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SUMMARY effects of three dftrent objective functions and include an
The rapid layout synthesis of a microresonator from high-levepdditional degree of freedom (in-plane rotation) in the evalua-
functional specifiations and design constraints is demon-tion. The synthesis method can be usefully extended to other
strated. Functional parameters such as resonant frequeiaty ~ Micromechanical design topologies as long as they can be eval-
ity factor, and displacement amplitude at resonance are edtisfi uated rapidly and with acceptable accuracy

while simultaneously minimizing an objective functiofhe MICRORESONATOR DESCRIPTION

optimal synthesis tool allows exploration of micromechanical The MUMPs technology chosen for our current synthesis

design issues and objectives, as illustrated with a polysilicogyork is well documentedVicroresonator structures are formed

lateral resonator example modeled in three mechanical degregggm a 2um-thick layer of polysilicon deposited over auf-

of-freedom. Layouts for three sets ofefidifferent resonators thjck sacriftial spacer layer of phosphosilicate glass (PSG).

from 3kHz to 300kHz are generated, with each set globally The PSG contact cuts act as mechanical anchor pointsxhat fi

optimized to minimize either active device area, electrostati¢he microstructure to the substrate surface after tisd HF

drive voltage, or a weighted combination of area and drive voltglease etch is completed.

age. A simplified layoutof the deviceis shown inFigurel. The

Keywords: CAD, resonatqrsynthess resonator is a mechanical mass-spring-damper system consist-

INTRODUCTION ing of a central shuttle mass the_lt is _suspended by two folded-

For commonly used micromechanical device topologies, Iay-b_eam fexuresThe rgsonator is driven in the preferr&)jc{lrec—

out synthesis provides an automated mechanism for generatiﬁ'@n by electrqstatlc_ comb actuatort _the synt hesis, we

valid layout given high-level design speciftions and con- 23SUMe that ainusoidalvoltage sourcawith amplitudeV is

straints as input. Prior research on synthesis has focused B‘Rp“ed toon_ly one of th_e ac_tuator"ﬁhe_suspengon 'S d_eS|gned

direct layout generation from physical adfions [1] and on o be C°mp"?”t n the direction of motion _and to _be sti the

non-gptimal layout synthesif]. Our approach is to model the orthogpnal d|r_ect|ony0 to keep_the combrfgers aligned

design problem as a formal numerical synthesis problem, ang _Dwg? varlabléeshpf the m|cror|esonauu|clude ;h(imc]on:b—

then sole it with powerful optimization technique$his syn- rive voltage and thirteertractural parameters of trenuttle

thesis philosophy has been successful in a varietgldsfsuch mass,folded fexure and (_:omb .drive elementas datai_led in
as analog circuit syntheg@] and chemical plant syntheg. Figure2. Several geometric variables, such as the width of the

The process of modeling the design problem involves determin"’-mchor supportswy and w,s &e necessary to completely

ing the design variables, the numerical design constraints define the Iayout,'but do notfatt the resonator behavidte .
the quantitative design objectivBhe resulting optimal synthe- refer to these variables as ‘styfirameters, because they pri-
sis tool enforces coddfation of all relevant variables and con- Marily afect the stylistic look of therfished deviceRedundant
straints and allows rapid exploration of micromechanical desigiftate variables can be defd that depend on the design vari-
issues and objectives.

The folded-féxure electrostatic-comb-drive microresonator comb | X
topology sed in this studyas fist introduced byrang[5] and drive
is now commonly used for MEMS process characterization
The device bsapplicationsh oscillators and high-Qlters[6]. ) y
It represents a good starting point for synthesis work since
proper operation can be easily vexfiusing existing numerical

simulation tools and experimental measuremens.use the | |

MCNC's surface-micromachined polysilicon Multi-user

MEMS Process (MUMPs)ral corresponding design rules to shuttle/ \

constrairthe cesign spacf]. mass folded
Lumped-parameter electromechanical models with three flexure

mechanical degrees-of-freedom (in-plagey and ) link the anchor

physical and behavioral parameters of the microresonator points

Building upon our prior synthesis woi], we evaluate the  Figure 1:Layout d the lateral folded-#xue comb-driv
microresonator
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Th '“tlﬁ:...l’,"_c__ ‘-..HI = — ' constantand m, is the efective massA valid layout mushave
I Ley ! Bl =l a resonantreéquency within 10% of the desired value.
(c) (d) Resonant frequeies d the other two lateral rodes, f, and

fg mustbe at leastten imes greater thaf, to decouple the

modesadequatelyfor stability the restoring force of the spring
in they direction must be greater than the destabilizing electro-

ables. For example, the shuttle axle lengtf, is a state vari-  static force from the comb drivge., k, y< ky ). A similar

able which is dependent on the truss beam length and the gapyjity constraint must hold for the rotational mode.

petween the beam an_chor and the shuttle yoke. In our formula- Assuming the system is underdamped, the displacement
tion of the problem, this gap is a style parameter

The three igid-body lateral translational and rotational amplitudeat resonance iz . = QF,/k, , whereF [ NV2
modes(x, y and 6) of the resonator are modeled by lumped
mass-spring-dampeequations of motion The out-of-plane
modes and other higher order modes are not includekein
presentsynthesis implementatiofthe efect of spring mass on tor, and B, is the damping coftient We have constrained
resonancefrequencyis incorporated ineffective masss for  Xax=3 Hm = 10%at a drive voltage o¥ < 100V to enable
each lateralmode. The maximum velocity and total kinetic easy visual confination of resonance, and 5 to ensure
enegy of the spring, from which thefettive mass is extracted, underdamped resonant operation
is approximated from static mode shap¥gscous damping Beams in thedlded-fexureare free to expand outward to
generated by the moving shuttle in smodeled as Couette relieve residual axial stress. Howevas shown irFigure3, the
flow using the equations {i®]. Damping factors of the other central shuttle also expands an amadiue to residual stress,
lateral modes do not enter into the design constraints and aggeating additional axial stress in the outer beams and tension in
not calculatedLinear equations for the foldedeiure spring  the inner beamsA first-order value of the critical buckling
constantsare found by using engy methods to fid displace-  |ength L, for the folded-fxure is given by th&uler column

ment for a unit load on the end of the sprjh@]. Axial com- _
pression and extensiame ncluded in expressions fly andk. formula L= mt,/2L,/3A, where 2L, < L to ensure no

General analytic equations for the lateral comb-drive forcebuckling. _ _ _
F,, as a function ofv,, g, structure thickness, arghcriftial The layout is constrained by the MUMPs design rufesh-

spacer thickness@derived ir11]. If the comb fngers are not  N0logy-driven design rules set minimum beam widths and min-
perfectly centered, a-directed electrostatic force is also IMUM spaces between structured/e have constrained
present.Assuming a small perturbation the destabilizing Maximumelement lengthsot300 um to avoid problems with
force Fe, is proportional to displacementsuch that undesirable curling due to stress gradients in the structmal fi

Fey= KeyY: Whereks,jis an ‘electrical spring constant. andpossible sticking and breakage during the wet release etch.

SynthesisAlgorithm
LAYOUT SYNTHESIS Synthesis of the microresonator will result in one of two pos-
Design Constraints

sible outcomes. Several designs may satisfy the above con-
Constraints on the design spemations are assigned realistic straints, or no designs may meet the constraints (null design
values for synthesizing a valid resonator for use as a charactespace). Our synthesis approach is to select the design that mini-
ization structureAlternative constraint alues can be readily mizes an objective function and therefore may be considered
assigned in the implementation. optimal. The synthesized result depends very strorglythe
An essential specifation is resonant frequency of the lowest choice of objective function. For the microresonatee have
_ _ ; ; chosen three objective functions to evaluééal active area,
(preferred) modew, = 2rth= , fk,/my , whereky is the spring amplitude of the @mb-drive voltage, anthe sum barea and
voltagenormalized to the maximum possible area and voltage.

Figure 2: Parameterized elements of the roressonator (a)
shuttle mass, (b) foldecfure, (c) comb drive with N movak
‘rotor’ fingers, (d) close-up view of combgfers.

. . 2 . .
is the comb-drive force,Q = kaX/ B, is the quality fac-



In our approach, the synthesis problem is mapped onto the design space (1kbiz to 600 kHz), as can be seen by com-
constraine@ptimization formulation that is solved in an uncon- paring the highest and lowest frequency resonatoFsginre4
strained fashiof12]. As a result, the goal becomes minimiza- (a) and (b).Single-finger comb-drive resonatershown in
tion of a scalar cost functiorEvaluating the cost function Figure4 (c), are generated to minimize active ar€onver
involves fring the lumped-element maecnodels to determine gence of the minimum area resonators with the other synthe-
the extent to which the design constraints are met, for the cusized devices does occtiut it happengxtremely close tohe
rent values of the design variabl&his cost function has multi- edges of thelesignspace.
ple minima due to the complex nordar characteristics of the Values of selected design variables and behavioral parame-
individual equations in the lumped-element macromodel. ters for the mixed area-voltage objective are givemablel.

Currently a gridded numerical optimization algorithnfief = The analytic expressions for spring constants and resonant fre-
ciently solves for the globahinimum d the objective function. quencies were verdd with fihite-element simulation
Our next-generation tool will useimulated annealinfl3] as  (ABAQUS) of the resonators using 2D 8-node plane stress ele-
the optimization engine to drive the search for the minimum; itmentsto modelthe entire structurénalytic spring constants in
provides robustness and the potential for global optimization ix are within 5%, but much more accurate at low frequencies.
the face of many local minima. Because annealing incorporateSpring constants and resonant frequencigsaimd6 have errors
controlled hill-climbing, it can escape local minima and isexceeding 30%This is due to lateral bending in the central
essentially starting-point independent. shuttle axle, which causes the systemfratfs to be signHi

RESULTSAND DISCUSSION cantly reduced. In the future, we will include thiseef in the
Three sets ofasonatos synthesized from spedifitions ae lumpedmodeb and introduce a sfilfiess constraint on the shut-

shown inFigure4. Each set is optimized for a tiifent objec- tle axle width,ws, Resonators have also been fabricated in

tive function.For visualization of the synthesis results, we usedUMPS, however quantitative results are not yet available.
the Consolidated Micromechanical Element Library (CaMEL) AS expected, the resonators become smaller with increasing
parameterized module generation softwidjewhich provides ~ Vvalues of resonant frequencymaller devices have less mass,
CIF output when given resonator layout parametdise and smaller #xures are sfiér. Both efects increase the reso-

CaMEL generators automatically place holes in thgdaplates ~ Nant frequencyParameters directly relevant to the high-fre-
that are over 3qm in size guency limit are plotted in Figure(&). At around 60kHz, the

Feedback fronmany gnthesis iterations directed oufats voltage limit is reached ard must be increased to provide ade-
to codify the design variables and constraigsessary to pro- duate eIectrqstaﬂc force to achieve the thv minimum dis- .
duce synthesized designs that followed manual design conveRlacement. Higher frequency resonators cannot be synthesized
ton and common senseThe layout visualization was Pecause the necessary increase in comgefs generates a
instrumental in debugging the equatioimsmany cases, a quick MOré massive device, which drives the resonant frequency
inspection of a synthesized layouss all that was neeati to down. The simulated values fofy/f, listed in Tablel violate
determine errant or missing equations. the constraintdr the 10(kHz and 30(kHz resonatorsThere-

All of the optimal designs had minimum widths of beamsfore, it is likely that the actual high-frequency limit for designs
and trusses, and minimum combger dimensionsThe gener s due to the modal decoupling and not to the drive voltage.
ated layouts for each objective function cogeeat the edges of

(a) (b) 3 kHz (c)
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Figure 4: Layout synthesisesults for thee diffeent objective functionga) Minimize normalized sum oérea and voltage(b)
Minimize voltage(c) Minimize active aga.



Table 1:Selected behavioral and physical parameters for 100 T oLV A" —3 100
five synthesizea@sonatorsvith minimized aga and voltage Ximu v
fy Spec (£ 10%) | 3kHz| 10 30 | 100 | 300 80
fx [kHZ] 3.0 905 270 901 270
60 |-
fy, sim[kHZz] 337 983 293 97.6 284 110
fg [kHZz] 35.20 222/ 287 899] 2700. 40 -
fg, sim [kHZ] 25.8 165] 257) 378] 781.
2 -
ke [N/m] 0194 019 147/ 150 911 0 . ol folfx )
- = B . X r 3 L3
kxsim[N/m] 0.1%B| 0.1% 1.46 14.8 86.9 0 Lol Lol L lq
1kHz
my [pg] 453 601 512 468 316 10kHz 100kHz 1 MHz
9 (@) V. N,andfg/f, vs.fy
X 9.09 166 49.00 152.| 388. 400 1000
Lp [um] 300/ 300/ 154| 67.5 30.9 L [um]
b .
N g2l 44 39| 36 21 300} maximumLy,
V[V] 842 851 145 273/ 551 I {100
o 200
Low frequency resonators are limited both by the upper
bounds imposed on geometry and by excessive damping as [ - 110
illustrated in Figure %b). The maximum beam length of 100} m|n|mqu
300pum set a lower limit on spring constant of aroundNV.
The shuttle mass can still be increased by making the comb
yoke width,w,, larger However quality factor decreases with ]l
increasing plate mass, due to the air drag over tigerlgnate 1kHz 10kHz 100kHz 1 MHz

area.The minimum acceptable quality factor of 5 is reached (b) L, Wey andQ vs.fy

before the physical constraint on plate s&zeiolated.Note that Figure 5:Selected design parameters for the synthe
althoughN is more than doubled from the Bz to 3 kHz  resonators with minimized ea and voltage. (a) Paramet
device, theQ is reduced by about 1/Zherefore, the applied restricting thehigh-frequency design space. (b) Parame
voltage stays nearly constant for these devices. restricting theow-frequency design space.
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