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Nonresonant Micromachined Gyroscopes
With Structural Mode-Decoupling

Cenk Acar and Andrei M. ShkeAssociate Member, IEEE

Abstract—This paper reports a novel four-degrees-of-freedom system with a single proof mass suspended by flexures an-
(DOF) nonresonant micromachined gyroscope design concept chored to the substrate, which allow the mass to oscillate in
that addresses two major MEMS gyroscope design challenges: v orthogonal directions, namely the drive and the sense

eliminating the mode-matching requirement and minimizing directi Th f . tained i in th
instability and drift due to mechanical coupling between the drive IHECHUONS: € Prool mass IS Susiained in resonance in- e

and sense modes. The proposed approach is based on uti”zingdnve dlreCtIOI’l, and n the presence Of an angular I‘Otatlon, the
dynamical amplification both in the 2-DOF drive-direction Coriolis force proportional to the input angular rate, is induced,
oscillator and the 2-DOF sense-direction oscillator, which are exciting the proof mass in the sense direction. To achieve
structurally decoupled, to achieve large oscillation amplitudes high sensitivity, the drive and the sense resonant frequencies
without resonance. The overall 4-DOF dynamical system is . - L
composed of three proof masses, where second and third masse&'€ typically designed and tuned to match, and the device is
form the 2-DOF sense-direction oscillator, and the first mass and controlled to operate at or near the peak of the response curve
the combination of the second and third masses form the 2-DOF [8]. To enhance the sensitivity further, the device is packaged
drive-direction ospillator. .The frequency responses of the drive jn high vacuum, minimizing energy dissipation due to viscous
and sense direction oscillators have two resonant peaks and aeffects of air surrounding the mechanical structure.

flat region between the peaks. The device is nominally operated Extensi h has b f d desi f tri
in the flat regions of the response curves belonging to the drive xtensive research has been focused on design of symmetric

and sense direction oscillators, where the gain is less sensitive toSUspensions and resonator systems for the mode-matching and
frequency fluctuations. This is achieved by designing the drive minimizing temperature dependence [16], [17]. However, es-
and sense anti-resonance frequencies to match. Consequently, bypecially for lightly-damped devices, the requirement for mode-
utilizing dynamical amplification in the decoupled 2-DOF oscil- - a1ching is well beyond fabrication tolerances, and none of the

lators, increased bandwidth and reduced sensitivity to structural tric desi ide th ired d f d
and thermal parameter fluctuations and damping changes are SymmetriC designs can provide the required degree of mode-

achieved, leading to improved robustness and long-term stability Matching without active tuning and feedback control [5], [6].

over the operating time of the device. Furthermore, the mechanical interference between the modes,
Index Terms—Decoupled modes, disturbance rejection, inertial and thus the operation instability and drift, are proportional to
MEMS, micromachined gyroscopes, rate sensors. the degree of mode-matching. Various devices have been pro-

posed employing independent flexures for driving and sensing
mode oscillations to suppress coupled oscillation and the re-
| INTRODUCTION sulting zero-rate drift [L0][14], [16].

ICROMACHINED gyroscopes are projected to become In this paper, we propose a novel 4-DOF micromachined

M a potential alternative to expensive and bulky convegyroscope system utilizing dynamical amplification to achieve

tional inertial sensors. With micromachining processes allowirigrge oscillation amplitudes without resonance, while mechani-

mass-production of micromechanical systems on a chip togetisgHy decoupling the drive direction oscillations from the sense

with their control and signal conditioning electronics, low-codlirection oscillations. The overall 4-DOF dynamical system is
and microsized gyroscopes will provide high accuracy rotatim@mposed of three proof masses (Fig. 1). The 2-DOF sense-di-
measurements leading to an even broader application spectrtgntion oscillator is made up of the second and third masses,
ranging from advanced automotive safety systems and on-cHgsigned to amplify response in the sense-mode. The first mass
navigation systems to interactive consumer electronics [1], [2Ind the combination of the second and third masses form the

However, due to unfavorable effects of scaling, the current st@d>OF drive-direction oscillator. The drive and sense direction

of the art micromachined gyroscopes require an order of maggécillators are mechanically decoupled, minimizing instability
tude improvement in performance, stability, and robustness [d}je to dynamical coupling between the drive and sense modes.
[7]. The frequency response of both of the drive and sense direction
The conventional micromachined rate gyroscopes oper&gcillators have two resonant peaks and a flat region between
on the vibratory principle of a two-degrees-of-freedom (DORhe peaks. By designing the drive and sense antiresonance

frequencies to match, the flat-region frequency band of the

. . _ oscillators are overlapped, defining the nominal operation
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j AegE echon direction is excited by the sinusoidal electrostatic force, and the
' sense direction is excited by the rotation-induced Coriolis force
(2], (8]

If the motion of a conventional single-mass gyroscope is de-
composed into the two principle oscillation directions, the drive
directionz and the sense directian the two equations of mo-
tion can be expressed as

Comb
Drives /

/// Air-Gap Sense
Capacitors

uspension/

/- Direchon mi + codt + (ke —m (2,2 +Q.2)) 2+ m(Q0, — Oy
AN " = Fy+ 2mQ.j
o R/ / mij + ey + (ky —m (2% +Q.2)) y + m(Q,.Q, + )z
— = —2mQ.i @)

wherem is the proof massFj is the drive direction excita-
tion force, and) = {Q.,Q,, Q. } is the input angular velocity
vector. The two final term2m(. and2m). = are the rotation-
induced Coriolis forces, causing dynamic coupling between the
oscillation axes proportional to the angular rate input. In most
of the reported micromachined vibratory rate gyroscopes, the
proof mass is driven at or near the resonance frequency in the
drive direction by an external sinusoidal force, which are gen-
erally the electrostatic forces applied by comb-drive structures
[19]. When the gyroscope is subjected to an angular rotation,
the Coriolis force with the same frequency as the driving signal
is induced in the-direction. If the drive and sense resonant fre-
guencies are matched, the Coriolis force excites the system into
resonance in the sense direction, as well. The resulting oscilla-

(b) tion amplitude in the sense direction is proportional to the Cori-
Fig.1. (a)Conceptual schematic of the micromachined 4-DOF gyroscopemﬂ”s force and, thus, to the angmar VeIOCity to be measured.
decoupled oscillation modes. (b) Scanning electron micrograph of the fabricatedl he dynamics of the single-mass 2-DOF gyroscope is under-
prototype 4-DOF gyroscope. stood more clearly starting with the assumption that the system
is driven without feedback control in drive directianwith a

robustness and long-term stability over the operating time &fnstant amplitude drive forcg; at the drive frequencyq,
the device is expected to relax control system requirements dinely Fa = F, sinwgt. The 2-DOF dynamical system will
tight fabrication and packaging tolerances. have two independent resonant frequencies: sense direction res

The paper is organized as follows. We first present, in Seebant frequency, = \/k,/m and drive direction resonant
tion 11, a detailed analysis of the conventional gyroscope dff€duencyw, = \/kz/m.
namics emphasizing the related challenges. In Section IlI, thel he rotation-induced Coriolis forck. = 2m(2.&, which is
design approach and the principle of operation are presen@@portional to drive direction oscillation amplitude is the only
together with a detailed comparison of the 4-DOF system ch#¥iving force in the sense direction for an ideal gyroscope. Sense
acteristics to a conventional gyroscope. The dynamics of the diérection amplitude is proportional to the Coriolis forEeand,
vice is then analyzed in Section IV, and a MEMS implementdbus, to drive direction oscillation amplitude. If the proof mass
tion of the design concept is presented in Section V, along wih driven into resonance in drive direction, i.eq = w,, a

an approach for determining optimal system parameters to m&gh sense direction amplitude is expected due to the increased
imize sensor performance. Coriolis force resulting from large drive direction amplitudes

achieved by resonance. If the system is driven at the sense di-
rection resonant frequency, i.euqs = w,, then the sense di-
rection amplitude is amplified by the quality factor due to res-
Almost all existing micromachined rate gyroscopes operatmance. Thus, when the resonance frequencies are mismatched
on the principle of rotation-induced Coriolis acceleration dete¢w, # w,), the frequency response of the 2-DOF system has
tion using a single vibrating proof mass suspended above tia® resonant peaks, onewt and another ab,. When the res-
substrate. The proof mass is supported by anchored flexurasant frequencies are tuned to match exactly, ve.,= wy,
which serve as the flexible suspension between the proof méss frequency response of the 2-DOF system has one combined
and the substrate, making the mass free to oscillate in two oesonant peak, which will provide a much larger response am-
thogonal directions [Fig. 2(a)]: the drive direction-éxis) and plitude (Fig. 3), leading to the highest sensitivity possible.
the sense directionyfaxis). The overall dynamical system is However, the mode-matching requirement renders the system
simply a 2-DOF mass-spring-damper system, where the dri@sponse very sensitive to variations in system parameters due

Il. CONVENTIONAL GYROSCOPEAPPROACH
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Fig. 2. (a) Schematic of the conventional 2-DOF gyroscope dynamical model. (b) A typical MEMS implementation of a conventional 2-DOF gyrosbepe. (c) T
response in the sense direction excited by the Coriolis force, with variation in damping conditions.

S s 2 DO Sy M o e and drift, various devices have been reported employing
S S S - independent suspension beams for the drive and sense modes
[13]-[17].

The 4-DOF gyroscope design concept proposed in this paper
eliminates the limitations due to mode-matching requirement,
damping sensitivity and coupled oscillation challenges by
utilizing mechanically decoupled 2-DOF nonresonant drive
and sense oscillators incorporating three proof masses. 4-DOF

k< =ky x 1.3
/ """""" e MEMS gyroscopes composed of two interconnected proof
: masses have been reported to achieve improved robustness [9];
however, the drive and sense oscillators cannot be mechanically
decoupled, and the dynamical response characteristics of the
oscillators can’t be set independently in these approaches.

Amplitude y [um]

4 1= 1 L M
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Driving Fr. [kHz} I1l. 4-DOF GYROSCOPESTRUCTURE AND

PRINCIPLE OF OPERATION
Fig. 3. Response of the overall 2-DOF system, which diminishes with

increasing drive and sense resonance frequency mismatch. In this paper, we propose a novel 4-DOF micromachined
gyroscope system that utilizes dynamical amplification in the
to fabrication imperfections and fluctuations in operating corlecoupled 2-DOF drive and sense oscillators in order to achieve
ditions, which shift the drive or sense resonant frequencies. large oscillation amplitudes without resonance. The overall
evitable fabrication imperfections affect both the geometry addDOF dynamical system, namely 2-DOF in drive and 2-DOF
the material properties of MEMS devices [7]. The designed stiffa sense directions, is composed of three interconnected proof
ness values deviate drastically due to etching processes, depasses (Fig. 1).
sition conditions, or residual stresses. Variations in the temper-The first massn, which is the only mass excited in the drive
ature of the structure can also perturb the dynamical system daection, is constrained in the sense direction, and is free to os-
rameters due to the temperature dependence of Young's Maillate only in the drive direction. The second massand third
ulus and thermally induced localized stresses. massmg are constrained with respect to each other in the drive
Various symmetric gyroscope designs have been reporticection, thus oscillating as one combined mass in the drive di-
based on enhancing performance by mode-matching aedtion. Howevenn, andmg are free to oscillate independently
allowing to minimize temperature dependence [16], [17inthe sense direction, forming the 2-DOF sense-direction oscil-
However, mode-matching requirements cannot be met withdator. The first mass:; and the combination of the second and
feedback control, even with the symmetric designs undtird masse$ms + ms) form the 2-DOF drive-direction oscil-
the presence of the mentioned perturbations. For the devita®r, wherem; is the driven mass (Fig. 4).
packaged in high vacuum to enhance the sensitivity, the bandin order to minimize instability due to dynamical coupling be-
width of the resonance peaks is extremely narrow, leading ti@een the drive and sense modes, the drive and sense direction
much tighter mode-matching requirements [5]. Also the gaoscillators are mechanically decoupled. The driven mases-
is affected significantly by fluctuations in damping conditionsillates only in the drive direction, and possible anisoelasticities
[Fig. 2(c)], which makes the device very vulnerable to anglue to fabrication imperfections are suppressed by the suspen-
possible vacuum leak in the package. Furthermore, as #ien fixed in the sense direction. The second mag®scillates
modes are matched closer, the mechanical interference betwiedyoth drive and sense directions, and generates the rotation-in-
the modes becomes more significant, resulting in operatidaced Coriolis force that excites the 2-DOF sense-direction os-
instability and drift. In order to suppress coupled oscillatioaillator. The sense direction response of the third masgs
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response. For a clear comparison, we consider a conventional
2-DOF gyroscope with the same mass, stiffness and damping
parameters as the isolated passive mass-spring system of the
4-DOF system, which is designed with matched resonance
frequencies at 10.3 kHz in the drive and sense directions. It
is assumed that both gyroscopes are vacuum packaged so that
the pressure within the encapsulated cavity is equal to 100
miliTorrs (13.3 Pa), and are both excited to achievans-
Fig. 4. Lumped mass-spring-damper model of the overall 4-DOF gyrosco}:jgive—direction oscillation amplitudes. Under these conditions,
dynamical system. or 1°/sinput angular rate, the conventional 2-DOF gyroscope
will have a 2.8x 10~ um response amplitude in the sense

which comprises the vibration absorber of the 2-DOF sense-alfecuon' while the sense mass of the 4-DOF gyroscope will

. —3
rection oscillator, is detected for measuring the input angul gve an "?‘th;:'t”de of fretf]ponse eqtl_JaI :02 Os—gg pm.
rate. Since the springs that couple the sense elemgtd m. owever, In the case of the conventional - gyroscope,

deform only for relative sense direction oscillations, instabilit%Ie efx trergel)l( nirr(i\r/]v bant(:lw;dth of tf;etrr]esgon.se (?bOUtzlgoHFz)
due to mechanical coupling of drive and sense directionsism gnimcantly imits the robustness of the device. In a -

: o .
imized, significantly enhancing gyroscopic performance due pystem, a fr_equency mismatch of 0.1% bet_Wee_” drive gnd
reduced drift. sense directions causes drop of the sense-direction amplitude

down to 1.15< 1073 um (59% gain drop), and 1% frequency
mismatch results in 0.14 10~3 um oscillation amplitude (94%
gain drop). In contrast, the 4-DOF gyroscope demonstrates
The frequency responses of the 2-DOF drive direction oscdignificantly improved robustness against system parameter
lator and the 2-DOF sense direction oscillator have two res\%_riations; 1% deviation in passive mass resonance frequency
nant peaks and a flat region between the peaks. The devicesisylts in 0.70« 10~3 pm amplitude (3% change in the gain).
nominally operated in the flat regions of the drive and sense glishould be also noted that, if the pressure is increased inside
rection oscillators, where the response amplitudes of the osciljge package by 10%, it will lead to a 14% drop in gain
tors are less sensitive to parameter variations. In order to opeigi€he conventional gyroscope, while the gain of the 4-DOF
both of the drive and sense direction oscillators in their ﬂat'r@yroscope will change by less than 0.1%.
gion frequency bands, the flat regions of the oscillators have toyjgreover, since the design space of the 4-DOF gyroscope is
be designed to overlap [Fig. 5(a)] by matching the drive angrger than of the conventional gyroscope, the design concept
sense direction anti-resonance frequencies, as will be explaiR@gws maximum flexibility in optimizing the system response.
in Section V-C. However, in contrast to the conventional gYyrorhe opt|ma| Compromise between amp“tude of the response
scopes, the flat regions with significantly wider bandwidths caghd bandwidth can be obtained by selecting parameters of the
be 0ver|apped without feedback control with sufficient preC'gystem (ratio of masses and Spring Constants)_ For examp|e’
sion in spite of fabrication imperfections and operation condihe gain of the 4-DOF system can be improved by trading-off
tion variations. bandwidth; if the coupling spring constant between the passive
The response of the combined 4-DOF dynamical systemdfd active masses of the 4 DOF gyroscope is increased from
the rotation-induced Coriolis force will have a flat region in thﬂz N/mto 4.8 N/m, the amp”tude of the response in the sense
frequency band coinciding to the flat regions of the indepegirection will increase from 0.72 103 ymto 1.2x 103 um,
dent drive and sense-mode oscillators [Fig. 5(b)]. When the dghijle the response bandwidth will decrease from 23 Hz to
vice is operated in this flat region, the oscillation amplitudes if2 Hz, which is still over an order of magnitude larger than
both drive and sense directions are relatively insensitive to varie bandwidth of the conventional gyroscope discussed above.
tions in system parameters and damping. Thus, by utilizing dyhus, the 4-DOF design concept provides more freedom in
namical amplification in the 2-DOF oscillators instead of reﬁj‘eﬁning trade-offs between gain of the response (for h|gher
onance, increased bandwidth and reduced sensitivity to strggnsitivity) and the system bandwidth (for increased robustness).
tural and thermal parameter fluctuations and damping chan@gsection of the parameter set is typically guided by application
are achieved. Consequently, the design concept resulting in i@quirements.
proved robustness and long-term stability over the operating
time of the device is expected to relax control requirements and IV. DYNAMICS OF THE GYROSCOPE
tight fabrication and packaging tolerances.

y- Sense
1 Direction

x- Drive Direction

A. Coriolis Response

The dynamics of the idealized model for the 4-DOF gyro-
scope system is best understood in the noninertial coordinate
frame associated with the gyroscope. The 4-DOF system con-
sists of three interconnected proof masses where each mass can
The proposed design approach allows to widen the operatig 4ssumed to be a rigid body with a position vectattached

frequencyrange ofthe gyroscopetoachieveimprovedrobustnggs, rotating reference fram, resulting in an absolute accel-
while sacrificing the response amplitude in the sense directiQ}ation in the inertial framet

The following numerical example demonstrates the trade-off .
between bandwidth of the gyroscope and the amplitude of a3 =dap+ Qx5+ QX% (2 X7rE)+ 20 X vp

B. Comparison of Response Characteristics With a
Conventional Gyroscope
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Fig.5. (&) Frequency responses of the 2-DOF drive and sense-mode oscillators, with the overlapped flat regions. (b) The response of the oggraltdep©F
system. The oscillation amplitude is relatively insensitive to parameter variations and damping fluctuations in the flat operating region.

where the subscript denotes “relative to inertial fram,” de- the plane of motion4-axis) become
notes “relative to rotating gyroscope fram¥e” v andap are
the velocity and acceleration vectors with respect to the refer- 7141 + ¢12%1 + k1271
ence frameB, respectively, an@ is the angular velocity of the = kow(20 — 1) + m1 Q22 + Fy(t)
gyroscope frameB _re!atlve to the_ inertial framefl. The term (i + m3)is + (Cag + C30)T2 + kg (T2 — 71)
2Q x vp is the Coriolis acceleration, and excites the system in 2 . .
the sense direction. Thus, when a mass oscillating in the drive ~ — (2 T+ ms ) * 2ma8d s + 2m Ly
direction -axis) is subject to an angular rotation rate(of + ma2Q2.y2 + m32.ys3
about thez-axis, the Coriolis acceleration induced in the sense maya + coy¥a + kayy2
direction (-axis) isa, = 2Q.3(t).

Similarly, the equations of motion for the three proof masses . .
observed in the noninertial rotating frame can be expressed in "3Y3 * €3y¥3 hay (us — v2) .
the inertial frame as = m3Q2ys — 2m3Q.as — m3Q.xs

= k3y (Y3 — y2) + maQ2ys — 2maQ. 2y — Mo wy

whereF,(t) is the driving electrostatic force applied to the ac-

miay =F + Fg = 2mi x o1 — ma tive mass at the driving frequency;, and{2. is the angular

% (Q X 7) — mi$ X 7 velocity applied to the gyrogcope about mxis. It shouI(_:I pe
. B B noted that the term8m»). 2> and2msQ. 73 are the Coriolis
mody =Fy — 2mo€) X v5 — moS) forces that excite the system in the sense direction, and the Cori-

~ S olis response ofn3 in the sense-directiofys) is detected for
X (% 73) —maQl X7 angular rate measurement.
mady =F5 — 2msQ x 75 — m3
~ S V. MEMS IMPLEMENTATION OF THE DESIGN CONCEPT
X (QX?“g)—mgQX’Fg,

This section describes the principle elements of a MEMS im-
whereF, is the net external force appliedito, including elastic Plementation of the conceptual design presented in Section IIl.
and damping forces from the substrate and elastic interactfoist, the suspension system design for the 4-DOF system is in-
force fromms: ﬁ2 is the net external force applied o, in- vestigated with the derivation of the stiffness values, then the
cluding the damping force from the substrate and elastic intélamping components of the dynamic system derived in Sec-
action force fromm, andm?’, F3 is the net external force ap_tlon IV are analyzed Flna”y, the issue of aChleVlng dynamlc
p||ed toms |nc|ud|ng the damp|ng force from the substrate anampllflcatlon in the drive and sense modes is addressed, along
the elastic interaction force from., andF, is the driving force  With an approach for determining optimal system parameters to
applied tom; . In the gyroscope framej, 73, andr are the po- Maximize sensor performance.
sition vectors, andi, v3, andv3 are the velocity vectors of.q,
ms, andms, respectively. Since the first mass is fixed in thé: Suspension Design
sense direction [i.ey; (t) = 0, andms, andmg move together ~ The complete suspension system of the device is designed
in the drive direction i.eg2(t) = x3(t)], the 4-DOF equations such that the first mass; with 1-DOF is fixed in the sense di-
of motion (along ther-axis andy-axis) of the three mass sys-rection, and is free to oscillate only in the drive direction, the
tems subjected to an angular ratepfabout the axis normal to second mass:, has 2-DOF, oscillating in both drive and sense
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Thelengthd.:,, Ls., Loy, andL3, are designed according to
the optimized stiffness values derived in Section V-C. Through
this suspension design, mechanically decoupled 2-DOF drive
and sense direction oscillators are formed with the three proof
masses, while instability due to mechanical coupling of drive
and sense directions is minimized, leading to significantly re-
duced zero-rate drift [16].

B. Damping Estimation

Fig. 6. The suspension system configuration that forms the mechanicallyThe dominant mechanism of energy dissipation in the gyro-
decoupled 2-DOF drive and sense direction oscillators with the three proof . . L. . .
masses. scope structure is the internal friction of the fluid confined be-

tween the proof mass surfaces and the stationary surfaces. The

directions, and the third mass; with 1-DOF is fixed with re- damping coefficients,.., cz., ¢2,, andes,, in the gyroscope dy-

spect tom, in the drive direction, and free to oscillate indepen?@mical system shown in Fig. 4 are due to the viscous effects

dently in the sense direction (Fig. 6). of the air between the masses and the substrate, and in between
The suspension that connesis to the substrate via anchorsthe comb-drive and sense capacitor fingers. .

is comprised of four double-folded flexures, where each beamfOr the driven massn,, the total damping in the drive

of length L, in the folded flexures can be modeled as a fixed'0de can be approximated as the combination of the slide film

guided beam deforming in the orthogonal direction to the ax§&Mping between the mass and the substrate, and the slide film

of the beam, leading to an overall stifiness of [21] damping between the integrated comb fingers. Assuming an
instantaneously developed linear fluidic velocity profile, slide
4 (1 3EI> 2Etw? film damping can be modeled as a Couette flow, leading to
kl.r =351 3 3 = 3
2 2 Lém le Al 2Ncomblcombt

Claz = MHe— + e
where E is the Young's Modulus,[ is the second moment 20 Yeomb

of inertia of the beam cross-sectionis the beam thickness, \yhere 4, is the area of the active mass, is the elevation of
and w is the beam width. Possible anisoelasticities due {Re nroof mass from the substratés the thickness of the struc-
fabrication imperfections are suppressed having the dr'Vﬁi’re,Nwmb is the number of comb-drive fingergyom, is the

massm; oscillating purely along the geometrical drive axis byjistance between the fingers, dagy, is the overlapping length
this suspension constraining, in the sense direction. Effects ¢ ihe fingers. The effective viscosity j§ = 1,p, wherep is
. > T 1) )

of residual stresses are also decreased by employing foldgd ambient pressure within the cavity of the packaged device,

springs allowing stress-relief. andy, = 3.710 * kg/m?.s.torr (4, = 2.78 10 ¢ [(kg/m?.s.Pa)]
The second mass:, is connected ton; by four flexures g the viscosity constant for air [8].

composed of two double-folded beams of length and Ly, gjnce there are no actuation and sensing capacitors attached
that deform independently in the drive and sense directiongthe second mass,, the damping coefficients in the drive and
These beams can also be modeled similarly, resultingin  sense directions are equal, and are only due to the Couette flow
drive and sense direction stiffness values of between the proof mass and the substrate

Ap
20 )

i 2Etw® 2Etw?
20 = —5—, hkoy = .
* 23:3 v L2y3 Coz = C2y = [e

In the calculation of the spring rates in the drive or sense di- . o
. . o . Thus, the approach results in reduced energy dissipation on
rection, the effect of axial strain in the other beams is neglected. . . . .
and also symmetric damping in the drive and sense direc-

. . . . . . 9,
The assumption is reasonable in th.'s analysis, since the a)t(fc"’)ans. For the third masas, the total damping in the drive mode
stiffness of a beamk.xi.1 = Etw/L, is generally four orders

of magnitude (2 /w? imes) larger than the fixed-guided Stiﬁ_results from Couette flow between the mass and the substrate,

ness, which means the beams under axial load can be assu?nse\ge" as Couette flow between the air-gap capacitor fingers

infinitely stiff. As 2Neapleapt
The suspension connecting the third massto m. is made C3z = “6% t e

up of four three-folded flexures for this specific design, fixing

ms With respect tan, in the drive-direction. Since these flex-whereAs is the area of the passive masg,,, is the number of

ures are stiff in the drive-direction and deform only in the sensai-gap capacitorg,..,, is the distance between the capacitor fin-

direction, instability due to dynamical coupling between thgers, and..,, is the overlapping length of the fingers. Damping

drive and sense modes in the sensing elemegyis eliminated, onms in the sense mode can be estimated as the combination of

minimizing zero-rate drift of the gyroscope. With a length o€ouette flow between the proof mass and the substrate, and the

Ls, for each beam, the overall stiffness is squeeze-film damping between the air-gap capacitor fingers:

Yeap

4 Etw? A. 7Neapleapt®
= Coy = 2 4 pro DR

higy = =
y 3" ,
3 L3y 20 Ycap



ACAR AND SHKEL: NONRESONANT MICROMACHINED GYROSCOPES 503

rameter optimization in the drive mode is to maximize the rota-

Kk, F . ’_f tion-induced Coriolis force generated by the second mass
T m W m 6§ This force F.o = 2myQ.25 is the dominant force exciting
1 2 c . . . . .
¢, Lo N the 2-DOF sense-direction oscillator, and is proportional to the
X X 3

sensor sensitivity.
(@ (b) In the drive mode, the gyroscope is simply a 2-DOF system.
Fig. 7. (a) Lumped mass-spring-damper model for the 2-DOF drive-modde Sinusoidal drive force is applied to the first mass(active
oscillator of the 4-DOF gyroscope. (b) Lumped mass-spring-damper model flrass) by the comb drive structures [19]. The combination of the
the 2-DOF sense-mode oscillator. second and the third masses; + ms) comprise the vibration
absorber (passive mass) of the 2-DOF oscillator, which mechan-

It should be emphasized that the design approach suggestsdhgy amplifies the oscillations ofi; . Approximating the gy-

sensing massu3 to have minimal mass in contrast to the CONroscope by a lumped mass-spring-damper model [Fig. 7(a)], the

ventional gyroscopes. This allows minimizing the overall ersquations of motion in the drive direction can be expressed as
ergy dissipation on the sensing masg due to the reduced

footstep area of the mass. More accurate slide-film damping ML + 1221 + k1,01 =koy(x2 — x1) + Fy
models can be generated considering the gas-rarefaction effects(
at low pressures and narrow gaps [23], kinetic gas models, or
plate motions that propagate into the fluid with rapidly dimin- When a constant-amplitude sinusoidal fofée= Fy sin(wt)

ishing steady-state amplitude [24]. Including the nonlinear gk applied on the active mass:; by the interdigitated

fects of squeeze-film damping [25] together with computationgbmb-drives, the steady-state response of the 2-DOF system
fluid dynamics simulations will also improve the accuracy of thgrig. 8(a)] will be as seen in the equation at the bottom of the
damping model. page, wherev;, = \/ki./m1 andws, = \/kz./(ma + m3)

are the resonant frequencies of the isolated active and passive
mass-spring systems, respectively. When the driving frequency

Since the foremost mechanical factor determining the perfasa,ive is matched with the resonant frequency of the isolated
mance of the gyroscope is the sense direction deflection of {hessive mass-spring system, i®uyive = \/k2z/(ma + ms),
sensing element3 due to the input rotation, the parameters ahe passive mass moves to exactly cancel out the input force
the dynamical system should be optimized to maximize the a&; applied on the active mass, and maximum dynamic ampli-
cillation amplitude ofm 3 in the sense direction. fication is achieved [18].

However, the optimal compromise between amplitude of the Maximizing the Coriolis Forcd'.o = 2m»2.22 generated
response and bandwidth should be obtained to maintain robust-mn, requires a large proof mass., and large drive direc-
ness against parameters variations, while the response antjin amplitudex,. However, if the response of the passive mass
tude is sufficient for required sensitivity. The trade-offs betwedn the drive direction is observed for varying, values with
gain of the response (for higher sensitivity) and the system band; being fixed, it is seen that for high oscillation amplitudes
width (for increased robustness) will typically be guided by amf passive masgyn, + mg3) should be minimized [Fig. 9(a)].
plication requirements. The anti-resonant frequenay,. of the isolated passive mass-

For the purpose of optimizing each parameter in the dynaspring system is determined according to gyroscope operating
ical system, the overall 4-DOF gyroscope system can be decdneguency specifications, noting that larger Coriolis forces are
posed into the 2-DOF drive direction oscillator [Fig. 7(a)] anthduced at higher frequencies, but the oscillation amplitudes be-
the 2-DOF sense direction oscillator [Fig. 7(b)], to be analyzexbme larger at lower frequencies [Fig. 9(b)]. Ongg is fixed,
separately in the Sections V-C-l and II. the drive direction spring constaki,. is obtained fromus,, and

1) Drive Mode ParametersThe first massn (whichisfree (ms + ms).
to oscillate only in the drive direction, and fixed in the sense The optimal drive direction mass rafiq = (ms + ms)/m;
direction) and the combination of the second and third mass#termining the mass of the active mass is dictated by low sen-
msa+mg (Which are fixed with respect to each other in the drivsitivity to damping, response bandwidth and oscillation ampli-
direction) form the 2-DOF drive-direction oscillator, wherg tude [18]. In order to achieve insensitivity to damping, the reso-
is driven by the electrostatic forces. The main objective of paance peaks of the 2-DOF system response have to be separated

My + m3)Ls + cop Lo + koyto =kop 1. 2

C. Parameter Optimization for Dynamic Amplification

2
Y Fo 1_(;;) +jwg
1 =7
k z z
R N o R
Fi 1
X, =
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Drive Direction 2-DOF Oscillator 25 x10° Sense Direction 2-DOF Oscillator
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Fig. 8. (a) Frequency response of the 2-DOF drive-mode oscillator. (b) Frequency response of the 2-DOF sense-mode oscillator.

x10° Dual Mass Oscillator, x2 Magnitude Solution Plot x10° Dual Mass Oscillator, x2 Magnitude Solution Plot
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Fig. 9. Effect of (a) passive maés:. + m3) variation and (b) antiresonant frequency, variation on drive direction response.
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Fig. 10. Effect of (a) mass ratj@, = (mo + rn3)/m; variation and (b) frequency ratip, = w», /w1, variation on drive direction response.

far enough, which imposes a minimum valugQf For a wide of the peaks; however, to prevent gain drop, the peak separation
bandwidth, a large., is required for large enough separatiorshould be minimized [Fig. 10(a)].



ACAR AND SHKEL: NONRESONANT MICROMACHINED GYROSCOPES 505

The degree of mechanical amplification depends ;x1 D2l Mass Oscilator, x2 Magnituds Soluton Prot

on the ratio of the resonance frequencies of the iso- ’

lated active and passive mass-spring systems, name . ‘ ﬂ

Yz = w2x/w1w = \/kaml/klw(m2 +m3) The Optimal

frequency ratioy, has to be determined such that is high shoo

enough for high mechanical amplification, and high oscillation

amplitudes of passive mass [Fig. 10(b)]. From the optimal¢ |

values ofw,, and ., the drive direction spring constaht, e _ : ,, j

of the active mass is obtained. Finally, the damping condition:§ R N

of the overall device have to be checked to verify that damping * Pressure [ ' e '

values are in the region where the response gain in the antire ~ Regon I ncreasing AN

onance region is insensitive to damping variations (Fig. 11). [ NP
2) Sense Mode Parameter3he 2-DOF sense-direction o0s- ' l -/ | /

cillator is formed bym, andms, wherems acts as the vibration T / ——

absorber to achieve large sense direction oscillation amplitude  }——— ' ' ' : ,

due to mechanical amplification [Fig. 7(b)] . The objective of %+ 2z 3+ 5 & 1 & s 1

parameter optimization in the sense mode is to maximize Driving Fr. [kHz]

which is the sense direction oscillation amplitude of the sensnlg%_ 11. Effect of damping on drive direction response. When the damping is

elementm;. under a critical value, the response in the flat region is insensitive to pressure
The system is driven by the rotation-induced Coriolis forcesanges.

Foo = 2moQ. 4o and F.3 = 2m3Q. 25 generated byns, and

mg, respectively. The dominant force exciting the 2-DOF sen

direction oscillator ig.», since the mass of the active mass

is significantly larger than the mass of the passive magsThe

equations of motion of the lumped mass-spring-damper mo

of the sense direction oscillator become

Stors have two resonant peaks and a flat region between the
peaks. To achieve maximum robustness against fluctuations in
(ﬁ)h? system parameters, both of the 2-DOF oscillators have to
& operated in the flat region of their response curves. Since
the Coriolis forces that drive the sense-direction oscillator are
at the same frequency as the electrostatic forces exciting the
drive-direction oscillator, the flat-region frequency band of the
m3ys + cayys + kayys =ksyyo + 2msQ. 2. (3)  oscillators have to be overlapped, by designing the drive and
i _sense anti-resonance frequencies to match. Thus, the require-
The response of the system to a c_onstz_;mt-qmphtude S”PHéntUng = Wy, e, \/k.&y/m3 _ \/k2x/(m2 T m3), de-
soidal force is similar to that of the drive direction oscillatofgmines the optimal system parameters, together with the op-
[_Fig. 8(b)], with the reson.ant frequencies of the isolated afimized ratiosy, = (ma +ms)/mi, Yo = wos/Wie, fy =
tive and passive mass-spring systeme:Qf = /kzy/m2 and -, 110 andy, = ws, /ws,. Since the flat regions have signifi-
way = \/kay/ms, respectively. When the frequency of the Sizantly wider bandwidths, they can be overlapped with sufficient
nusoidal Coriolis force is matched with the resonant freque”ﬁ)’ecision without feedback control in the presence of imperfec-
of the isolated passive mass-spring system, the passivemassjons, in contrast to the conventional gyroscopes.
achieves maximum dynamic amplification. -  Exciting the 2-DOF drive-direction oscillator at its anti-reso-
The mostimportant advantage of decoupling the 2-DOF driyg nce frequency results in minimal oscillation amplitudes of the
and sense direction oscillators is that the Coriolis force that &fectrostatically driven mass [Fig. 8(a)]. Thus, by minimizing
cites the sensing element is not generated by the sensing g{g-travel distance of the actuators, higher actuation stability
ment. InsteadF.; = 2m,(2.a; generated byn, excites the 4nq jinearity is achieved by means of mechanical amplification.
active mass. The dynamics of the 2-DOF oscillator dictates thgko, since the 2-DOF sense-direction oscillator is excited at
the mass of the passive masg has to be minimized in order ji5 anti-resonance frequency, the sense-direction oscillation am-
to maximize its oscillation amplitude. Since the Coriolis Forcﬁlitude of m» is minimized [Fig. 8(b)]. This results in a min-

Foy = 2m3Q.25 generated byn; is not required to be large, jma| coupling between the oscillation modes, leading to reduced
the sensing element; can be designed to be as small as the Mgz q_rate drift of the gyroscope.

chanical design requirements and fabrication parameters allow.
Similarly, the optimal mass ratip, = m3/m- in the sense
direction determining the mass of the active masds selected
to achieve insensitivity to damping variation, a wide responseln this paper, a novel 4-DOF nonresonant micromachined
bandwidth and a large oscillation amplitude [18]. The optimayroscope design concept is reported, which eliminates the
ratio of the resonance frequencies of the isolated active and pa®de-matching requirement, and minimizes instability and
sive mass-spring systems = ws, /we, = /ksyma/kayms  zero-rate drift due to mechanical coupling between the drive
is also selected to maximize oscillation amplitudes of passiaad sense modes. The proposed approach is based on forming
mass. mechanically decoupled 2-DOF drive-mode oscillator and
3) Overall 4-DOF System Parameter§he frequency re- 2-DOF sense-mode oscillator using three interconnected
sponse of both of the 2-DOF drive and sense direction osqiFoof masses. The overall 4-DOF system utilizes dynamical

mala + Caylio + koyyo =ksy(ys — y2) + 2mo€. 2o

VI. CONCLUSION
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amplification in the drive and sense directions to achieve large7]
oscillation amplitudes without resonance resulting in increased
bandwidth and reduced sensitivity to structural and thermal Pag
rameter fluctuations and damping changes, while mechanically
decoupling the drive direction oscillations from the sense di{1°]
rection oscillations leads to improved robustness and long-term
stability over the operating time of the device. Furthermore[20]
employing three proof masses to form the decoupled oscillators
allows the Coriolis force that excites the sensing element tgl]
be generated by a larger intermediate proof mass, resulting {a2]
larger Coriolis forces for increased sensor sensitivity. Thus,
the design concept, which provides improved robustness aq§|3]
stability with minimal compromise in performance, is expected

to relax control system requirements and tight fabrication an?m]
packaging tolerances.

(25]
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