaced grid u and outputs an
electrostatic force f = Rg(u). The outer Newton iteration solves a residual equation, that is the

“Newton-update linear system”, of the form

_ [f-Rg)
R(u,f) = {U—RM(f)} (7.1)

The standard Newton technique is applied to Eq. (7.1), in which the residuals are expressed as
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Ru,f)=R@°,f°) +—38, + —8¢ =0 7.2)°
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where the represents the old iteration value.

The Jacobian corresponding to Eq. (7.1) is given by

I _Rg
Ou
Ju,f) = 7.3
(u,f) Ry (7.3)
of
which gives the equation
6f _ 0 g0
J =—\R@",f%) (7.4)
611

to be solved at each iteration.

This linear system can be solved using only black-box solvers if Krylov-subspace based iterative
methods like GMRES are used. In these methods, the Jacobian is not explicitly needed. Rather,

Of

} are needed. The approximate form based on the Taylor
u

matrix-vector products such as J {

series is

(7.5)

1

J{Bf}~ B¢ - S[RE(u+08,)~Rg ()]
5= 5R(f+087)~Rpq ()]

where 0 is a perturbation parameter.
The multi-level Newton method may be summarized as follows:
1. Start with initial guesses for u, f and calculate Residual R(u, f)

2. Solve Eq.(7.4) using a Krylov-subspace iterative method, with the matrix-vector
products approximated by Eq. (7.5)

3. Setu=u+0,, f=f+ &
4. If ||8u]| < £u and ||5¢| < &, exit

5. Recalculate new Residual R(u, f) and return to step 2
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7.2 Demonstration of Multi-Newton Method on Electric/Structural Problems

The multi-Newton method was used to implicitly couple the electric and structural models. A
comparison was made between the two coupling methods: sequential relaxation and the multi-
Newton method. The problem used for comparison is a beam under an electrostatic load and
fixed at one end. The beam is 500 um long, 50 um wide, and 14.35 pum thick with a Young'’s
modulus of 4.0 xlOlON/mz, a Possion’s ratio of 0.3, and no residual stress. A ground plate is
placed 1 um under the beam. The voltage applied to the beam is varied to determine the pull-in
voltage. The pull-in voltage is the voltage needed for the beam to be pulled down and just begin
to contact the ground plate. As voltages nearer the pull-in voltage are applied, the coupling
between the electric and structural models increases.

Shown in Table 7-1 are results of the comparison. At different applied voltages, the iteration and
simulation time are compared for the two methods. At an applied voltage of 7.8 V, the Newton
algorithm begins to out perform the sequential relaxation algorithm (simulation time is less).

Table 7-1. Comparison of Sequential Relaxation and Multi-Newton Coupling Algorithms

Sequential Relaxation Newton
\Y% DZ ITER Time DZ ITER Time
4.0 -6.0032E-08 6 96.85 -6.0135E-08 3 405.94
5.0 -9.9109E-08 8 128.73 -9.9507E-08 3 422.03
6.0 -1.5500E-07 8 126.87 -1.5533E-07 4 578.46
7.0 -2.4265E-07 12 193.16 -2.4299E-07 4 725.35
7.5 -3.1792E-07 20 319.99 -3.1907E-07 5 795.10
7.6 -3.4056E-07 23 367.57 -3.4189E-07 5 781.52
7.8 -4.2788E-07 95 1486.00 -4.3593E-0 8 1291.70
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8. IMAGING, VISUALIZATION AND VALIDATION OF MICROSYSTEMS

Sarnoff, in collaboration with the Exxon Corporation, has established an X-ray
microtomography/microradiography facility at the Brookhaven National Laboratories. This
facility has the capability to characterize 3-D microstructure and 2-D motion inside materials and
devices at micron scales. One focus of this project was to develop a communication protocol
between Sarnoff’s imaging technique and CFDRC’s simulation tools. The developed protocol
has enabled direct transfer of geometry, mechanical motion, and velocity fields (from
measurements) to be read in directly to facilitate one-to-one comparisons between experiments
and simulations.

8.1 Imaging and Visualization

Imaging and visualization of microsystems has been carried out at Sarnoff Corporation. The
initial investigations focused on the direct examination of the 3-D internal microstructure and
microdynamics in fluidic microdevices using x-ray microtomography, visualization methods and
an image processing supercomputer (the Princeton Engine).

X-ray Micro-Imaging: For this project, Sarnoff Corporation used the x-ray microtomography
facility (owned by Exxon) at the National Synchrotron Light Source (NSLS) at Brookhaven.
This facility produces 3-dimensional images of the internal structure of millimeter sized
microdevices with resolution approaching 1 micron. The measurement of the 3-D microstructure
and visualization of the fluid transport phenomena in microdevices was performed.

Fluid transport through microdevices can be examined using digital subtraction
microradiography. This technique produces 2-D projections of the 3-D fluid flow through the
channels where the background structure of the specimen has been digitally removed from the
image. Liquids such as water are injected into the channels by a syringe pump operating at a
constant flow rate ranging from pl/min to ml/min. A contrasting agent such as chlorine or iodine
is added to one of the liquids since at 20keV there is little contrast between the hydrocarbons and
water in micron sized paths. The experiment proceeds by taking “pictures” (radiographs) every
few seconds (eventually at high speed) until enough frames are collected to visualize the
displacement. Typically, over 1000 frames are accumulated. Several frames of the dry specimen
are collected, integrated and then subtracted from the radiographs. The results are displayed on a
monitor and eventually recorded on videotape.

These flow experiments are coupled with a measurement of the static 3-D microstructure of the
microdevice using x-ray microtomography. This technique provides complementary, non-
destructive, morphological characterization of the device and the fluids inside.

Supercomputing and Visualization: The large quantity and size of the data sets generated
dictate the use of an image processing supercomputer for the automatic analysis and display of
information. In particular, Sarnoff Corporation has developed the Princeton Engine (PE), a
massively parallel computer. It is designed specifically for real-time image processing and
applications requiring extremely high input bandwidth. The PE is used for real-time, interactive
volume rendering of the microtomographic volume data sets. Flow characteristics can be better
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understood when viewed in the context of the entire three-dimensional microstructure. .
Techniques for visualizing the structure volumetrically include real-time interactive rotation. For
example, a 1283 volume data set can be interactively rotated at a rate of 30 frames/sec. It is only
when these data sets are set in motion at sufficiently high frame rates, that the 3-D geometry of
the microstructure becomes apparent. In addition, features of interest can be exposed within a
volumetric data set by manipulating the opacity and color maps.

8.2 Three-dimensional Geometry Extraction

The 3-D microstructure data and the 2-D motion data are obtained using two types of
experiments described above, both of them non-destructive. Microtomography experiments
involve the determination of the actual structure of a fabricated MEMS device. Since the field of
MEMS fabrication is relatively new, and the dimensions are so small, it is unclear how closely a
manufactured device matches the original design specification. In this process, images of a
sample are taken at fixed intervals, as the stage upon which the sample sits is rotated. These
images are then used as input to a numerical technique called reconstruction, which produces a
single 3-D image of the sample with resolution approaching 1 micron. This image can then be
used as the input for a computational analysis program to ensure that the actual geometry, rather
than an idealization, is used.

Three different methods of geometric extraction were compared. Each method is described
briefly below.

Method 1. Isosurfacing via Marching Cubes

Isosurfacing involves the construction of a connected set of polygons at a specified threshold
value of the image function. Essentially, we are choosing to connect neighboring voxels whose
value equals the threshold value. The threshold value is chosen such that it isolates a single
component in the data set. The basic algorithm steps from one end of the data set to the other,
“marching” through each voxel. Only information local to the current voxel is used in the surface
generation. As a result of this, isosurfacing tends to extract imaging noise and can suffer from the
formation of false holes and spurious artifacts. Figure 8-1 illustrates this technique applied to a
channel comprised of an asymmetric expansion. Note the apparent roughness of the surface and
the presence of small outlier surfaces surrounding the main channel. The surface roughness is not
“real”, but rather stems from the fact that the marching cubes algorithm fits the surface to the

noise in the underlying data

72




Figure 8-1. Extracted Geometry Algorithm: Isosurfacing via Marching Cubes

An order of magnitude increase in speed can be achieved by applying the Marching Cubes
algorithm to only the segmented regions and ignoring all other points. The accuracy of the
algorithm was enhanced during the project by modifying the Geometry Extraction algorithm to
utilize correctly the original tomographic gray-scale information (rather than arbitrary gray scale
values as was done previously) in the vicinity of the segmented object surface. This modification
has resulted in reduced artifacts and smoother triangulated surfaces. Figure 8.2 compares the
results from the old and new algorithms for the Redwood Microsystems Normally Open
Microvalve.

(a) (b)

Figure 8-2. Comparison of Old and New Marching Cubes Algorithm on the Redwood Systems
Normally Open Microvalve
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Method 2. Active Contours
In contrast to isosurfacing, active contour algorithms seek to fit piecewise low-order polynomials

to feature boundaries (edges) in the image function. Two initial steps are performed: the user
specifies initial estimates of the feature boundaries and the input image function is filtered with
an edge-enhancing operation. Then, via an iterative process, the initial polynomial estimates are
shifted such that the average proximity of the polynomial to the edge features is minimized. If
the initial estimates are not separated from the desired features by any local artifacts, the fitted
polynomials will appear to “cling” to feature boundaries. This process can be performed on each
slice of the volume and the results meshed together. Figure 8-3 shows this technique applied to
the channel data set. We have found the active contour approach to work very well for a certain
class of imagery, generally characterized by sharply defined edges that form a closed surface.
However, in cases where the geometry is complex or the definition between the desired feature
and its background is not clear, this method breaks down. Additionally, there is not a great deal
of sensitivity to the initial polynomial estimate, making this technique not easily amenable to

automation.

Figure 8-3. Extracted Geometry Using an Active Contours Algorithm

Method 3. Object Segmentation _

Object segmentation involves the application of a series of filters to the input volume to produce
an intermediate “binary” volume. This intermediate volume represents basic structures in the
input in a form in which the effects of imaging noise have been reduced. The intermediate
volume can then be fitted with geometrical primitives via isosurfacing. The initial output is well
behaved in terms of its sensitivity to noise and requires no initial feature estimates. The filtering
operations include an initial thresholding operation to convert the input image into a binary
image, followed by a connected component analysis. Here, the idea is to isolate significant
features and avoid the outlier problems noted above with pure isosurfacing. After determining
the features of interest, several morphological operations are applied which have the effect of
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filling holes created by digitization noise and removing thin isthmus’ which falsely connect .

larger features. Finally, a smoothing operation is performed which ameliorates the effects of
imaging noise on the overall surface. Figure 8-4 illustrates object segmentation applied to the
channel data set. In terms of general usability, we have found the object segmentation technique
to be superior to simple isosurfacing and active contours. However, no one single technique
works well in all cases and it is useful to have a number of algorithms from which to choose
based on the class of imagery to be analyzed.

Figure 8-4. Extracted Geometry Using an Object Segmentation Algorithm

Additional Constraints

As explained above, extracting the flow channel surface from tomography data is basically a
process of finding a set of polygons which best fit prominent features in the data. However, since
this data will be used as the geometry input to a CFD solver, additional constraints must be
added to this process. One constraint is that any degenerate triangles must be removed from the
data. The other constraint is that the surface set should reflect the natural boundary conditions of
the system, e.g. planar inlet and outlet regions. Quite a bit of the work during this project
involved imposing these additional constraints on the tomography data so that they could be used
by CFDRC’s flow solvers. Sarnoff satisfied these constraints by employing a mesh decimator
and other filters to the original triangulated surface, until the degenerate triangles were removed
and the inlet and outlet surfaces were planar.

Geometric Accuracy

After the geometries were extracted, a method was developed to give a quantitative estimate of
the accuracy of the process. The approach here was to create a “ground-truth” data set, for which
the exact locations of spatial features are known. Since the physical process (i.e. transmission
radiography) employed in the generation of the imagery is known, the effect can be modeled in
software and an “ideal” radiograph of some geometry can be calculated. This synthetic data set
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can then be employed as the input to the reconstruction algorithm, which converts the sequence
of images into a 3-D volume data set. The geometry extraction algorithms are then applied to the
synthetic volume and the resulting surface descriptions are compared with those from the
initially specified geometry. From this comparison, conclusions can be drawn regarding the
effectiveness of the reconstruction and geometry extraction processes. Figure 8-5 shows a
channel data set of an original model and the resulting tomography.

Figure 8-5. Comparison of the Geometry Extracted from the Synthetic Tomography (Blue)
versus the Original CAD Model (Yellow). The agreement is very good with the
exception of a slight rounding of the edges.

From analysis of these results, the following points are evident:

The corners of the channel walls, which are right angles in the model, are slightly rounded. This
rounding is about 5% of the length scale, and is a result of a smoothing operation performed
during geometry extraction.

The flat areas of the channel walls are represented as perfectly flat surfaces in the extracted
geometry. This is in contrast to slight but consistent roughness seen in real data. We conclude
that geometry extraction does not appear to contribute significantly to error in spatially uniform
areas.

The areas of gentle curvature are recovered to first order, but not exactly. The deviation is of the
same order as that noted for the corner areas, but appears to be more random in nature. This
effect may be a result of the representation of smooth curves by discrete polygons in the CAD
model. However, this uncertainty is still less than that attributable to imaging noise.

In summary, it appears that the uncertainty generated by the reconstruction and geometry

extraction processes are small in relation to the experimental uncertainty of the image acquisition
hardware.
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8.3 Two-dimensional Flow Field Extraction

In microradiography experiments, the object in question is stationary and X-ray images are taken
at fixed temporal intervals until enough frames are collected to visualize some dynamic process
(e.g. actuation of a flap valve, fluid motion, etc.). In studying fluid flow, a neutrally buoyant
emulsion is used to track fluid motion. The recovery of the flow field from these images is a non-
trivial matter because of local ambiguities in the apparent displacement of image intensities and
the effects of noise. Sarnoff constrains the flow recovery process by making use of physical and
geometric constraints derived from fluid mechanics.

Currently, three constraints are imposed on the flow recovery process. The first constraint
enforces local rigidity of the recovered flow (i.e. infinitesimal material particles only translate
and rotate). The second constraint enforces local smoothness of the recovered flow (effectively
constraining the velocity change from point to point). This constraint is particularly important in
minimizing the effects of image noise. The third constraint is related to boundary conditions on
the recovered flow. Specifically, the flow must stay in its channel and the velocity must go to
zero at the channel surface.

Variational calculus is used, along with the three constraints mentioned above, to yield partial
differential equations which relate image density to the flow field. Solution of the resulting
equations results in a 2-D flow field, representing the averaged flow across the height of the
device. These equations are solved numerically on a grid that can be composed of arbitrary
collections of polygons to approximate complex device geometries.

8.4 Comparison of Measured and Calculated Flow Data

The image data from Samnoff is provided as a triangulated surface in STL (StereoLithography)
format. This data then provides the geometric input to the flow solver. The triangulated surface
can either be used as the surface grid for the CFD mesh, or may be used to define the surface
geometry onto which a separate grid is imposed. In the early stages of this project, the CFDRC
geometry and grid generation software was not able to use STL files as a surface geometry
definition, and thus we attempted to use the STL files as a triangulated surface mesh from which
a volume mesh was derived. This process was successful, but the results obtained from the flow
solver were not satisfactory. The surface grid obtained from Sarnoff used triangles which were
all nearly the same size. This is a good approach for geometry specification, but it is a poor
method for constructing a surface mesh, since there is not a finer grid in regions of the domain
where large flow parameter gradients may occur. The result of this method was a grid which had
a fairly large number of grid cells, but was not fine enough in certain regions to capture
important flow details. Basically, we were asking more of the tomography reduction procedure
than it was intended for. As a result, for the remainder of the cases we constructed the grid from
the sketches provided by Sarnoff.

Figure 8-6 shows four flow channels for which image data was provided to CFDRC from
Sarnoff. These flow channels each were 200 micron high, and were etched in a silicon substrate
and covered with glass. The tomography images for these geometries are shown in Figure 8-7.
The computational grids used in for the CFD runs are given in Figure 8-8. These grids were
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created “from scratch” starting with the sketches shown in Figure 8-6, not from the STL files .
shown in Figure 8-7.

R1

A=200 um
B=8600 um

R1=200 gm
R2=100um

A=100 um B=600 pm
C=500 um, t=25um

(a) (b)
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Figure 8-6. Schematics of the Flow Channels Received from Sarnoff
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(c) (d)

Figure 8-7. Visualization of the STL Files of the Flow Channels Received from Sarnoff
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Channel 12 CFD Grid

Channel 14 CFD Grid

(b)

Channel! 26 CFD Grid

() (d)

Figure 8-8. Computational Grids for the Channel Geometries

After the CFD solution, the 3-D flow fields must be averaged across the channel height for
comparison with the Sarnoff experimental data. A special post-processing program was written
to perform this task. In addition, another program was developed to convert the flow data
provided by Samnoff into a format which could be read by CFDRC’s post-processing graphics
program, CFD-VIEW. Figure 8-9 through Figure 8-11 shows the comparison of the averaged
flow fields from the Sarmnoff experiments and the CFDRC simulations for three of the channels.
Flow data was not available for channel 26 so Figure 8-12 shows only the CFD predicted
velocity and stresses. For each case, velocity vectors are shown colored with the magnitude of
the predominant velocity component. As seen, the comparison is very good, both qualitatively
and quantitatively.
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Figure 8-9. Numerical and Experimental Velocity Fields for Channel 12
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Figure 8-10. Numerical and Experimental Velocity Fields for Channel 14
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Figure 8-11. Numerical and Experimental Velocity Fields for Channel 21
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Channel 26 Numerical Data

During the course of this project, work was progressing on a different project within CFDRC for
the development of an automatic grid generation program for external flow aerodynamics. After
flows. The program developed from this work, CFD-CARTESIAN, can create adaptive

Cartesian meshes from surface triangulations in various formats, including STL format. It uses
an omni-tree data structure to support anisotropic grid adaptation, and also has the ability to

create viscous sublayers for resolution of boundary layers.
To demonstrate the use of this program, Channels 12 and 14 were gridded with CFD-

the initial development work, the program capabilities were extended to accommodate internal
CARTESIAN. These grids are shown in Figure 8-13. For channel 14, the mesh was used in a
flow simulation using CFD-ACE+. Figure 8-14 shows the flow results at the center plane (these
results were not averaged across the thickness because the post processing program which does
this does not accommodate adaptive Cartesian meshes). The predicted maximum velocity is 1.4
times the average velocity shown in Figure 8-10 (compared to the theoretical value of 1.5).
These results compare favorably considering the difference in grid density between the two runs.

Figure 8-12. Predicted Velocity Field for Channel 26
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Channel 12 Adaplive Cartesian Mesh

Figure 8-13. CFD-CARTESIAN Calculated Conversion of STL Format Files into Computational
Grids for Channel 12 and 14




Channel 14 - Adaptive Cartesian Mesh

Figure 8-14. Resulting CFD Calculation on Channel 14 Using the Computational Grid Generated
by CFD-CARTESIAN from the STL Formatted File

8.5 Comparison of Measured and Calculated Electrostatic Deformation

A search was made to find a sufficiently experimentally characterized electrostatically actuated
device for which the developed CFD-ACE+MEMS software could be validated. Ideally, the
experimental characterization would contain: (i) measurement of the fabricated device geometry;
(i) a specification of the idealized geometry of the device such as specified by a fabrication
definition file such as the “CIF” format; (iii) the electronic drive and sensing circuitry the device
was operated in during testing and visualization; and (iv) measurements of the motion of the
device such as obtained by analysis of experimental imagery.

The data Sarnoff can supply includes: (i) images of devices in operation at eight intervals along
the sinusoidal drive voltage for different drive frequencies; (ii) (x,y,t) motion data for the eight
intervals as extracted from the 2-D images; (iii) CIF format files of the manufacturing
specification of the device; (iv) input/output signal plot over a range of frequencies to determine
Q; and (v) the z component of motion data (in addition to x,y) at resonance although guessed at
by analyzing 2-D images.

Two such data sets of previously visualized devices were considered for this validation task. One
was a linear lateral resonator comb drive with the imaged field of view of the device shown in
Figure 8-15(a) and the other was an angular comb drive (manufactured by Exponent Failure
Analysis Corporation) whose imaged field of view is shown in Figure 8-15(b).
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Figure 8-15. Representative Visualization Images of Two Electrostatically Actuated Comb
Drives. (a) Linear Lateral Resonator Comb Drive and (b) Angular Comb Drive

There was not enough imaging information on the linear lateral resonator comb drive (Figure
8-15(a)) to simulate the device. The imaged region of the device has clipped off the folded
beams on either side of the comb structures. The length of these folded beams is an essential
parameter which controls the resonant states of the device. The “CIF” file, which establishes the
processing specification used to manufacture the device, was unavailable so even an idealized
geometry of this device was unattainable.

The other device under consideration is an angular comb drive (Figure 8-15(b)). Again the
imaged data clips off some essential geometric features of the device. One is the length of the
beam in the lower right-hand side of the image which is a deforming beam whose length will
have a large impact on device operation. Another piece of geometry missing is the length of the
fingers of the comb drive toward the rotational center of the device. The “CIF” file of this device
is available however (Figure 8-16) so that an idealized geometry of the device can be generated
for the numerical simulation.
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Figure 8-16. Visualization of CIF File Specifying MUMPS (Multi-User MEMS Processes)
Manufacturing Process for Construction of Angular Resonator

grounded

grounded

Figure 8-17. Angular Resonator Grid Used for Simulation




The grid for the angular resonator (Figure 8-17) was generated by reading in the CIF formatted
file into CFD-GEOM. GEOM converted the file into lines and points. All grid specifications had
to be done by hand. A structured grid was used near the interlaced comb fingers for which BEM
is more accurate. An unstructured grid was used for the center resonating arm. Prisms were used

for the unstructured volume mesh.

A sinusoidal voltage Viusin(2nf't + ¢) with V= 35.15V, £=20387.9 Hz, and ¢ = 0 was applied
to the fixed comb on the right in Figure 8-17. All other structures were grounded. In the
structural model the faces of the center resonating arm connected to the contact pad were given a
fixed displacement. The structural mechanics model was solved only on the center resonating
arm volume grid (13315 prisms). The electric BEM model was solved only for the structured
portion of the ground plane under the right fixed comb and the fingers and connecting faces of

the fixed comb (7941 square faces).
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Figure 8-18. Calculated Deformation of the Angular Resonator at Two Different Times. Color
Contours are Displacement Magnitudes.
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Shown in Figure 8-18 is the calculated deformation of the angular resonator at two different .
times. The color contours are displacement magnitudes with a peak of 5.5 pm occurring at time
T/4 where T is the period (1/f).

The calculated data cannot be reliably compared to the measured data from Sarnoff. The actual
Young’s Modulus of the fabricated device is not known. The actual geometry of the
manufactured device was not gridded, only the idealized geometry from an electronic file was
used. Also, if any detecting voltage was applied to the left comb, it would effect the
displacement of the drive. The presence or absence of the detecting voltage on the left fixed
comb is not known.

The experimentally measured displacement is calculated by interpolating changes in the imaged
device. The experimental determined displacement of the point in the center of the red box in
Figure 8-15(b) is in peak-to-peak values: Ax = 666 nm peak-to-peak, Ay = 2090 nm peak-to-
peak, and Az = 55 nm peak-to-peak. The calculated values using the CAD tool are: Ax = 1621
nm, Ay = 4955 nm, and Az = 1 nm. The agreement between these numbers is not very good but
could be attributes to many things as noted above.
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9. CONCLUSIONS AND PLANS FOR FUTURE WORK

This chapter presents the conclusions from the current project and the plans for future extensions
and applications of the models.

9.1 Summary of Accomplishments

The completion of this project has resulted in the first-ever integration of fluidic, thermal,
chemical, electromagnetic and mechanical models within a single software environment, CFD-
ACE+MEMS. In addition to the physical models, CFD-ACE+MEMS has geometry/grid
generation modules, scientific data visualization module and a fluid/material properties database.
Depending on the problem being solved, the user has the option to either have a loose coupling
between the physical models or a tight, implicit coupling (necessary for highly stiff systems).
All of the software modules have been developed by CFDRC and will be marketed and

supported by CFDRC.

In addition to development, the models and the coupling between the modules were tested and
verified on several simple as well as complex device systems. The FVM and BEM models for
electrostatics were benchmarked for different applications. This project has also produced a
communication protocol between Sarnoff’s unique microtomography technology (for visualizing
device microstructure, motion and velocity fields) and CFDRC’s simulation software. This
protocol enables the generation of geometry and computational grid directly from the imaged
data and facilitates one-to-one comparison between measured and computed device behavior.
The agreement between model and measurements was evaluated for several microfluidic devices

as well as an electrostatic rotary comb drive.

The papers published resulting from this effort are Stout et al., 1999; Athavale et al, 1999; and
Krishnan A., 1999.

Finally, CFDRC established working relationships with several MEMS device manufacturers
(during this project) to demonstrate the simulation tools for design of industrial devices. These
collaborations are summarized below.

9.2 Industrial Collaborations and Software License

This project has enabled CFDRC to perform several recent modeling studies for MEMS
companies using the coupled electrostatic capability. These are summarized below:

. Micropump for Honeywell: CFDRC performed 3-D simulations of coupled fluid-
structural-electrostatic phenomena in a micropump currently being prototyped by
Honeywell. These simulations were successful in highlighting some of the complexities
of the interaction between the above phenomena and enabled Honeywell designers to
improve the performance of the micropump.

. Electrostatically Activated Beam for Honeywell: Simulations were performed for
Honeywell to analyze the deflection of a cantilever beam for different actuation voltages.
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Non-linear effects were also simulated. Mechanical forces (as a function of gap height) .
for different voltages were computed.

. Microvalve for Xerox: CFDRC performed simulations of coupled fluid-structural-
electrostatic interactions in Xerox’s microvalve. The simulations clearly showed the
highly non-linear nature of the valve operation and also gave insights as to the extent of
voltage drop necessary for optimal performance of the valve.

. Electrophoresis Applications: CFDRC is currently working with Oak Ridge National
Lab., Caliper Technologies, Aclara Biosciences, etc. to demonstrate CFDRC’s
electrophoresis model that accounts for interactions between charged species transport
and the applied electrostatic field.

Several organizations such as Redwood Microsystems, Lucas Novasensor, YSI, Motorola, Oak
Ridge National Laboratory, BioDOT, Stanford University, University of California (Berkeley),
University of Washington, etc. are currently using CFD-ACE+MEMS for microsystem
applications. Additionally, several microelectronics companies such as Wacker-Siltronic,
Aixtron, Motorola, Applied Materials and Novellus have purchased software licenses from
CFDRC for coupled fluid-thermal-structural-electromagnetic simulations. Their applications
include electromagnetic induction heating, Lorentz force stabilization of melt flow in crystal
growth, low-pressure plasma transport and electroplating. CFDRC expects a large market for this
coupled simulation capability. CFDRC’s software is one-of-a-kind in its ability to closely
integrate these models.

9.3 Future Work

This project has laid the foundation for CFDRC to extend its capabilities to (i) the development
of reduced/parametric models, and (ii) simulation of systems of microdevices using the reduced
models. Two key projects (currently ongoing at CFDRC) that will build upon this foundation are
as follows :

e DARPA BAA 97-17: “Generation of Reduced Parametric Models of Microdevices from
High Fidelity Tools for System Level Composite CAD” focuses on building a high-fidelity
simulation environment for generating reduced models for MEMS devices and systems. This
tool will perform mixed-dimensionality simulations (i.e., simultaneously simulate a system
of a micro-channel and a micro-mixer using a 0-D model for the channel and a 2-D model for
the mixer). Mixed-dimensionality simulations will be performed to determine dynamic
responses of devices which will then be used to derive reduced order ‘lumped-parameter’
models.

e DARPA BAA 97-39: “Mixed-Dimensionality VLSI-Type Configurable Simulation Tools for
Virtual Prototyping of Biomicrofluidic Devices and Integrated Systems” focuses on the
development of a SPICE-like environment to link primitive MEMS elements to form a
system-level model for coupled fluid-thermal-chemical-electrical-magnetic-structural
phenomena in microsystems. This project will validate these models on microfluidic systems
for complex chemical and biological applications.

CFDRC will continue to actively commercialize the CFD-ACE+MEMS software to the MEMS
community. This software will be demonstrated at all leading MEMS conferences, workshops
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and trade-shows. CFDRC will provide academic licenses (at a highly discounted price) to .
universities, research laboratories and non-profit organizations to facilitate widespread use of the
software. Additionally, CFDRC will also provide hands-on training, documentation, technical
support and upgrades for the effective use of the software (by the industry) as a design tool.
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