Invited Paper

MEMS Design Synthesis: Integrating
Case-based Reasoning and Multi-objective Genetic Algorithms

Corie L. Cobb', Ying Zhang®, Alice M. Agogino®
Department of Mechanical Engineering, University of California at Berkeley, USA
*School of Electrical and Computer Engineering, Georgia Institute of Technology, USA

ABSTRACT

A case-based reasoning (CBR) knowledge base has been incorporated into a Micro-Electro-Mechanical Systems
(MEMS) design tool that uses a multi-objective genetic algorithm (MOGA) to synthesize and optimize conceptual
designs. CBR utilizes previously successful MEMS designs and sub-assemblies as building blocks stored in an indexed
case library, which serves as the knowledge base for the synthesis process. Designs in the case library are represented in
a parameterized object-oriented format, incorporating MEMS domain knowledge into the design synthesis loop as well
as restrictions for the genetic operations of mutation and crossover for MOGA optimization. Reasoning tools locate
cases in the design library with solved problems similar to the current design problem and suggest promising conceptual
designs which have the potential to be starting design populations for a MOGA evolutionary optimization process, to
further generate more MEMS designs concepts. Surface micro-machined resonators are used as an example to introduce
this integrated MEMS design synthesis process. The results of testing on resonator case studies demonstrate how the
combination of CBR and MOGA synthesis tools can help increase the number of optimal design concepts presented to
MEMS designers.
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1. INTRODUCTION

Micro-Electro-Mechanical Systems (MEMS) are small micro-machines or micro-scale electro-mechanical devices with
elements fabricated with processes adapted from Integrated Circuits (ICs). MEMS are used in an increasingly large
number of application areas such as telecommunications, bioengineering, and aerospace. As the MEMS field continues
to progress and as devices grow in complexity, there is a greater demand for more efficient computer-aided design
(CAD) tools which can reduce the amount of time MEMS designers spend at the initial conceptual phases of the design
process.

The development of an automated design synthesis tool for MEMS devices is the goal of a multidisciplinary research
team at the Berkeley Sensor and Actuator Center (BSAC). Zhou et al.l'*! were the first to demonstrate that a multi-
objective genetic algorithm (MOGA) can synthesize MEMS resonators and produce new conceptual structures using the
MEMS simulation program, SUGARP¥. Developed at UC Berkeley, SUGAR is an open-source MEMS simulation tool
based on modified nodal analysis which allows a designer to quickly simulate several complex MEMS structures for
preliminary design applications. Kamalian et al.”! extended Zhou’s work to more advanced MEMS problems and
explored interactive evolutionary computation to integrate human expertise into the design synthesis loop, leveraging the
strength of human expertise with computational efficiencies. Zhang et al.'®”) implemented a hierarchical MEMS
synthesis and optimization architecture, integrating an object-oriented data structure with SUGAR and two levels of
optimization: global genetic algorithms (GA) and local gradient-based refinement. The data structure was also extended
to micro-accelerometer synthesis. Recently, Cobb et al.'®! created a case-based reasoning (CBR) tool to serve as an
automated knowledge base for the synthesis of MEMS surface micro-machined resonators. In the aforementioned
research, it was noted that the MOGA process could potentially benefit from a more automated MEMS design
knowledge base to enable a larger sampling of the solution space of MEMS designs. Case-based reasoning takes
advantage of previous human design knowledge in the form of past successful MEMS design cases to help guide human
designers and computer-aided design (CAD) tools towards better design concepts. This paper proposes an integrated
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MEMS design synthesis system which combines CBR with an evolutionary algorithm, MOGA, to help generate more
varied conceptual MEMS design cases for a designer and their current design application. The process is demonstrated
using mechanical resonators as an example to test the feasibility of the new proposed process. An example of a MEMS
resonator and its component decomposition are shown below in Figure 1.
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Figure 1: Example MEMS Resonator

2. CASE-BASED REASONING
2.1 Background

Case-based reasoning (CBR) is a problem solving method that uses knowledge from a past situation to help with the
complexities of solving a new design problem. CBR can be traced back to the work of Schank’s dynamic memory
model ', but the first case-based reasoner, known as CYRUS, was developed by Kolodner !'”. CYRUS was based on
Schank’s memory model and was a question and answer system. CBR has been applied to a broad range of areas. Some
examples of CBR applications include the following: (1) CADET "' focused on the behavioral synthesis of mechanical
devices, (2) CADSYN "% focused on architectural design of new buildings, (3) CLAVIER !"*!, developed by Lockheed
Martin, was used to determine layout plans for curing composite material parts in an autoclave, and (4) CAFixD "* was
created for machining fixture design.

Although CBR can take on various forms depending on the application area, the general steps which typically
characterize a CBR process are the following:

1. Search for and retrieve the most relevant cases from case memory

2. Reuse the retrieved cases to solve the current problem

3. Ifnecessary, adapt the cases to better meet the current problem

4. Retain any newly created cases in memory for future use

2.2 CBR for MEMS

Cobb et al.™ introduced the first case-based reasoning (CBR) tool for MEMS design. This work focused on the initial
stages of the CBR process, specifically case representation and preliminary retrieval techniques. A hierarchical
representational scheme for MEMS and the case library, consisting of micro-resonators and accelerometers and their
necessary building blocks, was developed based on previously fabricated designs found in the MEMS literature. Cases
were represented in a SUGAR netlist format, building a component library into SUGAR for more efficient MEMS
simulation and design prototyping. Cases were also represented in a relational database format where information about
each MEMS component, its parameters and usage restrictions, and device behavior were stored. Figure 2 shows a high
level entity relationship model of the database currently in use. The details of the representational scheme are discussed
further in Cobb et al.!*l.
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Figure 2: Database representation for CBR-MEMS ¥

Cobb conducted a retrieval experiment with the CBR system using randomly generated design requirements in order to
test the robustness and range of design specifications that may be searched over for MEMS resonators. In all, eleven sets
of design specification were randomly generated and entered into the CBR system and the summary of those results are
shown in Table 1. In this paper, the results of the experiment will be further evaluated for potential as initial designs in a
MOGA synthesis module. MOGA can assist CBR by further exploring the design space and presenting even more
conceptual MEMS designs to a designer. We will determine which designs are most suited for a MOGA search, which
designs are better suited to local optimization, and if designs near local optima, selected by CBR, benefit from MOGA
optimization. In addition, in the instances when the case library could not retrieve designs for the designer, such as test
cases 1 and 8 in Table 1, MOGA can potentially generate design options for a MEMS designer.

Table 1: Summary of results from first CBR experiment conducted by Cobb et al. 8 Jois the resonant frequency and K, /K,
is the stiffness ratio requirement.

CBCI,Z sTeest Design Requirements Overall # of Cases Retrieved
1 fo=169.3 kHz K /K, > 2320 Area< 3.4e-7m’ 0
2 f,=55.1kHz KJ/K,> 7 Area < 2.3e-7 m’ 4
3 f,=1235kHz | K/K,> 207 Area < 4.0e-7 m’ 1
4 f,=83kHz K/K,> 29 Area< 3.7¢-7m’ 1
5 /=273 kHz K/K,> 32 Area< 6.2¢-8 m’ 2
6 fo=40.8 kHz KKy > 993 Area < 3.6e-7 m’ 3
7 f,=24.9kHz K/K,> 8 Area< 2.1e-7 m’ 8
3 f,=193.0kHz | K/K,> 65 Area < 3.6e-7 m’ 0
9 f,=23.4kHz K/K,> 76 Area< l.le-7m’ 4
10 f,=32.7kHz KJ/K, > 163 Area < 2.7¢-7 m’ 4
11 fo=53.4kHz K/K,> 121 Area< 1.le-7m’ 1

3. MOGA SYNTHESIS PROCESS
3.1 Background

Multi-objective genetic algorithms (MOGASs) are a global stochastic search method, based on the principles of evolution.
Genetic algorithms (GAs) were first introduced by Holland !'*), but GAs became more popular when they were applied to
search, optimization and machine learning by Goldberg '®. GA algorithms are a robust optimization technique that can
be applied when one has an optimization problem with many conflicting design objectives and complex constraints.

3.2 MOGA Synthesis
The object-oriented MOGA process used in this work was developed by Zhang et al.!®”. Zhang created a more efficient

hierarchical, component-based genotype representation for the MOGA synthesis process, building on the work done by
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Zhou ", Kamalian ' and Graf """, An object-oriented component library is attached to the synthesis module for quick
assembly of designs and providing guidance for the genetic operations of mutation and crossover at the component level
in the MOGA process. The MOGA library contained components ranging from lower level atomic building blocks, such
as anchors and single beams, to higher level clusters such as serpentine suspensions and comb drives. Design
components (such as enclosed frame masses, crab-leg suspensions, and curved beams) used by the CBR-MEMS system
were recently added to extended building blocks contained in the MOGA component library.

Designs are represented with a tree-structured component-based genotype representation with geometrical parameters,
specific connectivity, operations and restrictions for genetic algorithm procedures such as mutation and crossover,
encapsulated in each component. Design validity checks for disjointedness (an incomplete design) and intersection (such
as two overlapping beams) are performed for each design during the MOGA process. Design intersection checks are
based upon the separating axis theorem. If a design does not pass the intersection test, one of the design validity checks,
it is discarded from the MOGA process. The MOGA tool uses a rectangular bounding around all primitive atomic
elements to check for intersection. The bounding box structure was also recently extended to allow for the use of
multiple bounding boxes within primitive components that are not necessarily rectangular in shape, such as a curved
beam. Multiple bounding boxes can better estimate the area of components and save space, thus allowing for more
design exploration.

After each generation of the MOGA process, the best designs, based on a pareto ranking of all designs seen so far, are
stored in a design archive. The overall pareto set is presented to the MEMS designer at the end of the MOGA process.
This archiving procedure was developed to prevent loosing good designs during the evolutionary process.

4. INTEGRATED CBR-MOGA PROCESS FOR MEMS
4.1 Motivation

Evolutionary computation can expand the capabilities of CBR by further adapting cases and finding more conceptual
MEMS designs when either a designer needs more design options after examining CBR results, or when the CBR
module is not able to retrieve any design cases from memory. As demonstrated by Kamalian ' and Zhang ' " when the
GA is given an initial design which performs in the given specification range, the GA was able to converge to promising
design concepts. Zhang demonstrated that incorporating engineering domain knowledge can dramatically improve the
effectiveness and efficiency of a MOGA design synthesis tool. Parameter optimization may not always lead the designer
to an acceptable solution after CBR and it may be advantageous to apply GAs for a more exploratory design search. The
ability to present many promising conceptual MEMS design solutions to a MEMS designer is the goal of the integrated
MEMS design synthesis process introduced in this paper.

4.2 Description of the Integrated Process

To begin the process (see Figure 3), a MEMS designer will approach the system and select a MEMS design domain of
interest (such as resonators or accelerometers) because a concept domain must be selected before one can begin entering
design specifications. Once this is done, the designer inputs their design specifications into the CBR module using a
text-based interface. Reasoning tools retrieve cases that most closely match the designer’s inputted design
specifications, ranking the cases based on frequency. Parameter optimization is then applied to all design cases to better
meet the design objectives since many of the retrieved designs only need fine tuning of the parameters. Cases which
cannot converge to an acceptable solution with parametric optimization are also retained as potential candidates for our
MOGA optimization where the design space for topology variations can evolve. Then, the CBR generated cases are
presented to the designer for evaluation. If the designer chooses, the CBR generated designs can be used as initial
designs for a MOGA optimization, for further case adaptation and conceptual design generation.

To begin the MOGA process, the design objectives, constraints, stopping criteria, and an initial valid design are loaded
into the design synthesis module. Whereas selecting an initial valid design for a MOGA run was left up to the user of
the synthesis tool in previous research, in this paper, the designs selected for a MOGA run are selected by the case-based
reasoning tool. During the MOGA process, the module drastically mutates an initial design to create a population for the
first generation. At the end of the MOGA process, the designer is presented with multiple good design topologies from
which to choose for further design exploration and analysis.
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Figure 3: MEMS Design Synthesis Flow Chart

5. CASE STUDY WITH SURFACE MICROMACHINED RESONATORS

We will use case studies with micro-resonators to evaluate the integration of CBR and MOGA and better understand
what happens when a MOGA synthesis module perturbs more than just one good design topology. The case studies in
this section will test the flexibility of the MOGA synthesis data structure and explore what happens when starting design
populations with designs selected by CBR are used. This exploration will also demonstrate what happens when past
MEMS designs are used to create new MEMS designs, and if new design topologies which meet the same design
requirements potentially show improvement over the initial design. All of the designs discussed in this section are
subjected to the design rules of a polyMUMPs ¥ process, implying that all structures will be constructed of polysilicon
and 2pum thick.

5.1 Evaluating CBR Cases for MOGA Optimization

Kamalian, et al.l”) explored the role of symmetry and other geometric constraints in a computer-aided design tool based
on a genetic algorithm. The results demonstrated that designs without sufficient constraints rarely achieve peak
performance compared to designs when some level of constraints (such as symmetry and beam length restrictions) are
applied. For each MOGA run, we will test out the range of design constraints that can be applied to a resonator topology
during the synthesis process. The main objectives for the MEMS resonator synthesis are (1) minimize the deviation
from the given target resonant frequency (f), (2) minimize the device area as defined by a rectangular bounding box, (3)
and guarantee that the stiffness ratio (K/K,) is equivalent to or greater than the desired value. These design objectives
are typically the most important objectives when designing a resonator. Most importantly, if a resonator does not
resonate close to the specified target value, the design is essentially useless for most applications.

The cases retrieved from a first CBR run'® with randomly generated design requirements were evaluated for use as
candidates in a MOGA process. The necessary design blocks identified from the literature were encoded in the object-
oriented MOGA format. However, many of the CBR-generated design cases were determined to be suboptimal
candidates for a MOGA synthesis process due to their relatively fixed topologies. Examples of these designs, known as
folded flexure variants, are shown in Figure 4.

The folded flexure designs in Figure 4 contain complicated graphed suspension layouts which benefit more from local
optimization than a GA optimization. Parameter optimization was applied to all of these designs in previous work and
all folded flexure type structures, through parameter optimization, achieved a resonant frequency within 0.5% — 4.99% of
the frequency target while simultaneously minimizing area. These types of designs currently dominate the CBR case
library due to their ability to achieve very high stiffness ratios as well as generate the desired target frequency through
the adaptation of a few geometrical parameters while maintaining a very compact design area. These designs may be
exploited by a MOGA process in the future, but before that can be done, we must explore the nature of folded flexure
variants and further investigate how to efficiently apply genetic operations to these types of suspensions.
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Figure 4: Folded Flexure Designs which are not potential MOGA candidates

In this paper we focus on the design cases and scenarios from the CBR experiment in Table 1 that meet all of the given
design specifications and showed potential for a MOGA synthesis process. These designs are highlighted in the
following sections along with the results of the MOGA synthesis.

5.2 Case Adaptation and Synthesis with MOGA

In this section we will demonstrate that combining valuable engineering knowledge from previously fabricated devices
with MOGA can help generate new MEMS designs that may go beyond those conceptualized by the designer. We will
further explore what happens when past MEMS structures are used to help generate new ones. For each MOGA
synthesis run, we used a population of 400 for 50 generations. Below are the different angle and symmetry constraint
cases used for the MOGA process for CBR generated initial cases. Each constraint case had 5 runs of the MOGA
process in order to view a good range of generated design topologies:
e MOGA Case a: no symmetry — each suspension block is free to mutate with no restrictions on angle orientation
e MOGA Case b: y-axis symmetry — each suspension block is free to mutate, but the design is required to be
symmetric about the y-axis
e MOGA Case c: x-y axis symmetry — each suspension block is free to mutate, but the design is required to be
symmetric about the x- and y- axis.

Test case 2 and 7 from Table 1 both retrieved and parametrically optimized resonator designs consisting of an enclosed
frame mass with crab-leg suspensions contained inside the mass (see Figure 5a). The only difference between the 2
designs is the geometrical dimensions of the crab-leg suspensions. MOGA was applied to both retrieved cases. Figure
5(b,c,d) and Table 2 show some of the best performing designs evolved from test case 2 and 7, respectively.

(a) Initial Design for Case 2 (b) Case 2a: no symmetry
16 pareto optimal solutions generated
o’ o’
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Figure 5a and 5b
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(c) Case 2b: y-axis symmetry
64 pareto optimal solutions generated
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(d) Case 2c: x-y symmetry
194 pareto optimal solutions generated
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K/K,=17.918
Minimum Area Achieved = 1.455¢-7 m?

Figure 5c and 5d

Due to space limitations only the images and data for some of the representative best designs are shown in this paper, but
the minimum design area achieved in each test case is displayed for each MOGA constraint set. The designs which had
the smallest design area had the potential for other performance problems, such as stress concentrations, which were not
in the objective function for the MOGA optimization. Designs that fell within 5% of the frequency target, met the
stiffness ratio constraint, as given in Table 1, and achieved the target area requirement were deemed as some of the best
designs. Although the crab-leg suspensions were free to rotate to be located outside of the mass frame during the
MOGA process, because the enclosed mass topology predetermines the minimum possible design area, many of the
designs which had crab-leg suspensions located outside of the frame mass were not the best pareto ranked designs in the
MOGA process since all designs with suspensions inside the frame had the minimum achievable area.

Table 2: Results for CBR Test Case 7 — The initial design has a design topology similar to that in Figure 5a, but has the
following performance: fj = 24.727 kHz, K,/K, = 47.901, Area = 1.455¢-7 m’.

Performance of Best Designs
# of Pareto optimal .
Case Type designs aft[;r 5 Fr?l?ﬁezl)lcy Area (m?) Ai\ﬂil:;’g;(e;z) KK,
MOGA runs
MOGA Case 7a 39 24.643 1.872e-7 1.455e-7 17.369
MOGA Case 7b 34 26.133 2.567e-7 1.455e-7 8.108
MOGA Case 7¢ 155 24.900 1.455¢-7 1.455¢-7 117.862

Shown in Figure 6 are the MOGA results for test case 4. This test case had only one design case retrieved from the CBR
system, and that was a lateral resonator with a rectangular ring mass and serpentine springs. The initial design in Figure
6a was retrieved from the case library and used in the MOGA optimization process. In order to explore a larger design
space the 2 beams at the end of the serpentine block, located near the mass, were allowed to mutate and crossover during
the MOGA process, independent of how the overall serpentine block mutated.
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(a) Initial Design for Case 4 (b) Case 4a: no symmetry
79 pareto optimal solutions generated
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Figure 6a and 6b: MOGA Results for Test Case 4

(c) Case 4b: y-axis symmetry (d) Case 4c: x-y symmetry
60 pareto optimal solutions generated 36 pareto optimal solutions generated
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Figure 6¢ and 6d: Results for MOGA Test Case 4

Although, the design in Figure 6b performed well based on the frequency, stiffness, and minimum area objectives, it may
fail if other design objectives are introduced into the process such as cross-axis sensitivity, stress, and rotational stiffness.
MEMS designers may be inclined towards picking the symmetric designs in Figures 6¢ and 6d, while the design in
Figure 6b is somewhat unconventional and would require further analysis. Thus, the integrated CBR-MOGA system
allows the designer to consider a range of different design concepts that are optimized for the designated constraints and
objectives, and can also be used as a starting point for more in depth analysis and evaluation.

This section highlighted three CBR generated design concepts which were used as initial designs for a MOGA synthesis
process to generate many new designs which still met the given design constraints. The next section will discuss how
MOGA can help fill in the solution space currently not covered by CBR.

5.3 Design Exploration with MOGA

Test cases 1 and 8, in Table 1, returned zero design cases from the case library that met the given design requirements,
even after relaxing the stiffness and area constraints. When this scenario arises, the MOGA synthesis module can be
advantageous. The MOGA synthesis module can fill in the solution space the CBR system currently lacks by
synthesizing new conceptual MEMS designs through evolutionary algorithms. As an experiment, we will use the same
resonator layout Kamalian"' and Zhang'® used as a default initial design for generating the starting population for the
MOGA process. This will be a study to see if the design topology they used can still potentially present design concepts
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when given a different set of design requirements. A representative design from the initial population is shown in Figure
7. The center mass and comb drives will remain fixed, while the suspensions of the resonator are free to mutate based on
the parameters shown below.

i
3
25, . Parameter Value
2
15 7 |”” m” Maximum number 7
N ; of beams per leg
= : Minimum number 1
= 0 of beams per leg
= W Max. beam length 100 um
i 1 Min. beam length 10 pm
" Max. beam width 10 um
2 - -
3 2 T it | : A Min. beam width 2 um

Figure 7: Representative design from initial population with mutation parameters for the suspensions

Four different design scenarios will be explored with different angle and symmetry constraints for the polyline
suspensions:

MOGA Case a: asymmetric suspension legs and unconstrained beam angles

MOGA Case b: y-axis symmetric suspension legs and unconstrained beam angles

MOGA Case c: x-axis and y-axis symmetric suspension legs with unconstrained beam angles

MOGA Case d: x-axis and y-axis symmetric suspension legs with manhattan geometry angles enforced

The three objectives for each example are: (1) ensure the deviation from the resonant frequency goal (as give in Table 1
for test case 1 and 8) does not exceed 5%, (2) ensure that the stiffness ratio is greater than the given value (3) minimize
the device area, as defined by a rectangular bounding box around the device. Five MOGA runs were conducted for each
independent MOGA case. Each MOGA run consisted of 50 generations with a population of 400 for each generation.
After the MOGA synthesis process the final pareto set, along with the best archived designs, is presented to the MEMS
designer.

Test case 1 had the following design requirements: frequency = 63.9 kHz, K,/K, > 2320, and Area < 3.4e-7 m’. The
performance of the best designs resulting from MOGA optimization is shown in Table 3. The best designs are defined as
those which have a minimum design area, but also satisfied the resonant frequency (within 5% of the target frequency)
and stiffness constraints. However, as shown in Table 3, all of the designs violated the stiffness constraint. It was
observed during the MOGA process that any design which came within 5% of the frequency goal violated the stiffness
constraint and most designs that met the stiffness constraint, drastically violated the frequency constraint. Test case 1
contains an unusually high stiffness ratio requirement for a MEMS resonator. The solutions in Table 3 can be presented
to the designer, but at this point, the designer may need to change their fabrication process or rethink the design
constraints entered into the system and evaluate whether such a high stiffness ratio is necessary for the design.

Table 3: CBR Test Case 1. The best MOGA generated designs. * indicates that no design could be found which did not
violate the stiffness constraint

Performance of Best Designs
Case Type # of Pareto optimal designs Frequency (kHz) Area (m?) K, /K
after 5 MOGA runs Y
MOGA Case la 33 69.283 9.139¢-8 27.771%*
MOGA Case 1b 15 69.301 8.715¢-8 0.648*
MOGA Case lc 9 69.258 5.037¢-8 0.022*
MOGA Case 1d 6 69.303 1.487e-7 460.498*

Test case 8 from Table 1 demonstrated more success with the design objectives, and these designs are visually
highlighted in Figure 8. However, many of the designs generated for Test Case 8 contained single beam suspensions
which are often undesirable in many MEMS applications due to high stress concentrations at the anchor points. Because
stress was not an explicit objective in the MOGA optimization process, these designs dominated the MOGA process
because of the designs’ ability to achieve higher stiffness values with the given frequency goal. A few crab-leg
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suspension designs were generated during the process, but were eventually lost due to their inability to achieve the
necessary stiffness ratio.

(a) Case 8a: (b) Case 8b:
60 pareto optimal solutions generated 30 pareto optimal solutions generated

4 4
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T e T TR L TS
fo=187.79 kHz fo=195.61 kHz
Area = 6.722¢-8 m’ Area = 7.090e-8 m’
Ky /K, =66.126 KK, = 140.806
Figure 8a and 8b: MOGA Results for Test Case 8

(c) Case 8¢ (d) Case 8d
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Figure 8c and 8d: MOGA results for CBR Test Case 8

In this section, we explored one option that can be employed with the MOGA synthesis module when CBR does not
cover a given range of design requirements. This is a larger open-ended research topic which is presently being
examined further for the development and expansion of the MEMS design synthesis module to a broader spectrum of
designs.

6. CONCLUSIONS AND FUTURE WORK

A new MEMS design synthesis process, integrating a case-based reasoning (CBR) knowledge based with a multi-
objective genetic algorithm (MOGA) was introduced and evaluated. MEMS design cases retrieved during a CBR
retrieval experiment were evaluated for their potential use as initial designs for the MOGA process in order to further
generate design concepts for a MEMS designer. Micro-resonators were used as a test case with randomly generated
specifications in order to test the robustness and range of the integrated system. When given an initial design by CBR,
the MOGA process demonstrated that it can produce new radical MEMS designs that go beyond the current case base
and further increase the number of design concepts designers can choose from for their MEMS applications. MOGA can
also be used to fill in sparse areas of the case library with the new evolved designs.

We are currently expanding the case-based reasoning system to include higher level and more complex systems, such as
MEMS filters, which can build on the components currently contained in the case library. Extension to a broader range
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of MEMS devices will help to test the extensibility and flexibility of the current MEMS synthesis architecture. Both
CBR and MOGA have the potential to present a large number of promising conceptual designs to the user. How to
present a large number of MEMS concepts to the user and recommend the best designs for the current design application
is another area we are currently developing. As was discussed in the paper, local optimization was applied to cases
retrieved from the CBR system, but not to the new MOGA generated designs. Another research topic to further examine
is determining what the points of maximal leverage are for local optimization versus evolutionary algorithms during the
MEMS design synthesis process, recognizing that parameter optimization is computationally less expensive but can only
operate on fixed topologies.
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