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Electromechanical coupling characteristics
for force-balanced vacuum microelectronic accelerometer
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Abstract: The inertia sensitive component of a force-balanced vacuum microelectronic accelerometer is
effected by both the elastic force and the electrostatic force,and its total stiffness is the sum of the me-
chanical stiffness of the beams and the equivalent stiffness produced by the electrostatic force. In con-
siderasion of the effect of emitting tip array, this paper introduces a revised constant o greater than 1
to compute the actual electrostatic force by using the model of a parallel plate capacitor. The analysis
shows that the linearity and sensitivity of the vacuum microelectronic accelerometer has been improved
by increasing preload deflection voltages, so the stiffness and damping ratio of the system can be ad-

justed by modulating the voltage between the two deflection electrodes. Considering the affect by a
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pull-in, the displacement of proof mass must be less than one-third of the original distance between

two deflection electrodes. Moreover, in order to obtain good dynamic characteristics, an optimum

working point determined by the preload deflection voltage must be set. The experimental results

show that the nonlinearity and sensitivity of the accelerometer are 0. 95% and 557 mV/g when the de-

flection voltage and the emission voltage are 5. 478 V and 1. 953 V, respectively, which indicates that

the sensor has good performance.
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1 Introduction

At present, miniaturization, intelligence and in-
tegration have become the development trend of
accelerometer. The closed-loop force-balanced

vacuum microelectronic accelerometer using
feedback control technology and sensor technol-
ogy has become a hotspot. In this paper, force-
balanced vacuum microelectronic accelerometer
is analyzed with electrostatic force balance tech-
nique. The feedback voltage changes with the
acceleration. Under the effect of the feedback
force, the mass is kept in the balance position to

So the

external acceleration can be evaluated by meas-

make the emission current constantt”.

uring the feedback voltage'”'. Since the existence
of feedback electrostatic force, the system is no
longer a pure mechanical system. A deep analy-
sis of the influence of feedback electrostatic force
to total stiffness, sensitivity, linearity and
working point of the accelerometer is achieved in

this paper.

2  Analysis of mechanical charac-

teristics

IntelliSuite is used to analyze the mechanical charac-
teristics of the accelerometer. The model with 4-1-
beams/mass structure is shown in Fig. 1. The size
of the proof mass is 2 100 umX>2 100 pmX80 pm.
The size of each long beam and each short beam are
2 290 umX 100 pmX 20 pm and 90 pmX 200 pm X<

20 pm respectively. The material is silicon. Because

the mass is thicker than the beams and the mass is
symmetrically constrained and almost no deforma-
tion, the mass block should be meshed largely. On
the other hand, the beams which are greatly de-
formed should be divided into smaller grids™’. Fig. 2
shows the analysis results of the mass block is ap-
plied an acceleration of 10 g on z axis. The largest
displacement of the mass is 2. 21 ym. Thus, the

stiffness of the structure is 38. 4 N/m"**/,

F o o ] S e

Fig. 1  Three dimensional model of sensitive compo-

nents of vacuum microelectronic accelerometer

Fig. 2 Analysis results of mechanical characteristics

When the accelerometer is working at low fre-
quency, the typical mass-spring-damper model

can be adopted to analyze the sensor. Thus, the
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resonant angle frequency and the steady state
sensitivity of the sensitive element can be ex-
pressed as

wo=vk,/m, S=m/k,,
where m is the total mass of the mass block,and

k, is the stiffness of the beams™,

3 Influence of electrostatic force

on characteristics

The structure of the accelerometer is shown in

Fig. 3 which consists of a pair of deflection elec-

Cantilever beam Proof mass Y acuum
\ micro-cavity Cathode

Cathode _| LI
tip arrary —Y ‘

Anode electrode  Deflection electrode

Fig. 3 Structure diagram of vacuum microelectronic

accelerometer

trodes, the anode and the cathode. The cathode
is making up of a tip array with the density of a-
bout 36 000/mm®. When there is a deflection
voltage between the deflection electrodes and an
emission voltage between the anode and the
cathode, the electrostatic force applied on the
mass should be the sum of the electrostatic force
between the deflection electrodes and the elec-
trostatic force between the anode and the cath-
ode. It can be expressed as

—eg‘j{%—a o )

where ¢ is the permittivity, d is the distance be-

eA U?

F.=

tween the anode and the cathode, A; and A, are
the area of the deflection polar plate and the e-
mission area respectively, and U; and U, are the
preload deflection voltage and the emission volt-

age. Because of using the model of parallel plate

capacitors to compute electrostatic force between
the emitting electrodes and the existence of emit-
ting tip array, a revised constant ¢ greater than 1
must be introduced when computing the actual
electrostatic force between the emitting elec-
trodes, which is very important for determining
the total stiffness of the system.

When the external acceleration is zero, the
proof mass will be kept in equilibrium state un-
der the effect of electrostatic force and elastic
force applied on the mass block. Then,
eAfU?+a€ACU§

2d* 2d°

where Ad=d, —d is the size of elastic deforma-

F.=k,Ad=—F.,=

(2)

tion of the cantilever, %, is the stiffness of the
cantilever beam, and d, is the original distance
between the anode and the cathode.

When an external acceleration is applied on
the mass, there will be a very small displace-
ment x. Hence, the electrostatic force applied

on the mass block can be expressed as

€A[U% o O(EACUE
2(d—x)*  2(d—x)* "’
where Uy is the voltage applied on the deflection

F.(x)=—

(3

electrodes which is the sum of the preload de-
flection voltage Uy and the feedback voltage
Up,.

But, the proof mass are approximately kept in
the balance position under the effect of the feed-
back forces, that is to say. d —x==d. Therefore

ke=M~—é(AfU?+aAeU§) , 4D

dx
where k. is the equivalent stiffness produced by
the electrostatic force'”’. So the total stiffness
should be equal to the sum of the stiffness of the
cantilever and the equivalent stiffness produced

by the electrostatic force, that is
k=/e,,,+/ec=Ien,—6%(AfU?+aA(.Uf), (5)

According to the analysis of force-balanced ac-
celerometer above, in order to make the acceler-
ometer work stably, there must be a sufficient e-
lastic stiffness to offset the effect of the electro-

static force, thus
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k,+k. >0
Therefore, the damping ratio and steady sensi-

tivity of the system can be given as

E=0/2mk,,—k s S=m/(ky k.

So, the damping ratio of the system can be ad-
justed by modulating the preload deflection volt-
age applied on the feedback electrodes. If the
damping ratio could be adjusted by modulating
the circuit, a small overshoot and a short stabili-
ty time are gotten, that is to say, better dynamic
characteristics can be obtained™™. Because of a-
dopting of electrostatic force feedback which re-

duces the total stiffness, the system has lower

resonant frequency and higher sensitivity.

4 Effect of preload deflection volt-
age on linearity and working

point

When the mass is in steady state under the effect
of the external acceleration a, the proof mass

will be approximately kept in the balance posi-
tion™. Thus,

eA ) ,
Ziczg(U(le{JrUfl))“ - %AEU; . (6)

The external acceleration is given by substitu-

ma=F,—

ting formula (2) into formula(6)

_ AU e/

a— 7’}’ld2 Ufh - 277’ld2 U%h . ( 7)

According to the equation above, the external
acceleration can be measured by measuring feed-
back voltage. Moreover, the preload deflection
voltage has great influence on the linearity of the
accelerometer. The relationship between the ac-

celeration and the feedback voltage the is shown
in Fig. 4 and Fig. 5 respectively the preload de-
flection voltage is 2 V and 10 V. It is seen from
the figure that the accelerometer’ s linearity
could be improved by increasing the preload de-
flection voltage. When Uy, is much larger than

Uy » the influence of the quadratic term could be
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Fig. 4 Relationship between input and output when

deflection voltage is 2 V
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Fig. 5 Relationship between input and output when

deflection voltage is 10 V

neglected™ . Therefore, there is a linear rela-
tionship between acceleration a and feedback
voltage Uy, approximately. That is

_ eAfUtlcf
2

" Ug. (8

a=

But on the other hand, affected by the electro-
static force, higher preload deflection voltage
will induce pull-in. Only when the displacement
of proof mass is less than one-third of the origi-
nal distance between the deflection electrodes,
the accelerometer can avoid pull-in®?. When the
sensor is working at 0 g and +1 g. the equa-

tions of the force of the mass are given as

2 2
kAd:ae?c;ye—l—eA[(Ud;;;U“” " g . ()
AU | AU

kAdz“EZC;ZUHLS chg"e‘ . (10)

where Ad=d, —d is the size of elastic deforma-
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tion of the cantilever, and Uy, is the feedback
voltage when the sensor is working at + 1g.
Moreover, the feedback voltage can be zero by
adjusting the circuit when the acceleration is ze-
ro. Therefore, the working point and the revised
constant ¢ could be estimated by measuring the
preload deflection voltage and feedback voltage.
That is

Ad=d, _\/_ 262;{(U5b +2U Uy ) » (1)

_ kAdA;(Uhys +2UUny ) AU
2mgA.U? AU

(12>

a=

5 Test

To test the non-linearity and sensitivity of the
accelerometer, a system including high precision
dividing head, oscillograph (Agilent Technolo-
gies DSO6014A), high precision d. c. voltage
source etc. is established. The accelerometer
104 is tested by using 12 points method. Out-
put curve of static rolling experiment in gravita-
tional field is shown in Fig. 6, while the deflec-
tion voltage and the emission voltage are
5.478 V and 1. 953 V respectively, where ab-
scissa is turnover angle and ordinate is the corre-
sponding output voltage. By using least squares
fitting, the output fitting curve of accelerometer
is obtained which is shown in Fig. 7. The results
show that the accelerometer has a sensitivity of

557 mV/g and a non-linearity of 0. 95% which

shows that
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Fig. 6  Output curve of static rolling experiment in

gravitational field

the sensor has good performancet’!,

More accelerometers are tested for the per-

formance contrast with accelerometer 10 #.
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Fig. 7 Output fitting curve of accelerometer

6 Conclusions

In this research, a theoretical analysis of electro-
mechanical coupling characteristics for force-bal-
anced vacuum microelectronic accelerometer is a-
chieved and a test system is established. The a-
nalysis results show that the linearity and sensi-
tivity of the vacuum microelectronic accelerome-
ter can be improved by increasing deflection volt-
age. According to the experimental results,
when the deflection voltage and the emission
voltage are 5. 478 V and 1. 953 V respectively,
the accelerometer has a sensitivity of 557 mV/g
and a non-linearity of 0. 95%. Moreover, in or-
der to obtain better dynamic characteristics, the
damping ratio of the system should be adjusted
by modulating the preload deflection voltage ap-
plied on the deflection electrodes. But affected
by the pull-in, the optimum preload deflection
voltage need to be analyzed, which be the next

working in the future.
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