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Abstract: A calculation and test method for the natural frequency of a high-g micro accelerometer with complex struc-

tures is presented. A universal formula for natural frequency, which can significantly simplify the structural design process,

is deduced and confirmed by experiment. A simplified analytical model is established to describe the accelerometer’s me-

chanical behavior and deduce the formula for the natural frequency. Finite element modeling is also conducted to evaluate

the natural frequency of the micro-accelerometer and verify the formula. The results obtained from the analytical model

and the finite element simulation show good agreement. Finally, a shock comparison method designed for acquiring the

high frequency characteristics of the accelerometer is introduced to verify the formula by testing its actual natural frequen-

cy.
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1 Introduction

With the development of the micro-machining
technique.research on the micro-accelerometer is in-
creasing. Because of its advantages such as simple
structure,easily to detect signals,and mature fabrica-
tion process,the piezoresistive accelerometer has long

(2] 'However, most piezoresis-

held people’s attention
tive accelerometers have poor dynamic behavior. Even
worse,some are damaged after the first test. Analysis
indicates the reason is that resonance occurs when ad-
ditional dynamic load containing the frequency com-
ponent equals or nears the system’s natural frequen-
cy. It induces such a large displacement of the mass
that the component structure is damaged. Two solu-
tions can be adopted to avoid this. One is to fill the
viscous fluid in the system to reduce the structure’s
vibration amplitude using the damping force of flu-
id®!. The other is to enhance the component natural
frequency as high as possible, but at the cost of de-
creasing the system’s sensitivity.

Here we adopt the latter. To acquire better dy-
namic performance, the system’s natural frequency
and sensitivity should be selected eclectically,so as to
scheme out an optimal structure. However, the calcu-
lation of natural frequency in complex structures is
complicated. There is no universal formula to be used.
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In general, the natural frequency has to be determined
by computer simulation. Accordingly,special structur-
al models for simulation must be established first.
Then the natural frequency is derived by simulation
and the structure is optimized based on it. This increa-
ses the work load greatly. Moreover,it is impossible to
establish a structural model for various sizes. So the
simulation has to be carried out on the basis of an ap-
proximate model and the acquired final structural
model may not be the best one. In summary, it is
meaningful to deduce a general calculation formula to
simplify the design process.

In this paper,a deduction method of the natural
frequency formula is presented by taking a piczoresis-
tive accelerometer with a four side eight-beam struc-
ture as a case study.

2 Solution of the natural frequency

The structural model must be simplified before
solving the first eigenfrequencies of the accelerome-
ter.

Figure 1 (a) shows the accelerometer sketch of
the four side eight-beam-mass structure. The structure
model is simplified so as to facilitate the stress analy-
sist .

(1) First, the eight-beam-mass structure (Fig.1
(a)) is simplified to a four-beam-mass structure. The

* Project supported by the National Natural Science Foundation of China (No.50775209) and NCET

1 Corresponding author. Email : fanbo46(@163. com
Received 8 March 2008, revised manuscript received 21 April 2008

(©2008 Chinese Institute of Electronics



1716 ¥ 7 EE ¢ %29 &
I S MMy 4, (3)

~ )« LI
:V ,_AA 2 [P / A where M, is the bending moment when the outside
= *P} e load functions independently, M? is the bending mo-
) ment when the outside load X; = 1 functions inde-
(ﬁ pendently,and [, is the beam length of the linkage

P ) system.

Combining the simplified structure above, when
/n L ﬁ - | M, P4 the outside load P functions independently, the ben-

e Fil TR e F R

T‘&\
(c) (d)
/ ! A |
o, [
4\ ‘¥ hy
Rg hy
a

(e)

Fig.1 Simplified model of the structure (a) Four sides eight

beam structure; (b) Four beams structure; (¢) Two beams struc-
ture; (d) Remove redundant constraints; (e) Final simplified
structure

structure and its load distribution are shown in Fig. 1
(b) ,in which the width of the beams is doubled.

(2) Because the four-beam-mass structure is com-
pletely symmetric about the xoy coordinate plane, it
can be transformed to a two beam structure,as shown
in Fig. 1 (¢).

(3) After shedding redundant constraints, the
structural force distribution is shown in Fig. 1 (d).

(4) The effect of the bending moment at the free
end in the bending deformation can be neglected be-
cause of its fixed beam structure.

The final simplified structure is shown in Fig. 1
(e).

Figure 1 (e) shows that the solution of the struc-
tural natural frequency is a statically indeterminable
problem. So the regular equation for force method is
utilized,

onX, +Ap =0 (D
where 0y is the displacement of the action spot along
the action direction when redundant restraint load X,
=1 is applied,and A, is the displacement at the free
end of the beam when the applied load P functions

independently, P = % SL=1+ % . Moreover,
_ N[ MM
8 = kzlfk £ dx (2)

ding moment at point A is:
My, = P(x—D, 0<x<I 4

When the outside load X; =1 functions independent-
ly,the bending moment of A is:

M =1, 0<x<I (5
Then9
_(M{M, ___  PI
Arr _J El Y T3 (6)
_ Ap _ pl
X, =-%Sr - P 7
, = <)

The force and bending moment at the fixed point
of O is:

R,=P=—M, (8)

_ Pl
2
Meanwhile, based on the structural force distri-

M(J (9)

bution (Fig.1 (b)), the rotary inertia of the elastic

beam is:

wh

6
The first-order mode shape of the accelerometer

is such that the mass makes the translation along the

I = (10)

z direction and the four beams have an identical de-
flection. So the beam deflection can be obtained by
the stress analysis of any beam,as shown in Fig. 1(e).

The deflection of beams was computed by the su-

perposition method (where P = %, L =1+ %).

When the outside load P functions independently,the
deflection equation of the beam is:

o == P30, o< x<1

6EI QD)

When the outside load X,; functions independently,
the deflection equation of the beam is:

_ Px?l
yz(x)fTEl, 0 x<I (12)
Hence, the total deflection of the beam is:
Px*(2x — 31
y(x) =y, (x) +y,(x) = %1)» o<x<
(13)

The natural frequency can be calculated with the
Rayleigh-Ritz formula™’ ,
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Fig.2 FEA model of the accelerometer (a) Front face; (b)

Back side

where M is the weight of the mass, E is the Young’s-
modulus of the material, I is the inertia moment of
the elastic beam, !/ is the length of the beam, w is the
width of the beam. h; is the thickness of the beam, &,
is the thickness of the mass, and P is the external
force on the mass.
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Fig.3 FEM simulation results for the resonance frequency
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3 Simulation and verification

The beam-mass structural natural frequencies are
simulated by the finite element analysis software AN-
SYS'® . In the simulation, the accelerometer structural
model, which consists of eight beams and a mass.,is es-
tablished first,as shown in Fig. 2. Suppose the dimen-
sions of the mass are A =1900pm, B = 1900pum, h, =
395um,and the length, width, thickness of the beam
arc 500,250,and 40pm,respectively.

Figure 3 and Table 1 show the simulation results
of the variation rate and the natural frequency.

(14

Then, we change the parameters of the beams.
First,we regard the width of the beams as constants
(w=250pm) ,and the depth of the beam as variables
(hy =20 ~60pm). Then, we regard the thickness of
the beams as constants (f; =40pm) and the width of
the beams as variables (w =100~500pm) .

Finally,the natural frequencies of structural dif-
ferent parameters are acquired by Eq. (14).

Table 1 Summary of FEM simulation
Resonance 1st mode:39. 88
frequency/kHz 2nd mode:72.81
3rd mode:72.82
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Table 2 Results of the simulation and calculation

Mass/pm Beam/pm Natural frequency/Hz
Length |Width| Thickness | Length |Width| Thickness | Simulation | Calculation
20 14127 13598.9

30 26562 25966.7

1900 | 1900 395 500 250 0 99559 29,9
50 53632 53650.3

60 66883 66480.6

70 80299 80757.1

100 26073 24332.9

150 31445 29786.2

200 35914 34376.2

250 10 39883 38413.9

300 43295 42058.5

350 46468 45404.9

400 49433 48500.8

500 54824 54085.2

The simulation and calculation results are sum-
marized in Table 2. These results indicate that the
natural frequency of the calculation nearly coincided
with those of the simulation and the error is 3. 77%,

as shown in Fig. 4.

4 Tested accelerometer

The tested piezoresistive accelerometer has the
same structure as the simulated model, which is de-
signed by North University of China. Figure 5 shows
the structure of the sensor and reveals that the whole
structure is completely asymmetric in the xoy plane.
Considering the present micromachining techniques in

90 -(a)
80 f
70f
60 F
sof
iy
30}

—8—Simulate
—e—Calculate

Natural frequency/kHz

70

30 40 50 60
Thickness of beam/pm

55
S50F

—&—Simulate
—e—Calculate

45t
40F
35}
30t

Natural frequency/kHz

25+
20

200 300 400 500

Width of beam/pm

100

Fig.4 Nature frequency of simulation and calculation
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Fig.5 Eight-beam-mass structure and piezoresistors

China, we set the size of the accelerometer as:a beam
width of 250pm; beam length of 500pum;beam thick-
ness of 40pm; mass width of 1900pm; mass thickness
of 395,m. Its measurement range is 0 ~50000g. The
frequency response range is over 30kHz, in accord-
ance with that calculated by Eq. (14), which is
38.41kHz.

The accelerometer is fabricated using a bulk sili-
con fabrication process with diffused piezoresistors as
sensing elements. On the top surface of the beams as
well as the frame, 13 diffused piezoresistors are
formed to construct three Wheatstone bridges, which
detect the accelerations along the z-, x-,and y-axis,
respectively. The Wheatstone bridges are shown in
Fig. 6,in which the values of the piezoresistors are as
follows.

Ri=R;=R;=R,=R;=R;=Rs;=R::=R;; =2kQ
R, = Ry, = Ry, = 8kQ

During the penetration process, the mass of the
structure vibrates, subsequently, the beams bends as a
result of strain distribution. This results in stress dis-
tribution along the beams, and finally, the stress dis-
tribution causes the variations of piczoresistors.

To fabricate such a high-g three-axis micro accel-
erometer, bulk silicon micromachining techniques are
used. To start the fabrication process.a 100mm n-type
(100) double polished silicon wafer with a thickness

Rll R]H
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Fig.6 Wheatstone bridge circuits (a) z-axis; (b) x-axis; (¢c)

y-axis
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Fig. 7
(a) Phosphorus injecting to form the n-type piezoresistors; (b)

Fabrication process of the three-axis accelerometer

Front photolithography to make connecting holes; (¢) RIE
etching, TiPtAu evaporation, and liftoff; (d) Back side KOH
wet etching

of 400pm is prepared. First an ion implantation is
adopted to inject phosphorus (P) into silicon to form
n-type piezoresistors; second, front photolithography
is adopted for the evaporation and liftoff step to form
the connecting wires; then an RIE etching is carried
out at the back of the silicon to make a hole,which is
used to do the back grind on the mass to obtain a
thickness of 395um;an KOH etching step is put for-
ward to form the mass, and the KOH etching will
form an angle of 54.74,as shown in Fig. 5. Finally,
the whole structure is released by an ICP step, the
etching depth of which is 40pm, equaling the thick-
ness of the beams. Figure 7 illustrates the fabrication
process of this structure. Figure 8 shows the photos of
the three-axis accelerometer after the fabrication
process and a photo of the packaged accelerometer.

Fig.8 SEM of the structure and photo of a packaged acceler-
ometer

S Experimental verification

The formula for calculating the Natural frequen-
cy is verified by testing. Because the general vibration
table has a limited sweep frequency scope (zero to
several kilohertz) and very small vibration amplitude,
significant errors may arise when testing the frequen-
cy response of the high-g accelerometer, which leads
to the wrong analysis results of the steady-resonance
characteristics. In this experiment, it is impractical to
test the sweep frequency characteristic with the tradi-
tional shaking table. Therefore,the shock comparison
method is introduced.

5.1 Principles of the shock comparison method""*

The tested accelerometer and the standard sensor
are installed back-to-back in the shocking-excitation
device. As shown in Fig.9, when a transient pulse
u(t) is applied by the excitation device,the two sen-
sors will produce the responses x (¢), y (t), respec-
tively. Suppose the sensor system is the linear steady
link,the frequency domain response can be written as

Y(s) = Hy(s)UC(s)

X(s) = H,(s)U(s) (15)
where H,(s) and H,(s) are the transfer functions of
the standard sensor and the tested sensor. Consequent-

ly,
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Fig.9 Principle block diagram of the shock comparison meth-
od for frequency characteristics

Y(s)/X(s) = Hy,(s)/H,(s)
There is:

Y (s)
X(s)

H,(s) = H,(s) (16)

Given that the Fourier Transform of x(¢) and y(¢)
exist,they become X (jw) and Y (jw), respectively.
Let Y(w)/X(jw) = H(jw) = A(w)e¥™ ,H, (jw) =
A, (w)ew™  H (jw) = A, (w)e®™ , Thus,
H,(jw) = H,.(Ggw)H(jw) an
If the frequency characteristic of the standard
sensor is known, the frequency characteristic of the
tested accelerometer H,(jw) is obtained by Eq. (17).
When the work frequency range of the standard sen-
sor sufficiently covers that of the tested accelerome-
ter, A,(w)=K,¢p,=0.Let K=1.Thus,
H,Gw) = H(jw) (18)
Then the frequency characteristic of the tested
accelerometer can be determined and the natural fre-
quency is easily obtained.

5.2 Experiment and results

By means of a calibrated shocking hammer, ex-
periments are done to verify the formula. The test
principle is that the hammer smites the fixed platform

Fig.10 Shocking hammer experimental system

under the pull of gravity so that the test objects un-
dergo a great acceleration stress of 200~ 50000g. As
shown in Fig. 10, the tested accelerometer and the
standard sensor are installed in the shocking hammer.
Figure 11 shows the schematic diagram of the shock-
ing hammer experimental system.

The output charge signal of the standard sensor is
transformed to a voltage signal by the 5015 charge
amplifier from Kistler Inc.™ . The output voltage sig-
nal of the tested accelerometer is amplified by its sig-
nal conditioning circuit. Then their waveforms and
data are collected by a TDS 1001B oscilloscope from

Tektronix Inc."

. Figure 12 shows the experimental
results.

Based on the least square method of the analysis
software ORIGINPRO 7.5"""'*), substituting the ex-
perimental data into Eq. (23) ,the transfer function of
the tested accelerometer is deleted.

_ 0.141 X 10"s® +0.367 X 10"s + 0. 333 X 10"

0.237 X 10"s* + 0.154 X 10" + 0. 333 X 10"

19

Figure 13 shows the Bode diagram drawn by Eq.

(19) .from which the resonance frequency of the test-
ed high-g accelerometer can be obtained.

H,

Oscilloscope

Peripheral circuits of
test accelerometer

Tested
accelerometer

?

Charge

Fixture

Standard

amplifier

accelerometer

Fig.11

Hammer

Schematic diagram of the shocking hammer experimental system
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Fig.13 Bode diagram of the tested accelerometer

w, = 37.2kHz (20)
By definition, the damping ratio is &= 0. 25, so the
natural frequency is:

w, = w, /1 - & = 38.42kHz (21)

The experiment results are consistent with the

theoretically calculated value from the formula. Thus,

the theoretical formula of natural frequency is appli-

cable to solve the natural frequency of the accelerom-
cter.

6 Conclusion

The theoretical calculation formula for the natu-
ral frequency was deduced and verified by simulation
and experiment. We can draw the following conclu-
sions:

(1) The method for deducing the calculation for-

mula introduced in this paper is only suitable for the
comparative complex beam-mass structure because the
mass was treated as a rigid body and the shear de-
formation and the tensional deformation of the struc-
ture are neglected to simplify the structure and facili-
tate the establishment of mechanical equation. When
applied in other cases,the deduction method has great
deviation.

(2) The natural frequency calculated using the
formula agrees well with the simulation results and
experimental data. Accordingly, the simplification
method can fit any MEMS components with a com-
plex beam-mass structure and its natural frequency
can be obtained by the deduced formula.

(3) In the validation test,the dynamic calibration
method in the time domain is used. Comparison indi-
cates it is feasible to acquire the natural frequency of
the high-g acceleration by the shock comparison
method.
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