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Abstract

For the microaccelerometer, strong axial response and weak cross-axial one are always expected. This paper
presents a general analysis about transverse sensitivity of the microaccelerometer. The analysis model is de-
veloped, where the influence of response stiffness and damping in different axes, as well as symmetrical de-
cline angles of 3 degrees of freedom system is considered. Moreover, multi-freedom vibration equations
based on the analysis model are established. And the equations are solved on condition that damping force is
ignored. Finally, the theoretical analysis about transverse sensitivity is accomplished, and some effective
methods, which are beneficial to reduce cross disturbance, are provided.
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1. Introduction

For the microaccelerometer, there should be no output if
the input acceleration is along the cross axis. In fact,
however, the output created by forces induced in or-
thogonal axis is not equal to zero. This phenomena is
called cross coupling, which is measured by transverse
sensitivity [1-3].

In this paper, the analysis model for cross disturbance
of the microaccelerometer is developed, where the in-
fluence of response stiffness and damping in different
axes, as well as symmetrical decline angles of 3 degrees
of freedom system is considered. Moreover, multi- free-
dom vibration equations based on the analysis model are
established. And the equations are solved on condition
that damping force is ignored. Finally, the theoretical
analysis about transverse sensitivity is accomplished, and
some effective methods, which are beneficial to reduce
cross disturbance, are provided.

2. Transverse Sensitivity

Transverse sensitivity is the ratio of the output caused by
acceleration perpendicular to the main sensitivity axis
divided by the basic sensitivity in the main direction. It is
an important characteristic of the microaccelerometer,
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and is primarily caused by two factors [4—6]. One is from
the inherent microstructure, which may be eliminated by
adopting the appropriate working principle and optimiz-
ing the design parameters. The other is from inaccuracies
in fabrication process, package orientation and mis-
alignment, which is only to be reduced as possible as we
can.

For example, x-axis accelerometer, due to inevitability
of errors in fabrication and misalignments, the applied
acceleration can be expressed as acceleration along the
x-axis and accelerations perpendicular to the main sensi-
tivity axis, denoted as a_,a ,a. respectively. Therefore,

the output is given by
Viw =S8a,+S,a,+S a, ... ()

xout

where S, or S., is transverse sensitivity of x-axis in y or z
direction. Unfortunately, the accelerometer cannot dis-
tinguish the change in voltage caused by accelerations g

and 5 , which results in a difference of S,,a,+S..a. .

Disturbance and coupling from different axes have
important influences on the performance of the microac-
celerometer. So strong axial response and weak cross-
axial one are always expected. And the transverse sensi-
tivity is always expected to small enough, even close to
Zero.
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3. Analysis of Transverse Sensitivity
3.1. Model

In most cases, the microstructure of the accelerometer can
be represented as a mass-spring-damper system. Figure 1
shows the mechanical model of the microaccelerometer
with a single x- degree of freedom. In perfect condition,
elastic deformation of the spring induced by the inertial
force is always along the x-axis no matter where accel-
eration signal is from. In fact, however, the phenomenon
of cross coupling exists inevitably. On the one hand, the
elastic deformation of the equivalent spring occurs not
only in primary x-axis but also in orthogonal y-axis and
z-axis, and on the other hand, the displacement of the

microstructure under acceleration @_ is not always along

the primary x-axis, which may be at an angle with the
ideal sensitive axis [7].

Figure 2 illustrates the mechanical model of microac-
celerometer with three degrees of freedom, where elastic
deformation is along x-axis, y-axis and z-axis. So the

acceleration ponderance @ ,d,d, are detected by the

corresponding degree of freedom system. Because the
microstructure has the same proof mass, the different
equivalent stiffness and damping coefficients, denoted as
K., K, K. and B,, B,, B. respectively, the model in Figure
2 is the analysis model of cross disturbance resulted from
stiffness and damping in different axes.

m

Figure 1. Simplified mechanical model of the microaccel-
erometer with a single x- degree of freedom.

i x
By
m 4 K
%
\&O
i3

Figure 2. Analysis model of cross disturbance resulted from
stiffness and damping in different axes.
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Figure 3 shows the other model of the microacceler-
ometer, where the spring and the damper are not along the
primary axis but that at an angle with the corresponding
ideal axis. For example, x- degree of freedom system, as
illustrated in Figure 3(a), due to inevitability of errors in
fabrication process, package orientation as well as mis-
alignment, the spring K, and damper B, are all at an angle
with x-axis, which is called symmetrical decline angle

anddenoted as ¢ . At the same time, the spring K, and
damper B, are also at an angle with y-axis or z-axis, de-
noted as S,y respectively. Most often, ¢, is quite

small, and ﬂx , 7, are all close to 7[/ 2 . Therefore,
cos’ a, +cos’ B +cos’ y, =1 )

Similarly, /3 o), are the symmetrical decline angles of

y- and z- degree of freedom systems respectively, as
shown in Figure 3 (b) and (c).

So the model in Figure 3 is the analysis model of cross
disturbance resulted from the symmetrical decline angles.

3.2. Solution

In order to analyze the influence of cross disturbance, the
multi-freedom vibration equations based on the above-
mentioned models should be established.

Here sinusoidal signal is considered. a_sinat ,
a,sinwt, a_sinwt denote three projections of vec-
tor acceleration respectively. Furthermore, assume the
displacement function is as follows:

w, =W sin ot
— W) o
w, =W," sin wt 3)
w, =W sin ot
where o, @, are the amplitudes along the x, y

and z-direction respectively.
For x-degree of freedom system, the vibration equation

responded to acceleration signal a, sinwt is given by:

miiy o+ B, B, B |+ K, K, K. [{ =10
W B B. B|lw] K. K. K |lw] (0
(4)

where w,, w,, w. are the displacements of proof mass
along the x, y and z-direction respectively. w_, Wy, W,

and v, v'{/y , W, denote the first and the second deriva-

tive of displacement w,, w,, w, with respect to time ¢ re-
spectively. K., K,,, K.. are the self-stiffness of equiva-
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Figure 3. Analysis model of cross disturbance resulted from the symmetrical decline angles. (a) x-degree of freedom system. (b)

y-degree of freedom system. (c) z-degree of freedom system.

lent spring K, which reflect responsibility of spring K, in
three orthogonal axes. K.y, K., K, are the coupling stiff-
ness of equivalent spring K., which reflect responsibility
of spring K, in three coupling orthogonal axes. And B,,,
B,,, B.. are the self-damping of equivalent coefficient B,,
which reflect the damping effect of B, in three orthogonal

axes. By, B,., B..are the coupling damping of equivalent

coefficient B,, which reflect the damping effect of B, in
three coupling orthogonal axes.

Substituting Equation (3) into Equation (4), we get the
system of three linear equations in three variables w,

(x) ()«

(K., sinot + B wcos ot —ma’ sim o)W + (K sinot+ B ocos o)W, + (K _ sinot + B_wcos o)W = ma, sin ot

(K, sinwt+ B _wcos o)W, " + (K, sinwt + B, @cos ot —me” sin o)W +(K _ sinwt + B_wcos ot) W =0

K _sinwt+B_wcosot)W™ +(K _sinwt+B_wcoswt) W™ +(K_ sin ot + B._wcos ot —ma” sin wt) W™ =0
xz Xz x yz vz y zz 2z z

Usually, there are three ponderances of vector accel-
eration, denoted as a,.a,a,- They are responded by the
respective degree of freedom system. Furthermore, re-
sponse along the x, y and z-direction exist in each degree

Copyright © 2009 SciRes.

(&)

of freedom system. So there are nine amplitude expres-
sions responded to the acceleration signal. In order to
simplify the analysis, damping force is ignored. There-
fore, Equation (5) is simplified to:
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(K, —ma* W+ K WS+ K WY =ma,
K WD +(K, —mo” WS +K WD =0 (6)
szVVx(X) + K}’ZVV}’(X) + (Kzz - ma)z)VVz(X) = 0
Hence,

- K sin’ a —mao’

= —a

' (K, -ma*)o*

w _ K, cosa, cosf, )

g (K, —mao*)o® "

w _ K .cosa cosy, g

(K, -moMH)eo' "

Likewise, the amplitudes responded to acceleration
signal g sinar,a_siner are respectively given by

o _ K, cosa, cosf, ;
X 2 2 y
(K, —mo)o
s a2 2
R e N
7 (K, —mo*)o"
o K cosf cosy,
= o2 b
(K, —mao)o
o K. cosa, cosy,
= q
* (K, -mo’)o* -~
., K _cosp. cosy,
And ; ) =————a. )
(K, -mo’ )
@ _ K, sin’ V. — ma*
: (K, -mo’)o* -~
3.3. Analysis

Building on the previous analysis, we get the nine am-
plitude expressions responded to the sinusoidal accelera-
tion signal, as listed in Table 1.

For 3-axis microaccelerometer, what we need is the
amplitude response in leading diagonal of Table 1. They
should be the strongest, whereas the others are the cross
disturbance. Therefore, transverse sensitivity of x-axis in
y- and z-direction are given by

2
g Sy o K, cOsa,cO8B, K —mw
- - . : s
S o mo-K sin"a, K, -mo’
) Y 10
i (10)
g S s K. cosa cosy, K —-ma
x> - 2 -2 2
S wid Mo —K sin"a K —mw
Similarly,
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2
§ S us _ K. cosa, cosf, K, -maw
R - 2 ) P
Sy—axial mo — Ky s ﬂy Kx —mw (1 1)
2
S — Szfcross — Kz COSIB: COS }/z . Ky —mw
zy - B ) 7
Sy wia MmO =K sin® B, K —mo
2
S _ Sxfcross _ Kx Ccos ax CcosS J/X . Kz —maw
xz T - 2 ) 20
Szfaxiu/ mao- — Kz sm-y, Kx —mo (12)
s - S ross B K, cosf, cosy, K. —m P
vz - 2 -2 PR
Szfaxial mao _Kz s 7: Ky —mao

If the microaccelerometer sensitive to the change in
displacement has three primary axes, then the equation
K.=K,=K is always expected for uniform sensitivity in
three sense directions. So the expressions of transverse
sensitivity in Equation (10)—(12) could be simplified.
Considering constraints for symmetrical decline angles of
x-, y- and z- degrees of freedom system, that is, o, B,.7.

are all close to zero, it’s not difficult to find that transverse
sensitivity only relates to the coupling angles and the way
for small transverse sensitivity is to make the coupling
angles equal to /2. Of course, a,,a, are the coupling

angles of x- system, while 8,3 and y | y, are those of y-

and z- systems respectively. If the coupling angles are all
equal to 7[/ 2, then transverse sensitivity S=0.

It should be pointed out if the microaccelerometer has
only one or two primary axes, then the above six expres-
sions about transverse sensitivity will be decreased by four
or two. For instance, there are only S,,, S.. for x-axis ac-
celerometer. So transverse sensitivity relates not only to the
coupling angles but also to the response stiffness in different
axes. Therefore, two methods are recommended to reduce
transverse sensitivity. One is to make the coupling angles
equal to /2. The other is to ensure the response stiffness
in the primary axis far less than that in the cross axis.

4. Summary

This paper presents a general analysis about transverse
sensitivity of the microaccelerometer. Firstly, the analysis
model for cross disturbance of the microaccelerometer is
developed, where the influence of response stiffness and
damping in different axes, as well as symmetrical decline
angles of 3 degrees of freedom system are considered.
Secondly, multi-freedom vibration equations based on the
analysis model are established. And the equations are
solved on condition that damping force is ignored. Finally,
some effective methods, which are beneficial to reduce
cross disturbance, are provided. For the microaccelerome-
sensitive to the change in displacement, if it has
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Table 1. Amplitude responded to the sinusoidal acceleration signal.

y-direction

z-direction

K cosa, cos f,

(K, -ma’)o*

K cosa, cosy,
(K, —mao’)o’

x

a2 2
K, sin® B, —mw

2 2
(K, —mo”)o

a,

K, cos B, cosy,
(K, -mo’ )’

v

Amplitude
x-direction
Acceleration
) K sin’ a, —mo’ "
a_sin ot B N
; (K, -ma*)o*
4 sinor K, cosa,cos B, B
v (K, -ma" )
. K_cosa_cosy,
a_sin ot e a2
z (K. -mo’)o’

K, cos B cosy, u
(K. -mao*)o® *

K_sin’ y, —mo’

(K, -meo)o’

aZ

three primary axes, then transverse sensitivity only relates
to the coupling angle and the way for small transverse
sensitivity is to make the coupling angles equal to /2. If

it has one or two primary axes, then transverse sensitivity
relates not only to the coupling angle but also to the resp-
onse stiffness in different axes. So in order to reduce
transverse sensitivity, two methods are recommended.
One is to make the coupling angles equal to 7/2. The

other is to ensure the response stiffness in the primary axis
far less than that in the cross axis.
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