HE SENSI TI
|\|Q/ RUCTURAL DESI GN FOR | MPROVI NG T 9 gcn 1_| g] 102 7
A .AEIIE- I\S/ITCI—H NED VI BRATORY GYROSCOPE Backgr]?gp o oS on, ti
copes or gyro rate sensors are widely use Cobi | of sy sile
. general rate control, pointing, autop ﬁ &%@[e
itrol, etc. A typical exanple is the application

he control syste
nDb|Ies to provide input tot
tgklng and steering. EUrlng'ﬂecent years there havebeen

ducti on.
O ow_cost gyroscopes suitable for nmass pro
-:s'l"ng ‘conc? S‘g}iﬁ]@ﬁ &’&AIGBESENHK)RHMPEI@VI’NGYI‘I@E@%I ﬁl‘i{ %ngqbe
o Cét ed “usi ng: surf§HBF|¢QE-MQMA@MWBMOK?Q;%§®'S% he pur pose

._.I | e of:a vi bratory gyroscope 10 is illustrated in Fig To achi eve
'-ﬁepgyroscope 10 is to neasure the angular velocity [err].

vibrate with
it i'§ first necessary to caBs& l»(fll_ﬁ.dlflﬁrtﬁé "g"&g"ﬁce)ferred to as primary
ant arrpl i tude. al ong);t h&ham s@g( §2,I§SC ? tes, the particle 12
on - (or .driven m)tGQi‘b cop¥¥Isr vk t@#ﬁ B or, abilization,
r?eglcae-ri:' i Coriolis | nert ia force 'S 2?' ¥1 %@ﬁp@%g

E' dnt@l Gothtitl " o at . In the absenceI Iof
or t i onaberetal ke Ednt@Nhotht . absence
t?rl'rerI gontg ?0’._ ne m)tol oln Oa?xfo%)F] Hary F ’(551 zgulflaﬁ@ %Fploﬁfp-sAf wpi

. f the angul ar veIOC|ty[err] The

: ude_t. VE‘QSJSJC "§ ué‘”h éug;?engm eqr mat e S?@E% eD@rg?g noeentipeaps ﬂreneerdvédb'eentbﬁérﬂﬂts touI ar
I VI y" § tion; [err] is e ang

d of the sensing no
onl | e iﬁchw cw Iggggelp%gs se%lge fqr mass prioduation. Mrbﬁf&ufgr RAPDEsulh 2 1B Kce
.nIOIrorr)tlor(*il %the axi s Ox;

= : eV ratory gyroscope which can be fabricated using surface-mxcromachlmng technology.

The basis operating principle of a vrbratory gyroscope 10 is illustrated in Fig. 1.

purpose of the gyroscope 10 is to measure the angular velocrty Q. To achieve this, it is first

ece__s__ to; cause the particle 12 to vibrate with constant amplitude along the axis Ox. This

motlon IS referred to as pnmary motion (or driven monon) When the gyroscope 10 rotates, the
: .partlcle 12 expenence a Coriolis inertia force. This force has a magmtude proportional to Q and

. a dlrechon along the axis Oy. In the absence of further control on the motion of the particle 12,

S, force will cause the particle 12 to vibrate along the:axis Oy. This motion is referred

' ':motlon (or sensing motion) and a measurement. of its amplitude will provide an

. -_ 1rnate of the angular velocity Q.

_The sensitivity of such a vibratory gyroscope canbe determined by:

mz[(.l‘lz)z +(r/ Q) ’ S
Where:  Yoisthe magnitude of the sensing motion;
- . Qs the angular rate applied to the gyroscopei_;_ T

w,rs the excitation frequency of the driven motion in the axis Ox;




- *2- [err] is the resonant frequency of the sensing notion in the axis Oy; r
~=wWerr]/ werr]; and Qi.s.the nmechanical quality factor for the sensing
Loticon. It can be seen fromthe foregoing equatlon that, when r =

- wierr]/wierr] = 1, the sensitivity can reach its: maX| rrumval ue, i.e., [err]
I Assumi-ng that X[err] =1 _rr]m werr] =[err] = 6879 Hz and the gyro is
ium packaged: so -t hat q -] 10000. Ong can get the sensitivity, [err]
‘the input_.of unit ang ar rate, [er’rf': 1 [err] = 0.0174rad/s, the

pl | tude of-: t he: sensi ng aotion is: Y[err] 8.07x 10[err] m= 8.07nm It
‘be t hus under st 0o ' y effect of
Coriolis force.- tléﬁgkggpﬁﬁ%%h eOfreﬂs?% éegBP%%otngﬁasggg%}g arious

1.deal i zations and assur‘rB “Qns.. I n practice, the reaI magni t ude of the
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tiny magnitude of the: se si'Ag notion presents a major difficulty in

edsur ement ; espemalQiﬁ ' mEH “Wﬂtquwgfgtﬁg?@é?éﬂsﬁéwﬁ vely. It is
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ntlon . . : _

- "maxxmum value 1e

S &
Q_";l '_

Assummg that X = '1 um

_Q~10000 One can get the sensmvxty,
| s=2.204627x10°
' Q _

It can be thus understood th _the sensing motion is the secondary effect of the Coriolis force.

Note that the above estlmate 1s based on various idealizations and assumptions. In practice, the

real magmtude of the énsing motlon could be far below thlS value e.g., a few angstroms. Such a

-tmy magmtude of the sensmg motxon presents a major dtfﬁculty in measurement, especially if

: _the motxon 1s detected capac"t ely 1t is therefore necessary' seek a proper structural design so

~ that the sens1t1v1ty.o_f: : e vxbratory gyroscope can be i 1mptjo
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tus for use as a general

invention is a motion sensor ap

mechanical amplifier, a gyroscope, or other resonant sensor such as an accelerometer. In

ention, the motion sensor apparatus includes a primary massanda -



~The present invention is a notion sensor apparatus for use as a general

- mechanical anplifier, a gyroscope, or other resonant sensor such as an
‘accel eroneter. In accordance with the invention, the notion sensor

. apparatus includes a primary nass and a -3- primary flexure structure.

t The primary flexure structure supports the primary mass to experience
‘driven notion against a bias..of the primary flexure structure. The
“apparatus further includes a secondary mags which is |ess nassive than the
' primary mass. A-secondary flexure structure interconnects the secondary

ronure o rbafabdlettictiulie

mass W th the primary mass, and supports the secondary mass to experience

W% Bl | ' y
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flexure structures.is equal.~to the mass ratio between the pri.nary. a
Secondary. rietotsagRHAbi ARG ARGre e e A appart (bl i BHiena
view i ndicating the operatjng principle of a prior art vibrator yroscope;
Fig. 2is oSSSEARLTASS ‘\’/‘F‘g?n}s_é‘?.5»§ -H_‘aéﬁlYFdBi‘”f the grimgpy; ’H@sf’ﬁ'és%ec‘?ma@%eﬁﬁ%ég'{i?tbﬁ‘at i on
absorber in accordance with the present invention; Fig. 3 is a schemtic
view of a sintfppaoneythssecondariaiass Yithithe psmagy wasss andsuppsiprtbesesprdanmass to
aceordance with the present-invention; Fig. 4 is a graph representing the
responses oéXpemiencesensyrg meotion rghativstodlyeprimary omey aainsta bins of théisecpndanyefiexure

i nventi on; B :

structure. The stiffness j'-r_a‘,tiq‘_‘ between the primary and secondary flexure structures is equal to the

mass ratio between the pnmary and secondary masses.

* . Brief Description of the Drawings

Fig. lis aschemanc view indicating the operating principle of a prior art
vibratory gyroscope; - |

Fig. 21is aschematlc view of a simplified spring-mass model of a vibration
absorber in accordance w1th the present invention;

Fig.3isa _séhématic view of a simplified spriing-mass model of a vibratory

gyroscope in accordanc '.' ""t}_x,;.;t._hc present invention;

Fig.41s agr fepresenting the responses 9§Et_wo masses in a gyroscope in
accordance with the pre's;é ;,:___éntion;

Fig. 5 i§ :_a'__sg:- %ﬁatic view of a finite elemc_n_; fn:_odel of a gyroscope sensor in

accordance with the present invention;

Fig.6isa péx_'-"_t_ig____i view similar to Fig. 5;and”

Fig. 7is aj';gljaph showing examples of re§f> n§é amplitudes of primary and

secondary masses in accordance with the invention.




Fig. 5is a schematic view of a finite el enent nodel of a gyroscope sensor
. in accordance with the present invention, Fig. 6 is a partial view simlar
:to Fig. 5; and Fig. 7 is a graph show ng exanples of response anplitudes of
‘ primary and secondary nmasses in accordance with the invention. -4-

i Description of the Invention The proposed structural design for

'magni fication of sensing notion magni tude is based on the concept of a

‘ vibration absorber. Fig. 2 shows the spring-mass nodel 20 of a vibration
 absorber, where:the mass nferr] is a prlnﬁry mass and the nmass [err] a
{secondary mass. :Under the excitation of F sin wt, the equation of notion of
“the vibration absorber 20 is described by: [err]'AssunE that [err] = [err]
and define a = [err] It can be mathematically proven that, at resonance,

t he vibration anplltudes of the two nmasses have the follomnng ratio, [err]
Wien a [err] 1, [err] It can bemﬁdﬁaﬂghwm%tlgme si nusoi dal excitation,
the hi gher the nmass ratio a, the larger the

The proposed structural design for magmﬁcatlon of sensing motion magnitude is
based on: the concept of a vibration absorber. Fig. 2 shows the spnng—mass model 20 of a
vibration absorber where the mass m, is a primary mass and lhe 1mass ,;, a secondary mass.
. Under the excitation of F sin a, the equation; of motion of the vibration absorber

20is descnbed by:

m, o || ki+k, -k ||x

Fsin we

X
o m2||2 ky, Ky ilx

Assume that ’il_ = k_2 and definca="1

m; m, n,

It can be mathematically proven that, at resonance, the vibratidij._ amplitudes of the two masses

have the _fo;l]owing ratio,

X, -2a
X LR
Whena» 1,

It can be seen that, under the sinusoidal excitation, the higher he'mass ratio a, the larger the

vibration amplitude of the secondary mass M,, and more energy input to the primary mass M1 by

the excitation force will be transferred to the secondary mass M, .




vi bration anplitude of the secondary mass Merr], and nore energy input to
“the primary mass ML by the excitation force will be transferred to the
-secondary mass Merr]. -5- The concept of a dynami c vibration absorber
‘can be.incorporated in the design of a surface m cronmachi ned gyroscope to
“improve the sensitivity of such a gyroscope. Fig. 3 shows a sinplified

- mpdel:-of a proposed gyroscope 30. The nass ratio between the primary nass
-Merr] and the secondary mass Merr] in this exanplé is 100. G ven the
“input - of 1 degree/second angul ar rate, the- dynani ¢ responses of the two
nasses-Merr] and Merr] are anal yzed by using MATLAB's Sinulink. MATLAB is
La’commercial softwar i cal - LNQ. ' . LUl F nk
.i's a-modul e program ?Th %%%ma@é&ﬁ% Vbbggelgﬂ Le&s)%)de}g?rgcﬁﬁyggng?mgﬁ%ﬁl xg,l[fll?e odrgiklg%;I bk
electrical and.nechani cal stens. . The excitati.on. frequency in the.x.axis
s 10z, AsSSRBOT IR ned EVioREoDs i Wipras the b Yine OGEeE A YesEdRtadid Srmss
Merr] is about 10 tjes | er than, that of_t primary . mnmass err]. To
Further veriiPys ARERINED PP Bl HRIORAE G oS- e RSt b biRER Hegmary mess
i“npr.ovi ng %r oscope sensitivity, a gyroscope fabricable with surface

ni.cr omeichi n#dthe preandagy mess Mowdhis gxamnleis 18RSYS54 finite el enent code.
ANSYS i's a comrercial finite elenent analysis software. It is widely used
for ‘model i ng and si mibisen tha inpit ofdngsisresiseesnid prgyiarmatedthe dynapue tespansesc i g
el'ect romechani cal systens, etc. The finite el ement nodel 40 is shown in
Fi'g. ‘5. Themassesd| yndMsaredRalyded by @sigy MATIOAB's Stmualinkp MAFHAB)is 8 commercial
crab-flexures 44. The flexures 44 are optimzed in such as way that the
conpl i ance gffiwaheforathehdti¢al cdriguting abd friaphing.y The Simulink is a module program of

MATLARB, and is used especially for simulation of electrical and mechanical systems. The
excitation frequency in the x axis is 10Hz. As shown in Fig. 4, the response amplitude of the
secondary mass M, is about 10 times larger than that of the primary mass M,.

To further verify the theory behind the proposed structural design for improving

gyroscope sensitivity, a gyroscope fabricable with surface micromachining technology is
modeled using ANSYS54 finite element code. ANSYS is a commercial finite element analysis
software. It is widely used for modeling and simulation of complicated mechanical structures,
coupled electro-mechanical systems, etc. The finite element model 40 is shown in Fig. 5.

The pn'mary.-mqss 42 of the gyroscope is supported by 8 crab-flexures 44. The
flexures 44 are optimized in such as way that.the complia‘_r_ic_-:_epf the mass 42 in the actuation (y-
axis) and sensing axis (x-ams) i.irz;re almost equal but rigid m other axes. In the center of the
primary mass 42, four sensiflg beams 46 (secondary ma's'sé:"s;:i . e supported with serpentine
springs 48 which are attached to the primary mass 42. Tﬁé_:d{spiacement of the sensing beams 46,

caused by the Coriolis force can be measured capacitively_:_'tb detect any angular input to this

gyroscopé 40.



axi s) and sensing axis (x-axis) are alnost equal but rigid in other axes.
.In the center of the primary mass 42, four sensing beans 46 (secondary
gnasses) are supported with serpentine springs 48 which are attached to the
cprimary mass ‘42 The displacenent of the sensing beans 46 caused by the

" Cori:ol'is force can be neasured capacitively to detect any angul ar input to
:IhIS ‘gyr oscope 40 -6- The mass ratio between the primary nass 42 and
“the:secondary mass 46 is: [err] The flexuses 44 and 48 respectively

" supporting the primary nmass 42 and the secondary mass 46 are tuned in such
awe thatthmr stif e that

? yyroscope is drlagﬁ$ﬁ$8ﬁﬂgbgww ﬁﬁgﬁﬁlngﬁ§£m égﬁggﬁ%?ﬁﬁ g??é%n
}wo,.dn is 1 um :iUsing/sANSYS/ pse@am the responses of the prlnary and

: secondary masses 42 46 appli ed angul ar velocity of 1[err]/s
are anal yzed.” Fiig. 6YahgwsYasgontauig vi ew of displacements of the primary
and.secondary nEsses 42 and 46 at the resonant frequency. The response
anplltudes of the two masses 42 and 46 at different dr|V|ng frequenC|es are

shown.in Fi dat a..obt ai ne i's known rati o betyween
Dho  pont e ffespies SR ahdFs (Rietie Rirbttive e ey Bem e e ot paS 8
[ grr ] Wm ¢ hartla tsune(? rr%/ such g%v%yttl%t Ehgg sti Sesss ;a?iE)llsO eq?nl;l t%(%hezr%ass ratio. Suppose that the

l__g_yrps_cope is driven electrostatically and the magnitude of driven motion is 1 um. Using ANSYS
prograrn, the responses of the primary and secondary masses.42 and 46 due to an applied angular
_yelqcity%of 1°/s are analyzed. Fig. 6 shows a contour view of displacements of the primary and
g secondary masses 42 and 46 at the resonant frequency.
. The response amplitudes of the two masses 42 and 46 at different driving
f__'_reéﬁencéies are shown in Fig. 7.
| . From the data obtained, it is known that the ratie between the response amplitude
ofthetwo masses at the resonant frequency is:

Y2=1045

"

Whi_ch-"is E:very close to the mass ratio of 10.22.
In summary, the proposed structural design of a vibratory gyroscope is composed

of two interconnected masses, the primary mass and the Sec_oﬂdgry mass, and the connecting

flexures. .In such a structural system, the secondary mass.is '_ ich lighter than the primary mass,
and in sensing mode the stiffness ratio between the ﬂexure_s.s_t'jppcrting the primary mass and the

flexures supporting the secondary mass is equal to the mass ratio between the primary mass and

the secondary mass. When such a gyroscope is excited m its en motion at the resonant

frequency of its sensing mouon, the response of the secondary mass will be significantly larger

than that of the primary mass for a given angular rate mput The response magnitude ratio




~I'n summary, the proposed structural design of a vibratory gyroscope is

: conmposed of two interconnected nmasses, the primary mass and the secondary
-mass, and the- connectlng flexures. In such a structural system the

i secondary nmassi:s much lighter than the primary mass, and in sensing node
‘the stiffness rati o between the flexures supporting the primary mass and
‘the flexures supportlng the secondary mass is equal to the mass ratio

i pet ween the primary mass and the secondary nass. Wen such a gyroscope is
excited in its<driven notion at the resofiant frequency of its sensing
notion, the response of the secondary mass will be significantly Iarger
than that of ‘the primary mass for a given angular rate input. The response
‘rreigni tude ratio -7- between the secondary and primary nmasses is equal to
the square root of the mass ratio between the primary and secondary masses.
Therefore, use- of the secondary mass as a capacitive sensing el ement will

i mprove t he,spahant SRbn BN girr]l*ﬁt)atxy m3s 8§ %%ﬁ&){ tPhE Qtﬁlﬁf égp?li{th@ﬂl |r¥tao l?é?\%en

proposed structural design c € use a genera ani ca frer.
I'n -addi t I
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rHemen _-;Wln improve the mechanical sensitivity of the gyroscope Additionally, the proposed
st;u__c_;__tuggl .design can be used for a general mechanical ampltﬁer. In addition to a gyroscope, the
1nvent10n can also be extended to improve the performance c')f__dther resonant sensor designs such

as accelerometers.




1 A notion sensor apparatus conprising: a primary mass; a primry

- flexure structure supporting said primary mass to experience driven notion
~against a bias of said primary flexure structure; a secondary mass which is
- less.massive than said prinmary nass; and a secondary flexure structure

;mhlch interconnects said secondary mass with said primary mass and which
. support's said secondary mass to experience sensing notion relative-te—said

i motion sensor apparatus as defined in claim1l wherein

structure; the

N

pr i mary and

primary mass against a bias of said secondary fl.exi
stiffness ratio between said primary and_gecondary
equal to the mass ratio between said prinary and- sé

?secondary masses and said primry and secondary flexure structures are

confi-gured -such that said sensing notion of said secondary mass will be
5|gn|f|canthy(§rq§ter than said primary notion of said primary mass for a
given angul.ar fate input to said apparatus when said primary mass is
excited in-said drivep notion at the resonant frequency of said sensing
npticon. 3. An‘appdrJOUE" SVSYSPPHRYS FOMRISHEM 1 wherein said prinmary and
secondary masses and said primary and secondary fl'exure structures conprise
'surface ni cr omachi ned® RAMA¥FRSSt r uct ur es.

a primary flexure structure supporting saxd pnmary mass to experience driven

._'mo.tion against a bias of said primary flexure structure;

a secondary:mass which is less massive tﬁa‘n sald primary mass; and

a secondary flexure structure which intercbnn__gqts said secondary mass with said
_primaryimass and which supports said secondary mass to _gf:xiﬁ;ﬁence sensing motion relative to
saxd primary mass against a bias of said secondary flexure st;ucture;

the stiffhess ratio between said primary aric_l.._'sggohdary flexure structures being

equal to-the mass ratio between said primary and secondary_. masses.

2. A motion sensor apparatus as defined in claim; 1 wherein said primary and
- ‘secondary masses and said primary and secondary flexure structures are configured such that said

- sensmg motion of said secondary mass will be signiﬁcantlY'.gfé;ater than said primary motion of

said primary mass for a given angular rate input to said app#:gtus when said primary mass is

excited in said driven motion at the resonant frequency of said:sensing motion.

3. An apparatus as defined in claim 1 whereir.l_-s;!ai_____i_a_ primary and secondary masses

and said primary and secondary flexure structures comprise surface micromachined silicon

structures.




