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Abstract

The current dual-axis vibratory wheel gyroscopes are mostly designed to have merely one proof mass, so the sensing signal measured from th
axes willinterfere with each other and will resultin zero rate output. This study presents a novel design of dual-axis sensing decoupled \@etatory wt
gyroscope. The main structure, which consisted of three proof masses, can measure the angular rate of two different axes independently. A tr
beam-shape torsional spring is used to suppress the undesired in-plane linear motion of the proof mass. A prototype gyroscope design was emp
to verify the concept and the performance of the present design concept. The simulation results show that the natural frequencies of the dri
mode and the dual-axis sensing modes are 4585, 4604, and 4606 Hz, respectively. It successfully demonstrates that the dual-axis sensing moc
decoupled with each other. With the driving voltage of 20 V and the quality factor of 2000, the sensitivities of the dual-axis sensing modes can re:
7.4 and 19.4 fF/s, respectively, and the nonlinearity of the dual-axis sensing modes are only 0.04 and 0.29% within the dynamietab@ésof
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction improved to a great extent. As for the decoupled type gyroscope,
it is characterized by two proof masses and can only detect the

Vibratory wheel gyroscopes have been studied extensively igingle-axis angular rate.

the recent yeard—10]. They are different from the majority of This research will present a novel dual-axis sensing decou-

the existing microgyroscopes based on either translational vibrgled vibratory wheel gyroscope. The presented design not only

tion[11] or structural mode vibratiofi2—14] On the contrary, prevents the sensing coupled problem, but also provides the

they will employ the rotational vibration to serve as the driving capability to measure the dual-axis angular rates. Besides, the

and the sensing modes. triple-beam-shape torsional spring will be used to suppress the
According to the characteristics of mechanical coupling, thamechanical noise from the undesired in-plane motion of the

vibratory wheel gyroscopes can be classified into the couplegdroof mass.

type [1-6] and the decoupled typg—10]. The coupled type

gyroscope has a single vibratory proof mass only. It is very2, Gyroscope design

often to exploit such a gyroscope to measure the dual-axis angu-

lar rates. Since the two out-of-plane sensing modes act on the |n order to achieve the dual-axis sensing decoupling, the
single mass simultaneously, the sensing signal measured fromain structure of the present vibratory wheel gyroscope will
the two axes will interfere with each other and will resultin zerope designed to comprise three inertia components. The design
rate output. Unless the gyroscope adds on additional feedbagkethodology, operating principle, mathematical model govern-
detection and compensation circuit, the performance will not béng dynamic characteristics, dc frequency tuning and how to
suppress the mechanical noise of the gyroscope will be studied.

*APCOT-MNT 2004: Asia-Pacific Conference on Transducers and Micro-Z.I' Basic operating principle
Nano Technology, Sapporo, 4-7 July 2004.
* Corresponding author. Tel.: +886 3 574 2923; . . . .
fax: +886 3 573 9372/572 2840. Fig. 1a shows the illustration of the vibratory wheel gyro-

E-mail address: fang@pme.nthu.edu.tw (W. Fang). scope. The main structure is consisted of three movable inertia

0924-4247/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2005.09.004
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in x-axis, the outer-ring will also vibrate angularly about fhe
axis due to the Coriolis force. By this way, the dual-axis sensing
decoupling gyroscope is realized.

2.2. Mathematical model

In this subsection, the mathematical model has been estab-
lished from the dynamics of the dual-axis sensing decoupled
vibratory gyroscope. Euler angles are adopted to characterize
the position of three inertia components of the gyroscope at any
instant. Lety, be the angular displacement of the three masses
about thez-axis and an external angular rabg is imposed on
the gyroscope. According to the Coriolis forces, the outer-ring
rotates through an angd about they-axis, in the meanwhile,
the inner-ring and the inner-disk rotate through a smaller angle
¢, about they-axis due to the stronger support by four axial
symmetric springg=ig. 2a shows the angular displacement asso-
ciated with the input excitation a®,. The angular velocity of
the outer-ring can be expressed as

3x = ¢y SING; + 2, COSP,, COSH,,
&3y = By COSH, — £2, COSP, SiNG,,
w3, = éz — §2, Sin¢y (1)

wherew;; (i=1, 2, 3, andj=x, y, z) represents the angular
velocity of the three inertias. The double subscript notation is
interpreted as follows: the first subscriphdicates the angular
velocity for the inner-diski(= 1), the inner-ring {= 2) and the

(b) ===

Fig. 1. The schematic illustration of (a) the present vibratory wheel gyroscope,
and (b) its operating mechanism.

components (i.e. proof mass), such as an inner-ring, an outer-
ring, and an inner-disk. The inner-ring is suspended by four axial
symmetric springsk», which anchored to the substrate. These
springs provide an equivalent rotational stiffness to the inner-
ring during the driving mode. The inner-disk is connected to
the inner-ring by torsion spring1. The torsional spring is
designed to allow the inner-disk only rotate about thexis.

In addition, the outer-ring is connected to the inner-ring by the
triple-beam-shape torsion sprirk. The outer-ring can only
rotate about theg-axis due to the constraint of the torsional
springKs. The detailed operating mechanism of the presented
gyroscope can be shown fig. 1b. This study employed the
inner-ring as the driving element and the inner-disk and the
outer-ring as the sensing elements. All of these three inertia
components will rotate about theaxis when the inner-ring is
driven by the comb electrodes. In this study, the spriKigand

K3z were designed to have large in-plane bending stiffness, so that
the inner-ring, the inner-disk, and the outer-ring had the same in-
plane angular displacement. Moreover, these three proof masses
are operating at their angular resonant frequency to provide driv-
ing mode. Once the gyroscope experiences an angular rate in

y-axis, the inner-disk will vibrate angularly about th@xis due  Frig. 2. Angular displacement associated with (a) heinput, and (b) the2,

to the Coriolis force. If the gyroscope detects an angular rateput.
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outer-ring ¢ = 3), respectively; the second subscyijndicates
the directions of the angular velocity

@iy = Py SING, + 2, COSPy COSH,,
iy = ¢y COSH, — £2, COSpy SiNG,,

Wp; =0, — 2 singy, =12 2

Similarly, the angular displacements associated with the input

excitation ofs2, are illustrated irfFig. 2b. According to the Cori-
olis forces, the inner-disk rotates through an arglebout the

outer-ring (= 3), respectively; the second subscrijmdicates

the moment of inertia about they, andz axes, respectively.
While the potential energy of the gyroscope and the energy

dissipationD due to damping in the system are given as

1 2 1 > 1 2
V= EKZZQZ + éle(‘f’x — )+ éKZxd)x’

1 1
+§K3y(¢y - ¢y’)2 + §K2y¢}2v’ (9)

1 2 1. o 1 12
x-axis; meantime, the inner-ring and the outer-ring also rotatd® = 5(C1z + C2: + Ca)07 + S5 CLdy + 5(Cor + Car)ely

through a smaller angkg,, about thex-axis due to the stiff sup-
port by four axial symmetric springs. The angular velocity of

the inner-disk can be expressed as

@1x = ¢y COSI, + 2, COSp, SiN,,

&1y = —¢y SN, + 2, COSP, COSH,,

i1, = 0, — 2, sing, (3)
The angular velocity;; ofthe inner-ring{= 2) and the outer-

ring (i = 3) also can be written as

Bix = Gy COSH, + £2, COSP, SING,,

Biy = —d SING, + 2, COSH, COSH,,

Bi; =0, — 2ysingy, =273 (4)

When the gyroscope experiences the angular rates ahd
£2, simultaneously, the angular velocity; of the inner-disk
(i =1), the inner-ring {= 2) and the outer-ring & 3) became

a)lx = d’x + -ngz + (.f)y/ez + $24,
B1y = —px0; + 2y + ¢y — 2,0,
&1, = 0, — 2yhx — ey (5)

a)Zx = q-bx’ + -dez + (.by’ez + $2y,
5)2)* = _¢x/91 + 'Qy + (by’ - -ngz’
5)21 = éz - Qy¢x’ - Qx¢y’ (6)

5)3x = q-syez + -Qx + ¢x’ + deza
5)3}’ = ¢)’ — 8§20, — (.bx’ez + -Qy,
5)31 = éz - Qxd’y - -de’x’ (7)

In this case, the angular displacement8.0%,, ¢/, ¢, and
¢, are assumed to be small quantities. The kinetic en&rgfy
the gyroscope is

1 . - . .
T = E(Jixwizx + J,'ywl-zy + Jiza)l-zz), i=123 (8)

whereJ;; (i=1, 2, 3, ang=x, y, z) represents the moment of

$5Cod2 4 2 (Coy+ C2)iR (10)
whereKy; (j=x, y, z) are the net equivalent rotational spring
constants of the springf,, as illustrated irFig. 1a, about the
x-, y- andz-directions, respectively. The sprir, is the net
equivalent torsional spring constant of the sprkygabout the
x-directions, and the springs, is the net equivalent torsional
spring constant of the sprinkiz abouty-directions. AgainC;;
(i=1, 2, 3, and =x, y, z) are the damping coefficients of the
inner-disk {=1), the inner-ringi{= 2) and the outer-ring € 3),

in thex-, y- andz-directions, respectively. The motion equation
of the driving mode can be written as

d /aoT 8T+8V+8D_M
dr \a0.) 00, 06, 00,

whereM is the moment supplied by the comb drive electrodes.
The motion equations of the dual-axis sensing modes can be
derived. Assume2, and£2, to be small, and the higher order
terms ofs2,, £2,, andd, are negligible. Finally, the motion equa-

tions of the driving mode and the sensing mode about each
sensing axis can be expressed as

(11)

(le + J2; + ]3z)éz + (Clz + Co; + C3z)éz + K20,
=M+ (le‘by’ + JZz‘If’y’ + J3z¢y)~Qx

+(le"i’x + JZZ‘bx’ + J3z¢x’)-Qy (12)

Jor+Jae O by . Co+C3 O o
0 Jlx ¢x 0 Clx ¢X
K1y + Koy — K oY i _(‘IZZ + J3z)éz9y
— K1y K1, bx —J1,0,82y
(13)
le + J2y 0 (.i)y’ + Cly + C2y 0 ‘.Py’
0 J3y o 0 C3y oy
K3y + Ky _K3y ¢y’ N _(le + JZZ)éZQx
—K3y K3y ¢y —J30;82x

(14)

inertia of the three masses. The double subscript notation is
interpreted as follows: the first subscriphdicates the moment The terms on the right-hand side of E¢3) and(14) represent

of inertia for the inner-diski= 1), the inner-ring{=2) and the

the Coriolis forces, which result from the input angular raigs
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and £2,. It indicates that there are no identical elements in thevheres is the permittivity of air,A the area of the tuning elec-
mass matrix, damping matrix, stiffness matrix, and force vectotrode, yc the distance from the tuning electrode center to the
between Eqg13)and(14). In other words, the dual-axis sensing x-axis, andd is the gap between the device structure and the
modes are decoupled. Thus, the cross axis sensitivity betweenning electrode. Consequently, the tuned stiffri§gsand the

the dual-axis sensing modes should be zero. tuned resonant frequency in the@xis wy, are
2.3. Resonant frequency design Kiir = Kix — Kex (19)
. . - 2 2 2 212 1 42 i
The frequency of the gyroscope associated with the driving wg + op (wf; + 0p)” + 4op, Toit T 20
mode (inz-direction) is given by Wte = > (20)
K where

R (15)

Jiz + Jor + J3; K + Koy K1y

. . , O =\ R =/—

After the spring constari,, determined by Eq15), the spring Jox + Jax J1x
constantskz, and K, contributed by springkz also can be  gimjlarly, an equivalent torsional negative stifindgs was

obtained. According to Eqg€l3)and(14), the resonant frequen-  cqntriputed byy-axis tuning electrodes associated with the dc
cies associated with the dual-axis sensing megleandwy are s voltageV.. The stiffnessks, and the resonant frequency
expressed as wy can be tuned through the same manner.

a)% + w% — \/ (w% + w%)z + 40,5 sz.lj:XJSx (16) 2.5. Triple-beam-shape torsional spring
2

wy =
The outer-ring has larger mass and longer supported span

) ) > >2 T than the inner-disk. Therefore, it is much easy to be excited by
w3+ 07 — /(03 + 03)” + dwd 2 i i
3 4 3 4 4T, + Ty the external disturbance and produces unexpected motion, such

@y = 2 (17) as in-plane vibration in the-direction. In order to suppress the
h undesired motion of the outer-ring, the triple-beam-shape tor-
where sional spring schematic illustrated in the insefiyf. 3ais desig-
K1, + Koy K1, ned. In.this degign,tbeaxistorsional stiffness andtheaxisin—
w1 = o Ja w2 = T plane linear stiffness can be tuned by the oblique afgidus,
20T L the frequencies of the-axis torsional vibration and theaxis
K3y + Ko, K3, m-pla_ne linear mot!on also can be tuned by th_e obhque angle.
W3 = |, w4 = 4| = Using commercial FEM software, the relationship between
J1y + Joy J3y

the torsional frequency,, the in-plane motion frequenay,o

Then, from Eqgs(16)and(17), the spring constani;, andKs, and the oblique anglé are simulated. The typical simulation
could be designed to enable the frequencies of the dual-axis serfgsults inFig. 3a show the variation ofoy, and w,o with the
ing modes approaching to that of the driving mode. Meanwhile@blique angle. Apparently, the larger the oblique angi, the
the higher resonant frequencies andw, associated with Eqs. higher the two frequencies, andaw,o will become. ButFig. 3
(13) and(14), respectively, should be large enough to decoupléhows that the triple-beam-shape torsional spring6fei30°

with the lower dual-axis sensing frequenciessgfandaw,. has the maximum frequency ratio @fo to w,, so it has the
highest stiffness to resist the in-plane motion under the same tor-
2.4. dc frequency tuning sional stiffness. In other words, the triple-beam-shape torsional

spring has an optimal design #r 30° to suppress the undesired

The material properties as well as the dimensions of the gyronechanical noise induced by thexis in-plane linear motion.
scope may deviate from the designed values due to fabrication
error. These errors will cause frequency mismatching of thé. Performance analysis
device and reduce its performance. In order to increase the sen-
sitivity of gyroscope, the dc bias voltage of the tuning electrodes  To verify the conceptand the performance of the presentgyro-
is exploited to generate the electrostatic negative stifffiesjs ~ SCope, the dimensions of atypical prototype design were listed in
As indicated irFig. 1a, these negative springs resulted from theTable 1 Fig. 4shows the first three vibration modes of the gyro-
x-axis andy-axis tuning electrodes will be employed to tune the SCOpe from ANSYS simulation. The natural frequencies of the
resonant frequencies af, andw,, respectively. To this end, an driving mode and the dual-axis sensing modes are 4585, 4604
equivalent torsional negative stiffneks, aboutx-axis associ- and 4606 Hz, respectively. During the driving mode, the three

ated with the dc bias voltagéc can be expressed as proof masses experience in-plane rigid-body angular oscillation
5 yet the springsk> have in-plane transverse vibration. During

Koo — deAycVic (1g) the dual-axis sensing modes, the inner-disk and the outer-ring
ds3 perform the out-of-plane torsional oscillation, respectively. It
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once again successfully demonstrates that the dual-axis sensin( | s 0T 22 2000
modes are decoupled with each other. The resonant frequencie: | met-se

RSYS=0

of dual-axis sensing modes are designed to be higherthanthato | o s
the driving mode, so as to enable the frequency matching after | ™~
the dc frequency tuninfl6]. Fig. 5 shows the tuned resonant
frequencies of the dual-axis sensing modes as a function of the
dc bias voltage. In this case, the gajs 2pm and the ared

is 105 00Qum?. According to Eqs(18)—(20) it required the dc
voltages of 42 and 54V, respectively, as indicateéimn 5, to

tune the frequencies of the dual-axis sensing modes to be iden-
tical with the driving one. The performances of the gyroscope

o 1250 2499 3749 4998
Table 1 624.776 1874 3124 4373 5623
Values for geometrical design parameters (e)| TFE:8.2e
Design parameter Valugun) Fig. 4. FEM modal analysis of the gyroscope: (a) in-plane mode of three proof
masses, (b) out-of-plane mode of the inner-disk, and (c) out-of-plane mode of
Inner-disk radius 600 the outer-ring_
Inner-ring inner radius 660
Inner-ring outer radius 860 will be further evaluated based on the nonlinearity and sensitiv-
Outer-ring inner radius 1210 . vsi
Quter-ring outer radius 1370 ity analysis.
Structural layer thickness 25
Axial symmetric spring length 220 3.1. Nonlinearity analysis
Axial symmetric spring width 5
IOfS!O”a: spring 'e_';jgrt]h 1285 From Eq.(12), the excitations include not only the torque
orsional spring width o y M provided by the comb drive electrode but also six additional
Triple-beam-shape torsional spring dimensions ABif 3a

terms. These six terms resulted from the interactiofepfind
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035

£2,, with the angular velocities of proof masses caused by the —
dual-axis sensing modes in E¢$3) and(14). However, these B0 X A
six terms and the torqu¥ applied in the opposite directions. In 025k Qy L
addition, the magnitudes of these six terms were rather small; &= -
the stability of the gyroscope will not be influenced. Neverthe- '; 020}
less, these six terms affected the amplitude of the driving mode &
and indirectly caused the nonlinearity of the dual-axis sensing § 015
modes. As a typical study case, the driving voltage of 20V and = I
the quality factoiQ of 2000 were used in the model. From Egs. .5 *!°T
(12)—(14) the relationship between the amplitudegofand £2,. _— |
and £2, was analyzed, as shown Fig. 6a. The influence of o ,,/
6, on the nonlinearity of the dual-axis sensing modes was also 0.00 wmpe — T T e
predicted, as shown iRig. 6b. The induced nonlinearities for O 20 40 6 8 100 120 140
the dual-axis sensing modes were 0.29 and 0.04%, respectively (v Angular rate (deg./sec)

within the sensing range af150°/s. ] ] ) ) ]
Fig. 6. (a) Relationship between the amplitud®.0&nd the angular rate inputs

L 2, and$2y, and (b) nonlinearity for the dual-axis sensing modes.
3.2. Sensitivity ’

o _ _ whereKys, is the tuned stiffness in thg-axis, wq is the driv-
T_hg sens_|t|V|_ty of the_gyroscope is expressr-__\d in terms of théng frequency of the comb drive electroda,., wty, Wy, O3
Coriolis oscillation rotational angle, (or ¢,) per input angular  and wys are tuned resonant frequencies by dc bias voltage,

rate 2, (or £2;). The sensitivity can be derived from Eq83) 7y, 1y, n1, n2, By, Bv, By and By are frequency ratios. The
and(14)with the final form

P _ (2% +iRrdpec) i - SR (21)

2y Q= riB2 +i2r8Be i) (L — 1382 + [2r5Bely) — it

202 in, 2 «/32(}'): (leJr«IZz)éz
¢y _ —(@ =By +12nTBv K ~ Rk 22)
- . . K3y

$2x  |(L—n3B2% +i2n7By Ly ) (L — n5p2 + [2n5y¢,)) — Ry 1Ko
where parameters,, ¢, ¢,y and¢, are damping ratios which are equal
ry = Wty! rp = Dt ny = Wty ny = Wty to 1/(20).

o o’ w3’ wa’ The rotational vibration due to the Coriolis force can be

g wg g wd determined by measuring the capacitance change of the sensing
Pe=—, Bv = o By =—, By = A electrodes indicated iRig. 1a. Fig. 7 further shows the differ-

Wiy Wiy Wty Wty . . - .

ential sensing design of these electrodes. Thus, the capacitance

Ly = Cor + Car __ Cu changes ofAC, and ACy, of the dual-axis sensing modes are
X ’ X ’

2(J2x + Jar)ore 2J1c 0ty expressed as

C1y + Cyy Csy degpy 3
PR = _ 2 213/2

& 2(J1y + J2y)wry & 2J3ywty AC, = (Ry — W1) (23)

3d2
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As indicated inFig. 7, Ry is the radius of the-axis sensing

electrode R, andR3 are the inner and outer radius of th@xis

sensing electrode, arith andW, are the nearest distances from Very close. The outer-ring has a larger radius, so its capacitance

the dua'_axis Sensing e|ectr0des to the rotationa' axes. SenSitiVity iS h|gher than that Of the inner'disk. ThIS Study a|SO
The variation of the sensitivity with the frequencies ratio, employed the ANSYS simulation to further verify the results

wgloy, and wgley, and quality factorQ are shown in predicted from mathematical model. According to the ANSYS

Figs. 8 and 9respectively. When the driving frequency of the harmonic analysis, the sensitivities of thig and £2, sensing

comb electrodes is the same as the frequencies of the dudnodes were 0.018 and 0.00iZB/°/s, respectively. The results

axis sensing modes, the maximum sensitivity can be obtaine@letermined from ANSYS harmonic analysis are in good agree-

Besides, increasing the quality factor can also be applied tBent with those from mathematical model.

improve the sensitivity of the gyroscopEables 2 and dhave

summarized the characteristics of the driving mode and the dual-

axis sensing modes, respectivelgble 3also shows that the Table3 o ) ) ) )

rotational angle sensitivities of the dual-axis sensing modes ar‘@e characteristics of the dual-axis sensing modes and the associated dynamic

ig. 9. Variation of the sensitivity with the quality factor.

performances
Table 2 Design parameter £2, sensing-axis £2, sensing-axis
The characteristics of the driving mode and the associated driving conditions pynamic range +£150/s +£150/s
Design parameter Value Nonlinearity 0.29% 0.04%

Natural frequency wy: 4606 Hz wy: 4604 Hz
Quality factor,Q 2000 dc Tuning voltage 54V 42V
Natural frequencyy, (Hz) 4585 Coriolis torque 0.38N pump/s 0.03wN pm/°/s
Drive voltage Vgrive (V) 20 Sensitivity 0.00076°/s 0.00083/°/s
Drive torque M (wN pm) 418 0.018um/k/s 0.008G.m/°/s

Drive amplitudep, (°) 0.305 19.4fFFls 7.4fFtIs
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