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Abstract Boundary structure and geometry parameters of
the Double-Ended-Tuning Fork (DETF) resonator in a
micro-accelerometer are investigated. The theoretical
vibration model of a DETF resonator is established and
verified by the simulation results obtained by finite element
method. Uncertainty analysis incorporating the parametric
uncertainty distribution is conducted by establishing the
sample-based stochastic model to systematically investi-
gate the influence of different geometry parameters of the
DETF resonator on the natural frequency and the sensi-
tivity of DETF resonator. The results reveal the different
influences of geometry parameters, which can be used as
reference for design and optimization of the DETF res-
onator of the micro-accelerometer.

1 Introduction

Resonant micro-accelerometers inherit the properties of
quasi-digital output and excellent performances in stability,
resolution, and repeatability from the resonant sensing
mechanism (Ashwin et al. 2002). Moreover, microma-
chining processes produce drastic reduction in size, weight,
and cost of the accelerometer (Yu and Lan 2001; Eloy and
Roussel 2002; Masako 2007; Chuang et al. 2010).
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As the core component of the resonant micro-ac-
celerometer, the resonator has a great influence on the
performance of the sensor. Design and optimization of the
resonator structure has become an important study of res-
onant micro-accelerometer. Working as the resonator,
Double-Ended-Tuning Fork (DETF) with the advantages of
simple structure and easy processing is widely used in the
resonant micro-accelerometers (Hopkins et al. 2006; Lee
et al. 2008). The structure of the DETF resonator is related
to the whole structure of the accelerometer and the per-
formances like scaling factor, resolution, and sensitivity
(Kim et al. 2005; Su et al. 2006; Seok and Chun 2006; He
et al. 2008). Therefore, the design and optimization of the
structure of DETF resonator, particularly boundary struc-
ture and geometry parameters of DETF resonator, are very
important.

In order to obtain better performance, selection of
boundary structure of DETF resonator is based on high
quality factor (Q value) (Beeby and Tudor 1995; Beeby
et al. 2000; Hassanpour et al. 2007). For design and opti-
mization of the DETF geometric parameters, the influence
of different structure parameters on the performance should
be clear, beside which, the specific adjustment of different
geometric parameters can be done. Especially when all the
performances can not be achieved optimal at the same
time, the necessary trade-offs must be done according to
the information of impact of each DETF geometric
parameter on the particular performance. Therefore, it is
very important to obtain the degree of influence of different
structural parameters on different performances, and to
obtain the most influential geometric parameter for each
certain performance.

A systematic methodology incorporating the parametric
uncertainty distribution to analyze the effects of the DETF
geometric parameter is necessary. Shi et al. (2014) applied
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a sample-based stochastic model to investigate the influ-
ence of different parameters in design and optimization of
an electro-thermal excited MEMS resonant sensor. Peng
et al. (2013) applied a sample-based stochastic model to
investigate the influence of different uncertain parameters
on the solid—liquid—vapor phase change processes in order
to find the key parameters that have the dominant effects.
The effects of uncertainty in the optical fiber drawing
process (Mawardi and Pitchumani 2008; Myers 1989) and
in the nonisothermal flow during resin transfer molding
(Padmanabhan and Pitchumani 1999) were also investi-
gated with a sampling-based stochastic model. This method
can be applied to the design and optimization of the geo-
metric parameters of the DETE resonator to obtain the
degree of influence of different geometric parameters on
different performances.

In this paper, the theoretical vibration model of the
DETF resonator in a micro-accelerometer is established
and verified by finite element method to invest the
boundary structure and geometry parameters of the DETF
resonator. Uncertainty analysis incorporating the paramet-
ric uncertainty distribution is conducted by establishing the
sample-based stochastic model to systematically investi-
gate the influence of different geometry parameters of the
DETF resonator on the natural frequency and the sensi-
tivity of the DETF resonator for design and optimization of
the DETF resonator of the micro-accelerometer.

2 Working principle of the resonant micro
accelerometer

The resonant silicon micro accelerometer is based on the
principle of resonance measurement to measure the
acceleration. The schematic diagram of the measurement
principle is shown in Fig. 1.

The resonant micro accelerometer mainly comprises a
mass block, a supporting beam, a resonator, a driving unit
and a detection unit. In this paper, the primary sensitive
structure of the resonant accelerometer is composed of the
mass block and the supporting beams. When the measured
acceleration is along the X axis, the primary sensitive
structure transforms the acceleration into the inertial force
along the X axis. The DETF resonator is the secondary
sensitive structure, which is used to measure the inertial
force. When there is an inertial force along the X axis, the
natural frequency of the DETF resonator is changed. In
order to realize differential measurement, the accelerome-
ter uses two identical DETF resonators to feel the same
amount of tension and pressure along the axial direction of
the DETF beams, which can eliminate the common mode
interference signal in signal processing. The drive unit
drives the DETF resonator into vibration and maintains the
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resonant state. The vibration signal detected by the detec-
tion unit, and the closed-loop feedback control circuit
controls the drive unit tracking the natural frequency of the
DETF resonator. According to the vibration signal detected
by the detection unit, the change of the natural frequency
can be obtained, and then acceleration can be calculated.

The vibration characteristic of the DETF resonator can
be expressed as a single freedom second order system.
When there is no axial force, the natural frequency of the
resonator is:

©n = ket /Mg, (1)

where, kg is the equivalent stiffness of the DETF resonator
without axial force, and M. is the equivalent mass of the
DETF resonator. The mass block and the supporting beams
together transform the acceleration into the inertial force. A
part of the inertia force is consumed by the supporting
beams of the mass block, and the other part acts on both
DETF resonators in the axial direction.

3 Structure design of the DETF resonator

The structure of the DETF resonator is related to the whole
structure of the accelerometer and the performances
(scaling factor, resolution, and sensitivity). The DETF
resonator mainly consists of two identical resonant beams,
and the structure design of the DETF resonator focus on
boundary structure and geometry parameters of the reso-
nant beam. In order to obtain better performance, selection
of the boundary structure of the DETF resonator is based



Microsyst Technol (2018) 24:2025-2034

2027

on high quality factor (Q value) (Beeby and Tudor 1995;
Beeby et al. 2000; Hassanpour et al. 2007).

In order to select the proper boundary condition and
vibration model of the DETF resonators, the DETF res-
onator is taken as the object of study. Four kinds of DETF
resonators with different boundary structures are shown in
Fig. 2. Based on the comparison of the boundary struc-
tures, the DETF resonator with better performance is
selected. And according to the selected boundary structure,
four basic mode shapes of the DETF resonator are shown
in Fig. 3. In Fig. 3, mode 1 and mode 3 are the in-phase
vibration mode, mode 2 and mode 4 are the inverse
vibration mode. Compared to mode 3 and mode 4, mode 1
and mode 2 are easily to be implemented from the aspects
of the excitation methods and the detection method.

When the DETF resonator works in the inverse vibration
mode (mode 2 or mode 4) as Fig. 3 shown, two resonant
beams of the DETF resonator are vibrating with the stress
and moment same in magnitude and opposite in direction at
the combined place, which lead the stress at the combined
place to be eliminated by each other. Meantime, for the
inverse vibration mode, the vibrations of two beams offset
each other at the end of the merger, and the energy of the
DETF transmission from the fixed end to the outside
reduces, which lead the DETF resonator to have high Q
value and the ability to resist the vibration of surrounding
structure. Since the DETF resonator has high Q value, the
DETF resonator loses less energy due to damping and can
easily keep a more stable vibration by forming a self-ex-
cited close-loop system. At the same time, increasing the Q
value is helpful to reduce the thermal mechanical noise and
improve the resolution of the DETF resonator.

The stress of the fixed end of the DETF resonator
determines the Q value. The energy loss is large and the
mechanical coupling between the beam and the surround-
ing structure is serious when the stress of the fixed end of
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Fig. 2 Four kinds of DETF resonators with different boundary
structures
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Fig. 3 Basic mode shapes of DETF resonator

the DETF resonator is large, which makes the Q value is
low. Conversely, the Q value is high when the stress of the
fixed end of the DETF resonator is small.

Therefore, the inverse vibration mode is ideal operating
mode. And, in consideration of the implemented of the
excitation methods and the detection method, mode 2 is
selected as the operating mode. When one mode is taken as
the operating mode, all the other vibration modes are taken
as the interference mode. And the interference mode has
little influence on the working mode when the difference
between the natural frequencies of the operating mode and
the interference mode is great.

According to the boundary structure as shown in Fig. 2,
four DETF resonators with different boundary structure
were analyzed by FEM simulation utilizing the Finite
Element program ANSYS. In FEM simulation, all models
of DETF resonator with isotropic single crystal silicon
material were meshed with Four-node quadrilateral plane
stress elements. A group of parameters are used:
L=500pum, h=4pum, b=40pum, gap = 10 um,
fsl =50 pm, s = 2 pum, s/ = 50 pum, sw = 10 um, and the
Young’s modulus E = 133 Gpa, the Poisson’s ratio
v=0.278, the material density p = 2329 kg m>. The
result is shown in Table 1, and the natural frequencies of
the DETF resonators in mode 1(in-phase vibration mode),
mode 2 (inverse vibration mode) and the stresses of the
fixed end of the DETF resonators with different boundary
structure are given.

From Table 1, it can be found that the difference of
natural frequency between mode 2 (inverse vibration
mode) and mode 1 (in-phase vibration mode) of No. 3 and
No. 4 boundary structure is larger than that of No. 1 and
No. 2 boundary structure. The boundary structure of No. 3
and No. 4 can make the natural frequency of mode 1 far
away from the working mode, which reduces the influence
of the interference mode.

The Q value is determined by the stress at the fixed end.
No. 4 boundary structure has the least stress in four
boundary structures. The fixed end stress of the DETF
resonator with No. 4 boundary structure is just 0.08 times
of the fixed end stress of the DETF resonator with No. 3
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Table 1 FEM simulation result

Mode 2 (kHz) Stresses of the fixed end (N/mz)

of DETF resonators with DETF Mode 1 (kHz)
different boundary structure No. 1 138.366

No. 2 138.295

No. 3 129.283

No. 4 129.730

138.665 89.2
138.441 71.6
138.653 10.5
139.455 0.87

boundary structure, and the fixed end stress of the DETF
resonator with No. 3 boundary structure is the second least
stress in all DETF resonators.

Based on the above simulation results, No. 4 boundary
structure is selected. For this boundary structure, two
beams of the DETF resonator are vibrating with the same
frequency and opposite phase in the XY plane when it
working at the working mode (mode 2), and the natural
frequency depends only on the geometric parameters of the
DETF resonator and the measured acceleration.

4 Vibration analysis of DETF resonator

When the DETF resonator is working at inverse vibration
mode (mode 2), the displacement of the fixed end is very
small (almost zero). So the two beam of the DETF res-
onator can be regarded as independent double clamped
resonant beams. According to the Euler—Bernoulli beam
model (Li et al. 2012), the differential equations of motion
for the transverse bending vibration of beam is:

o O*w(x, 1) 0 [ _ow(x,1) o*w(x, 1)
e (E’a—) o (FT) T
— P(x),
2)

where, w(x,t) is transversal displacement of a resonance
beam, x is the distance along the resonant beam from a
clamped end, and ¢ is time. b is the width of the resonant
beam, and 7 is the thickness of the resonant beam. p is the
material density, and E is the Young’s modulus of the
material. / is the second moment of the beam cross sec-
tion. F is the axial load caused by the measured accelera-
tion, including the axial inertia force N, and the residual
internal force of the beam N,. P is the inertia force caused
by the added mass of the comb on the resonant beam.

Boundary conditions of this clamped—clamped resonant
beam are:

ow
= L = P
w00 = w(L,)) =0 o

Cow| 0, 3)

x=L

x=0 Ox

where, L is the length of the resonant beam.

The partial differential equation Eq. (2) can be decom-
posed into a series of ordinary differential equations by
means of the mode superposition method. The transversal
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bending vibration of the beam can be expressed as the sum
of an infinite number of mutually orthogonal modes, and
w(x, 1) is:

wie,n) = i(x)ui(t), (4)

where, ¢,;(x) is the i order mode shape function of the
resonant beam, and u;(¢) is the generalized coordinates
corresponding to the i order mode. It is assumed that the
cross-sectional area, the elastic modulus and the axial force
remain constant along the axis of the beam, and arbitrary
order mode can be solved by the orthogonality between the
modes.

( /OL pbh¢12dx+ma¢i(xa)2) i

+ </0LEI<a§xq§i>2dx + /OLF<%> 2dx> Ui

=0, (5)

where, m, is the added mass of the comb on the resonant
beam, and x, is the distance of the comb from a clamped
end of the beam.

According to the energy method, the Eq. (5) represents a
single freedom second order system. The first term is the
inertia term and the second term is the stiffness term. And
the equivalent mass and equivalent stiffness of resonant
beam at a single mode can be expressed as:

L
Mg ; =/ pbhidx+m,d;(x,)*
0

(6)

L 24\ 2 L 2
0" ¢; 0¢;
Ketri = EI L) dx Fl=) dx
o= o) oo ()
The transversal bending vibration of the beam at the i
mode can be expressed as:
Megr i + Kegriuy = 0. (7)

Therefore, the natural frequencies of the resonant beam
at the i mode are:

Lo (@) L. (3g,)?
Kets | Jo BT (W) de+ [y F (E) dx
wn,i = — = . (8)
Mg

Jiy pbh?dx-+mqd;(x,)’

Based on the above analysis, it is found that the
transversal bending vibration of the resonant beam is the
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sum of the infinitely simple solutions of a second order
equation as Eq. (7). Each two order equation corresponds
to a mode shape function and its natural frequency.
According to the Eq. (8), the first natural frequency of
the DETF resonator under the action of axial force F' can be
obtained:
W1
el

©)

According to Eq. (8), the first order natural frequency of
resonant beam in DETF resonator depends on the axial
load along the beam after the geometric parameters of
DETF resonator are determined.

The sensitivity of the DETF resonator is an important
performance which determines the scale factor of the
accelerometer, and it is the change of the natural frequency
caused by unit axial force. In order to improve the per-
formance of accelerometer, the DETF resonator must have
high sensitivity.

The frequency change caused by the unit axial force is:

f(F) =1 (0)
7 .

According to Egs. (8), (9) and (10), the natural fre-
quency and the sensitivity of the DETF resonator depends
on the geometric parameters of the DETF resonator,
including the length of the resonant beam L, the width of
the resonant beam b, the thickness of the resonant beam #4,
and the added mass of the comb on the resonant beam m,.

Based on the above analysis, the theoretical analysis
results were compared with the FEM simulation results
obtained by utilizing the Finite Element program ANSYS
when the residual stress on the resonant beam is not taken
into considered. The compared results are shown in Fig. 4.
By comparing the simulation results with the results of
theoretical analysis, it is shown that the analysis results of
theoretical model are in good agreement with the simula-
tion results, which indicated that the theoretical model has
very high accuracy.

Through established theoretical model of the DETF
resonator, the change trend of the performance with the
different geometric structure parameters of the DETF res-
onator can be obtained. However, the influence degree of
each parameter on a particular performance can not be
obtained and compared, and it is not clear which parame-
ters have the greatest impact on a particular performance.
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x10°

~~
&
~
w
3

T T

—Theoretical values
O Simulation values |-~~~

Natural frequency of the
DETF resonator

Length L x10
4
10
(b) of T T T T T
[—Theoretical values
2 o T o { O Simulation values | |
= : . . : : :
S . : : . .
58 ; 3
§5 & © © © ©- e o
=7} . .
o o : :
Q= : : :
= ' ' ' ' '
D 750 e S e Tt
20 . . . . .
© .
z :
7
1 2 3 4 5 6 7
. -5
Width b x10
© g
- - . h h h h h D
° 25k-- —Theoretical values| . . S S e
< O Simulation values | . . .
5 : : : f : : f
E“é b e e . © ST [ —
©
< c
%3 L= R e R b R R R EEREEEEI SRR
g5 :
= ] A L L S P S
5 :
20 :
& 0.5f T s LRRDEERET ERRRIRLTSRRRTRS
b4 d !
0 H H H H H H H
2 3 4 5 6 7 8 9 10
Thickness h x10
(d) 14x10A
®
£
o
°s
-
o2
]
g o
g
-+
© W
S0
s}
z :

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Added mass ma x10

Fig. 4 The comparison of theoretical values and simulation values.
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beams with different widths. d Theoretical values and simulation
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5 Uncertainty analysis method
5.1 Sample-based stochastic model

Based on the theoretical vibration model of the DETF
resonator, the stochastic modeling is realized. The detailed
procedure of the stochastic modeling is given in Fig. 5.
Different input parameter combines randomly as a com-
bination, and a number of combinations are selected to
evaluate the variability of the output parameters. In order to
decide the number of input parameter combinations,
stochastic convergence analysis is conducted. The degree
to which input parameters vary is quantified, and uncer-
tainties of the input parameters are propagated through the
established theoretical vibration model of the DETF res-
onator, so that the variability of output parameters is
quantified according to the results.

The output parameters of interest in this study include:
the natural frequency of the DETF resonator and the sen-
sitivity of the DETF resonator. Firstly, the influence of
different uncertain geometric parameters of the DETF
resonator, including the length of the resonant beam L, the
width of the resonant beam b, the thickness of the resonant
beam A, the added mass of the comb on the resonant beam
m,, on the output parameters are investigated. Assuming all
of these input parameters obey the Gaussian distribution
with the mean value u and the standard deviation ¢. The
mean value is considered as the design value of the input
parameters here, and the standard deviation shows the
uncertainty of the input parameters. The coefficient of
variance (COV) o/u is defined to represent the degree of
uncertainty of the input parameters, and the COV of the
uncertain parameters with high standard deviation and low
nominal mean value is high while the COVs of the certain
parameters are zero. Monte Carlo sampling (MCS) method
is used to randomly select every input parameter from its
prescribed Gaussian distribution and combining them
together as one sample.

The variability of output parameters is highly dependent
on the number of samples (Peng et al. 2013). The mean
value and standard deviation of the input parameters

[l Stochastic

/\L ap-| Convergence

i

h N, Samples for Vibration ;
[l Uncertain Input - Model of DETF .
Parameters Resonator [l
mll
Uncertain Input Deterministic s
Parameters Input Parameters Pa?;lltnpelizrs

Fig. 5 Sample-based stochastic model
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converge to the nominal mean value and standard deviation
of the Gaussian distribution when the number of samples
increases, and meantime the mean values and standard
deviations of the output parameters also converge within a
certain tolerance (Peng et al. 2013; Mawardi and Pitchu-
mani 2008). By the stochastic convergence analysis, the
number of input parameter samples is selected to ensure
that the number of input parameter sample is proper and the
samples are representative.

For every input sample, the vibration model of the
DETF resonator is used to calculate the output parameters
after sufficient samples are selected. The effects of the
input parameters variability on the uncertainty of output
parameters is assessed by obtaining each set of output
parameter through this deterministic vibration model of the
DETF resonator. The probability distribution is generated
from the resulting sets of output parameters.

In order to quantify the uncertainty of the output
parameters, the interquartile range (IQR) is defined as the
difference between the 25th percentile (P25) and the 75th
percentile (P75) (Peng et al. 2013; Mawardi and Pitchu-
mani 2008):

IQR = P75 — P25, (11)

5.2 The stochastic convergence analysis

The properties of the DETF resonator in this paper are: the
Young’s modulus E = 133 GPa, the Poisson’s ratio
v=0.278, the material density p = 2329 kg m >, and
gap = 10 um, fs/ =50 pm, s =2 pum, s/ =50 pm,
sw = 10 pum.

According to the uncertain input distributions, the out-
put distributions are obtained by the sample-based
stochastic model previously discussed. The stochastic
convergence analysis is conducted to identify a minimum
quantity of input parameters which can represent the input
sample distribution and guarantee steady output distribu-
tion. In the process to obtain number of input samples N,
the design values of the input parameters are set as their
mean values: L =500 pum, h=4pum, b =40 pum,
m, = 1 x 1071° kg. And the COVs of each input parameter
are set as 0.04.

The stochastic convergence analysis of the mean values
of input parameters L, b, h, m, is conducted. The results are
shown in Fig. 6. It can be found that the mean values of the
input parameters frequently fluctuate when Ny is less than
300. The mean values of the input parameters still oscillate
but the changing amplitude is less than 1% at Ng; = 300.
Therefore, 300 samples are sufficient to ensure that the
nominal mean values of input parameters are steady.

The stochastic convergence analysis of the standard
deviation of the input parameters is also conducted, and the
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results are shown in Fig. 7. It can be seen that the standard
deviation oscillates significantly even when the number of
input parameters N, is more than 300.The reason for this is
that the deviation is a higher order moment and converges
much more slowly than the mean values (Peng et al. 2013).
When the sample number increases to 400, the standard
deviation of L, b, h, m, converges within 1.72, 1.29, 1.45
and 0.05%, respectively.

The stochastic convergence analysis of output parame-
ters is shown in Fig. 8. Inputs are L, b, h, m,, and it can be
seen that the mean value converges very fast. The mean
values of output parameters are within 0.43% for f and
0.46% for S when the number of samples increases beyond
400. The standard deviation converges to be within 1.79%
for f and 1.87% for S when 400 samples are used.

According to the above discussion, the minimum num-
ber of samples N, = 400 is obtained and this number of
samples will be used to conduct following analysis.

5.3 The result of uncertainty method

The IQRs of fand S is a function of the COVs of the input
parameters L, b, h, and m,. When the COV of one input
parameter increases from 0.01 to 0.1, the COVs of other
parameters are kept constant at 0.01. The IQR analysis of
output parameters indicates a different relationship
between the IQRs and the COVs of the parameters. The
IQRs of fand S are shown in Fig. 9.

As shown in Fig. 9a, the IQR analysis of the natural
frequency of the DETF resonator indicates a strong rela-
tionship between the IQR and the COV of parameters L,
which indicates that the natural frequency of the DETF
resonator greatly depends on the length of the resonant
beam L. On the contrary, the effects of the width of the
resonant beam b, the thickness of the resonant beam 4, and
the added mass of the comb on the resonant beam m, on the
natural frequency of the DETF resonator are relatively
insignificant.

As shown in Fig. 9b, the IQR analysis of the sensitivity
of DETF resonator indicates a strong relationship between
the IQR and the COV of parameters L and A, and the
effects of the COV of b and m, on the IQR are relatively
insignificant. This indicates that the sensitivity of the DETF
resonator greatly depends on the length of the resonant
beam L and the thickness of the resonant beam /. Besides,
b, and m, can also affect S greatly, which means that the
width of the resonant beam b and the added mass of the
comb on the resonant beam m, also have great effect on the
sensitivity of the DETF resonator.

According to the above analysis, the influence degree of
the length of the resonant beam L, the width of the resonant
beam b, the thickness of the resonant beam /4, and the
added mass of the comb on the resonant beam m, on the
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d Convergence analysis of standard deviation of §
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Fig. 9 The IQR analysis of output parameters when the inherent heat
elevation is not taken into account. a IQR of f with different input
parameters COV. b IQR of § with different input parameters COV

natural frequency and the sensitivity of the DETF resonator
are obtained and compared. It is clear which parameters
have the greatest impact on a particular performance.
When it is need to adjust input parameters to change the
natural frequency and the sensitivity of the DETF res-
onator, the length of the resonant beam L is the preferred
parameters.

6 Conclusions

In this paper, the boundary structure and geometry
parameters of the DETF resonator in a micro-accelerome-
ter are invested. Based on established theoretical vibration
model of the DETF resonator which is verified by finite
element method, the sample-based stochastic model is
established to systematically investigate the influence of
different geometry parameters of the DETF resonator on
the natural frequency and the sensitivity of the DETF
resonator. The results reveal that the length of the resonant
beam in the DETF resonator has great influence on the
natural frequency and the sensitivity of the DETF res-
onator. The obtained results can be used as reference for
design and optimization of the DETF resonator to improve
the performances of the micro-accelerometer.

Acknowledgements This study was supported by the Fundamental
Research Funds for the Central Universities under grants number
YZ620, Postdoctoral Science Foundation of China under Grants
number 2016M591049.

References

Ashwin AS, Trey A, Roessig A (2002) Vacuum packaged surface
micromachined resonant accelerometer. J Micro Electromech
Syst 11:784-793. doi:10.1109/JIMEMS.2002.805207

Beeby SP, Tudor MJ (1995) Modelling and optimization of micro-
machined silicon resonators. J] Micromech Microeng 5:103-105

Beeby SP, Ensell G, White NM (2000) Microengineered silicon
double-ended tuning-fork resonators. Eng Sci Educ J 9:265-271.
doi:10.1049/esej: 20000606

Chuang WC, Lee HL, Chang PZ et al (2010) Review on the modeling
of electro-static MEMS. Sensors 10:6149-6171. doi:10.3390/
$100606149

Eloy JC, Mounier E, Roussel P (2005) Status of the inertial MEMS-
based sensors in the automotive. In: Advanced microsystems for
automotive applications 2005. Springer, Berlin, Heidelberg,
pp 43-48

Hassanpour PA, Cleghorn WL, Esmailzadeh E et al (2007) Vibration
analysis of micromachined beam-type resonators. J Sound Vib
308:287-301. doi:10.1016/].jsv.2007.07.043

He L, Xu YP, Palaniapan M (2008) A CMOS readout circuit for SOI
resonant accelerometer with 4-pg bias stability and 20—pg/\/ HZ
resolution. Solid State Circuits 43:1480-1490. doi:10.1109/
JSSC.2008.923616

Hopkins R, Miola J, Setterlund R et al (2006) The silicon oscillating
accelerometer: a high performance MEMS accelerometer for
precision navigation and strategic guidance applications. Draper
Technol Dig 10:4-13

Kim HC, Seok S, Kim I, et al. (2005) Inertial-grade out-of-plane and
in-plane differential resonant silicon accelerometers (DRXLS).
In: Solid-state sensors, actuators and microsystems, trans-
duer’05, vol 1, pp 172-175. doi:10.1109/SENSOR.2005.
1496386

Lee JEY, Bahreyni B, Seshia AA (2008) An axial strain modulated
double-ended tuning fork electrometer. Sens Actuators A
148:395-400. doi:10.1016/j.sna.2008.09.010

Li QF, Fan SC, Tang ZY, Xing WW (2012) Non-linear dynamics of
an electrothermally excited resonant pressure sensor. Sens
Actuators A 188:15-28. doi:10.1016/j.sna.2012.01.006

Masako T (2007) An industrial and applied review of new MEMS
devices features. Microelectron Eng 84:1341-1344. doi:10.1016/
j-mee.2007.01.232

Mawardi A, Pitchumani R (2008) Numerical simulations of an optical
fiber drawing process under uncertainty. Lightwave Technol
26:580-587

Myers MR (1989) A model for unsteady analysis of preform drawing.
AIChE J 35:592-602. doi:10.1002/aic.690350409

Padmanabhan SK, Pitchumani R (1999) Stochastic modeling of
nonisothermal flow during resin transfer molding. Int J Heat
Mass Transfer 42:3057-3070. doi:10.1016/S0017-
9310(98)00377-9

Peng H, Zhang YW, Pai PF (2013) Uncertainty analysis of solid—
liquid—vapor phase change of a metal particle subject to
nanosecond laser heating. Manuf Sci Eng 135:021009. doi:10.
1115/1.4023714

Seok S, Chun K (2006) Inertial-grade in-plane resonant silicon
accelerometer. Electron Lett 42:1092-1093

Shi HC, Fan SC, Zhang YW et al (2014) Design and optimization
based on uncertainty analysis in electro-thermal excited MEMS

@ Springer


http://dx.doi.org/10.1109/JMEMS.2002.805207
http://dx.doi.org/10.1049/esej:20000606
http://dx.doi.org/10.3390/s100606149
http://dx.doi.org/10.3390/s100606149
http://dx.doi.org/10.1016/j.jsv.2007.07.043
http://dx.doi.org/10.1109/JSSC.2008.923616
http://dx.doi.org/10.1109/JSSC.2008.923616
http://dx.doi.org/10.1109/SENSOR.2005.1496386
http://dx.doi.org/10.1109/SENSOR.2005.1496386
http://dx.doi.org/10.1016/j.sna.2008.09.010
http://dx.doi.org/10.1016/j.sna.2012.01.006
http://dx.doi.org/10.1016/j.mee.2007.01.232
http://dx.doi.org/10.1016/j.mee.2007.01.232
http://dx.doi.org/10.1002/aic.690350409
http://dx.doi.org/10.1016/S0017-9310(98)00377-9
http://dx.doi.org/10.1016/S0017-9310(98)00377-9
http://dx.doi.org/10.1115/1.4023714
http://dx.doi.org/10.1115/1.4023714

2034 Microsyst Technol (2018) 24:2025-2034

resonant sensor. Microsyst Technol 21:1-15. doi:10.1007/ Yu JC, Lan CB (2001) System modeling of microaccelerometer using

s00542-014-2109-8 piezo-electric thin film. Sens Actuators A 88:178-186. doi:10.
Su SXP, Yang HS, Agogino AM (2006) A resonant accelerometer 1109/MFI.1999.815972

with two-stage microleverage mechanisms fabricated by SOI-

MEMS technology. IEEE Sens J 5:1214-1223. doi:10.1109/

JSEN.2005.857876

@ Springer


http://dx.doi.org/10.1007/s00542-014-2109-8
http://dx.doi.org/10.1007/s00542-014-2109-8
http://dx.doi.org/10.1109/JSEN.2005.857876
http://dx.doi.org/10.1109/JSEN.2005.857876
http://dx.doi.org/10.1109/MFI.1999.815972
http://dx.doi.org/10.1109/MFI.1999.815972

	Design and optimization of DETF resonator based on uncertainty analysis in a micro-accelerometer
	Abstract
	Introduction
	Working principle of the resonant micro accelerometer
	Structure design of the DETF resonator
	Vibration analysis of DETF resonator
	Uncertainty analysis method
	Sample-based stochastic model
	The stochastic convergence analysis
	The result of uncertainty method

	Conclusions
	Acknowledgements
	References




