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Abstract
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We report a nonlinear electrothermal-loaded accelerometer for microgravity measurement,
achieving quasi-zero stiffness nearby its static equilibrium position. The high mechanical
sensitivity is attributed to the compression of the spring, in addition to the geometric parameters
matched with quasi-zero stiffness characteristic. To make the spring compressed effectively, a
V-shape electrothermal actuator was adopted in the design. The FEA results in multiphysics
clearly show the different performance of the accelerometer when it is at applied voltage or not,
verifying that the electrothermal-loaded mechanism has an effective influence on the sensitivity
of accelerometer. At the applied voltage of 22.3 V, the natural frequency of the accelerometer
decreases from 501.95 Hz to 8.24 Hz, while the other two higher mode frequencies remain
above 500 Hz. In addition, this mechanism realizes a quasi-zero stiffness approximately of
0.007 N m~! within a linear working range of +400 ug and the stiffness becomes larger beyond

this range protecting the device being overloaded.

Keywords: microgravity accelerometer, electrothermal-actuator, MEMS, quasi-zero stiffness

(Some figures may appear in colour only in the online journal)

1. Introduction

The earth’s gravity field contains an abundance of informa-
tion and measuring the tiny variations of the local gravitational
acceleration has greater significance nowadays, which can
provide us the information about earth’s internal activities of
seismic signals and also is helpful for mineral detection [1]. In
contrast to traditional microgravity measurement devices like
LaCoste land gravimter and Scintrex CG serise, the advantages
of light-weight and portability make minuaturized devices
being suitable for distributed gravity monitoring or measure-
ment arrays. Therefore, micromechanical gravity acceleromet-
ers based on micro-electromechanical-system (MEMS) tech-
nology have attracted wide attention owing to their merits
of mass production, light-weight, and low-cost. Although it

1361-665X/20/075018+11$33.00

seems like the MEMS devices could never attain the sensit-
ivity of absolute devices, or the stability of superconducting
gravimeters, MEMS is a feasible technology to achieve meas-
urement level of relative spring-based gravimeter like Scintrex
CG 5 having a low resonat frequency of 3 Hz [2]. In 2008,
Sandia National Laboratory designed an optical acceleration
sensor that adopted folded spring structures to achieve a nat-
ural frequency at 36 Hz [3]. Wu proposed a capacitive accel-
erometer using several long folded springs to achieve a res-
onant frequency of 13 Hz [4]. A MEMS seismometer with a
lower resonat frequency of 6 Hz was developed by research-
ers from Imperial College and landed on Mars by the NASA’s
InSight mission [5].Thus, in order to measure the tiny changes
of gravity acceleration, a rather sensitive structure is essential
for MEMS gravity accelerometers. The spring—mass system

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Front view of accelerometer chip layout (inset figure shows the detailed structure of the curved beam). (b) The simplified

mass-spring model of the microgravity accelerometer.

of MEMS devices can be divided into two different types: lin-
ear and nonlinear structures. For the former usually used in
devices having the first order mode of out-of-plane vibration,
the straight beam is widely used. S Kavitha has studied a low
natural frequency MEMS accelerometer (103.8 Hz) for con-
crete SHM (Structural Health Monitoring) application, using
four straight beams which are distributed horizontally and lon-
gitudinally and showing linear deflection versus acceleration
[6]. A Quad beam structure that each of cantilevers shaped like
the letter L was designed in J A Plaza’s accelerometer, which
has a simulated frequency of 489 Hz for first mode [7]. For the
devices having the first order mode of in-plane vibration, there
are usually two kinds of structures both linear and nonlinear.
J T Teo used 7 um wide straight cantilever as spring structure
in MOEMS accelerometer, of which first resonant frequency is
2.33 kHz [8-10]. Folded beam is one of the most common con-
figurations in linear springs. Other examples of folded beam
which was developed by W Hortschitz, were used in many
MEMS devices, such as vibration sensor, inclination sensor,
electric field strength sensor and so on [11-16], and most
of them have the natural frequency above 100 Hz. Nonlin-
ear springs have been increasingly studied as well, e.g. a four
sets of bilateral symmetric angled beams and curved beams are
respectively used in the devices designed by D S Nguyen [17,
18], of which the resonant frequency is above 500 Hz. Com-
bining curved beam and linear spring, B Vysotskyi designed
devices [19-21] to form nonlinear characteristic of suspended
structures and have a large bandwidth of 5 ~ 100 Hz in a very
low frequency domain. Similarly, parallel curved springs were
used in MEMS devices [22-24] to improve its nonlinear mech-
anical characteristic. Some scholars have used electrostatic
force effect as the mechanical spring to construct a nonlinear
system [25, 26], where nonlinear behaviour in these devices
was observed. Consequently, due to the fact that linear springs
characteristic is limited by dimension limitation in MEMS
manufacturing process, most MEMS are not sensitive enough
to measure tiny variations in gravity acceleration effectively.
For example, to measure a 40 uGal (1 Gal = 1 cm s~2) peak
g-value change of the earth’s tides, a 2 Hz natural frequency

for a displacement sensitivity of <2.5 nm (v/Hz) s required
[27]. These nonlinear characteristic could help to significantly

increase the sensitivity of devices than using linear structure in
the same dimensions, although causing a drawback of a nar-
row response region.

In the low-frequency vibration isolation, there is also a sim-
ilar issue that the natural frequency reduction of vibration isol-
ation system is also limited by its stiffness and load capacity.
Generally, an effective linear isolator is only at input frequency
greater than v/2 time the natural frequency [28]. Therefore,
isolators with nonlinear characteristics have attracted a great
deal of interests among scholars, who are engaged in low-
frequency vibration isolation. One type of nonlinear isolator is
based on geometric anti-springs, of which the modal frequency
system can be decreased with the increase of the applied force.
Based on this concept, scholars from Glasgow University have
used large length-wide ratio and high aspect ratio flexure can-
tilevers in their proposed MEMS microgravity accelerometer
[29] to realize this mechanism, which has challenged the limit
of MEMS device fabrication technology, achieving an ultra-
low resonance frequency of 2.3 Hz. Similar to this work,
Mansouri developed a high resolution MEMS gravimeter
using the buckling behaviour of spring structure [30]. Zhang
utilized anti-spring structures in their capacitive accelerometer
and its performance improvement was validated [31]. Other
systems are using two parts of springs to realize quasi-zero
stiffness characteristics [32-35], which are generally com-
bined in parallel with a positive stiffness mechanism and a
negative stiffness mechanism. Tang adopted bi-stable curved
beams and folded beams in their MEMS gravimeter, achiev-
ing a low resonant frequency of 3.1 Hz [36]. The function of
the negative stiffness structure is to compensate a portion of
the positive stiffness, so that the system stiffness near the static
equilibrium position could approach zero. The main advantage
of quasi-zero stiffness is that there is no need for downsizing
structure to acquire low-frequency as in the case of a linear
system.

In this work, we adopt the concept of quasi-zero stiffness
to design a microgravity accelerometer. The working principle
of proposed microgravity accelerometer together with a mod-
elling of the quasi-zero stiffness characteristics and electro-
thermal actuator are first analysed and discussed in section 2.
Then, the modal simulation and static analysis based on FE
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Figure 2. A schematic of the proposed displacement measurement principle.

analysis is discussed in section 3. Finally, the main conclu-
sions are given in section 4.

2. Working principle

A schematic of the designed microgravity accelerometer is
shown in figure 1(a) and it can be simplified as a spring-mass
system as shown in figure 1(b). Under the variation of external
gravity acceleration, the suspended mass on springs moves up
and down, and the position of proof mass changes accord-
ingly. In the low-frequency measurement when the excita-
tion frequency w is far less than the resonant frequency wy,
the acceleration that the proof mass is subjected to is nearly
proportional to its displacement as shown in the following
equation:

a=uR x (1)

Where, a is the acceleration experienced by proof mass and
x is relative displacement. Therefore, the relative microgravity
acceleration can be obtained by measuring the displacement
of proof mass, and the higher displacement sensitivity, the
higher accuracy of measured acceleration [37]. The measure-
ment principle is schematically shown in figure 2, where the
MEMS chip is placed between a light source (LED) and a
photodiode (PD). The proof mass changes its position when
it is subject to an acceleration and accordingly adjust the light
into PD. Therefore, the output light intensity is changed lin-
early with the displacement. As a result, a larger displace-
ment of mass is expected when a tiny acceleration changes
if a higher resolution is necessary. Accordingly, a lower stiff-
ness is required to obtain larger displacement for a given load,
but a larger stiffness is needed to protect the device in case of
overloading like a shock. For this reason, the proposed design
is expected to have a nonlinear force-displacement relation-
ship. In addition, micro electrothermal actuator is designed
to control the state of each curved beam and accordingly the
mechanical stiffness of the mass spring system can collectively
controlled. This mechanism of changing sensitive stiffness

16 T T T T T T T T T
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Figure 3. The curve of stiffness with different set of compression
displacement and 3 = 8.

could be a novel method for low frequency measurement and
adjustable working range. At the same time, the device is not
necessarily designed with springs of larger length-width ratio
or proof mass of larger dimensions, reducing fabrication diffi-
culty efficiently. Like the systems which have high-static and
low-dynamic stiffness [38], the proposed microgravity accel-
erometer can achieve quasi-zero stiffness characteristic on the
condition that an original load capacity is set.

2.1. Accelerometer chip layout and spring structure design

SOI (Silicon on Insulator) was chosen as chip’s material,
which is a common material in MEMS devices. Figure 1(a)
shows the layout (border size is 10 x 12 mm) of the designed
accelerometer. The proof mass is at equilibrium position sus-
pended by curved beam springs at the four corners. Each
spring is equipped with a set of V-beam type thermal actu-
ators, which can exert an axial force on the end of curved
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Figure 4. (a) The structure of an electrothermal V-shape actuator. (b) The diagram of loading mechanism with V-shape actuator.

beam spring when a proper voltage is applied at fixed elec-
trode because of Joule heating and thermal expansion effects.
There are several insulated slots between different electrodes
and electrodes and frame to restrict the current only to passing
through actuators.

As shown in figure 1, the spring is designed as a series of
curved beams with a certain length-width ratio and a certain
initial offset at beam’s center, which looks like a part of large
curvature arc. Owing to its shape, the spring would be buckling
when the applied axial force is over the critical value. Because
of symmetric axial forces to the mass, it is theoretically fixed at
its original equilibrium position with four springs compressed
simultanously.

2.2. Static characteristic of the sensitive unit

The microgravity accelerometer is simplified as a model of
springs-mass system, in which the inward sides of two lateral
curved beams are fixed to the mass and outward sides are fixed
to the border as shown in figure 1(b). The central proof mass
is only a few milligrams and the spring span is only a few mil-
limeters. After the device is microfabrication and mounted as
shown in figure 1(a), the initial position of proof mass may dif-
fer from its equilibrium position, where the line between two
ends of spring end is horizontal. From the initial position to the
equilibrium position, the springs change from original length
to compressed state. In this model, the boundary of the spring
end is a fixed anchor point, so it can be considered as clamped
end. Thus, when the springs-mass is analyzed as a whole, it
can be considered that the clamped end provides a certain
y-axis (vertical) bearing capacity for the mass. Additionally,
the curved beam itself has resistance to bending deformation
along the x-axis, namely having axial stiffness. Therefore, the

curved beam spring can be viewed as three linear springs, one
fixed in vertical direction and one pair of springs hinged at
both ends (in the small deflection, it can be approximately con-
sidered as linear springs). The static analysis of curved beam
spring is given as follows.

First of all, the restoring force of the lateral springs can be
expressed as:

F= 2Kh (LO - L) sin (2)

Where, K, is the stiffness of the lateral spring, Ly is the
original length of the lateral spring and L is the length after
compression. Noting that the lateral springs are at an angle 6
from the horizontal and sinf = (hg — y) /L in which Ay is the
vertical distance between the initial position and the equilib-
rium position, and y is the vertical displacement from the initial
position as figure 1(b).

According to the

Pythagorean theorem, L=

ho> + a*,L = (ho —y)2 + a2, so the equation (2) can be
written as:
Vho* + a2
F=2K,(ho—y) | -0 t% 3)

(ho —y)* +a?

After the dimensionless treatment, equation (3) can be
rewritten as:

KfLO :2(\/@*;)
x{[ﬂ_zﬂ-yﬂ}m—l} 4)
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Figure 5. (a) Combinations of compression displacement and curved beam’s stiffness that realize quasi-zero stiffness characteristic at
various applied voltages (V1-V6 increases gradually). (b) Meshed FE model of the major structure of accelerometer in COMSOL.

Where, the dimensionless vertical displacement y = y/Ly
and the geometrical parameter A = ﬁ

Then, taking into account the parallel vertical springs, the
total force applied to the mass in the sensitive direction is
the vertical component of the spring restoring force of lateral
springs plus the vertical spring restoring force. On the basis of
equation (4), the total force F of the system is normalized with
1 / KVL()I

F:

e =+28 (Vi—x-5)

x{[&z—zx/l—)@&—i-l}l/z—l} 5)

Where, the stiffness of the vertical spring is defined as K,
and the stiffness ratio of the lateral springs to the vertical spring
is defined as 8 = K /K,.

After the differentiating equation (5), the expression of the
dimensionless vertical stiffness of the mass-spring system is
obtained:

)\2
(yLzm&H)m

K=1+28|1- (6)

It can be seen from figure 3 that for a given ratio value,
as the axial compression displacement increases (the geomet-
rical parameter )\ decreases), the vertical stiffness of the sys-
tem gradually decreases in a certain area, even below zero
stiffness, showing a certain negative stiffness effect. In fact,
re-derivation of equation (6) reveals that the lowest point
of the drop occurs at the initial static equilibrium position
Yo =+/1 — A2, It also can be seen from equation (6) that the
value of K is determined by S and A. Therefore, when K=0,
the relationship between [ and ) that satisfies the quasi-zero

Table 1. Different parameter values for the proposed
accelerometer’s structure that are used for modelling.

Parameters Value

Spring span 2 mm

Spring width 22 pm

Spring center initial offset 40 pm

V-type beam length 1.2 mm

V-type beam width 30 um

V-type beam initial angle 3°

Chip’s device layer thickness 40 pm

Electrode material Copper

Device layer material Single crystal silicon
Electrical conductivity 260 S m™!
Density 2330 kg m >
Thermal expansion coefficiency 2.6e—6 K~!
Thermal conductivity 138 W (m - K) ™!
Convective heat transfer coefficient 400 W (m? - K) ™!
Room temperature 293 K

stiffness characteristic at the static equilibrium position y, is
obtained:

A=23/(2B8+1) (N

Here, $ is an independent variable. Similarly, taking A as
independent variable, the value of 3 is

B=A2(1-2) ®

Equation (8) provides an important implication for design-
ing this kind of quasi-zero stiffness system, which is obtained
by the proper combination of the spring’s compression dis-
placement and the ratio of spring’s axis stiffness Kj, to its ver-
tical stiffness K.
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Figure 6. Eigenmodes of the designed accelerometer from
COMSOL.: (a) in-plane mode; (b) out-of-plane mode; (c) twisting
mode.

2.3. Electrothermal actuator modelling

In order to achieve a certain amount of compression of the
springs on both sides at the static equilibrium position in the
aforementioned model, V-shape electrothermal actuators as
shown in figure 4(a) are designed to generate compressing
forces on the curved beam springs. The V-shape actuator can
generate relevant heat when an electric current passes through
the beam. The thermal expansion caused by the Joule heating
makes the V shape actuator produce an axial force applied on
the curved beam springs as shown in figure 4(b).

As the case in figure 4(b), it is assumed that the two ends of
the V-shape actuator are anchored and actuator’s centre only
move along x-axis. The maximum apex displacement of a V-
shape actuator could be expressed as follows [39]:

Avy = a-l, ~2AT~ sind, ©)

(Vlv—:) + sin%6,

Where, « is thermal expansion coefficient of the material,
l;,wq,0, are the length, width and incline angle of a beam
respectively. AT is the average temperature along the V-shape
beam, which is mainly determined by the applied voltage and
ambient temperature. Noting that the proof mass would be
stable if the four actuators are driven at the same voltage. When
the curved beam is connected to the actuator, the apex dis-
placement of the V-shape actuator, namely the compression
displacement subjected to loading of curved beam is expressed
as follows:

¥ = Axmax
Ttk
1+ 2

(10)

Where, K, is the actuator’s output stiffness and it can be
expressed as:

B 4sin*0,w, h,Ecosb,

a la

an

Where, h, is the actuator’s thickness and E is the actuator
materials’ Young’s modulus.

After substituting equations (9) and (11) into equation (10),
one can find that if the actuator’s dimension are determined,
its apex displacement is directly related to the applied voltage
and the stiffness Kj,. For the designed curved beam, its relation
between the axial load P and end compression displacement x
can be given by [40]:

2
1—ro) (20 —&-4i
Ly Ly Loy
1/ q\° 1x
I il
+8(7TLO) T

where, P, = 72EI/(0.5Ly)” is the classical Euler critical load
for fixed—fixed boundary. EI and ¢, are the flexural rigidity
and the initial central offset of the curved beam respectively.
Differentiating equation (12) with respect to x, one can get the
axial stiffness of the curved beam.

—1/2
P:Pcr

12)

7 (a0/Lo) - [( (a0/L0))* +3/Lo +2]

3/2

Ky =P,
Lo(4x/Lo+ (r (q0/L0))?)

w(ao/ta) | ((43/20+ (r (an/20)?) ) -1
2Ly

13)

Therefore, considering that curved beam springs have vari-
ous Kj, K, with different dimensional parameters like the beam
length-width ration v = Ly/w and beam length, we can infer a
comprehensive interaction of different parameters which sat-
isfy quasi-zero stiffness according to equations (8), 10 and
(13). As shown in figure 5(a), some FEA curves were given
in the case of Ly =2 mm and ¢go/Lo = 0.02. It can be seen
that the Kj, increases with the decreased . The similar trends
would happen when L increases and the  remains the same.
Specially, a theoretical result according to equation (12) was
also calculated to show an accordance with FEA result. There
are two boundary in figure 5(a), one is restricted by Ax,,,, line,
which shows an inverse relation between the ETAs” maximum
apex displacement and K}, at a determined actuator’s dimen-
sion and applied voltage, the other is allowable stress line of
silicon, which means out of the line a fracture happens. Taking
relevant above-mentioned parameters into consideration, one
can get some of crossover points (black rhombus) on different
curves, which meet the requirements of quasi-zero stiffness.
When ~ increases, it is necessary to use much higher loading
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Figure 7. (a) Simulated frequency of the first mode versus applied voltage. (b) Simulated frequency response analysis.

voltage to realize quasi-zero stiffness, and simultaneously hav-
ing a possibility to reach the allowable stress like the situation
of v = 55. Thus, we can choose a larger y to make the springs-
mass system has the quasi-zero stiffness characteristic at a low
stress compressed state like the area I and II (the colored area).
However, if 7 is too large, it causes a difficulty in fabrication
and the decline of structural rigidity. Therefore, a more appro-
priate parameter space for beam dimension is located in area I
that is between the curves of around v = 60 and v = 90. In this
work, a beam length-width ration of 90 was chosen. Finally,
noting that the left y-axis is scaled by P/P,., at Ly =2 mm
and v = 90, it is obvious that the critical value for the buck-
ling is far from the brown area I.

3. Multiphysical simulation and discussion

In this section, a multiphysical model of microgravity acceler-
ometer including Electric, Solid Mechanics and Heat Transfer
modules is built up and simulated, in which the static structure
and modal analysis are completed. As shown in figure 5(b),
the simplified model was established in COMSOL Multiphys-
ics 5.1a. To reduce the computation cost, the original frame
component is omitted for achieving high quality mesh and
convergence of the solution. The triangular elements are gen-
erated with totally 53 818 units, where the minimum size is
1.57 x 102 mm. Figure 5(b) also shows the external vari-
able loads, such as the loading force and the applied voltage
(up and down symmetrically), as well as the internal condi-
tions including the choice of fixed boundaries (left and right
symmetrically) and different region where the two kinds of
heat transfer are used. Relevant parameters used in the mod-
elling are listed in table 1. The simulation results are analyzed
in details in the next section.

3.1 Modal and harmonic analysis

Firstly, we obtain the resonant frequencies by FE analysis
when there is no DC voltage applied. As shown in figure 6,
the first three modes of the microgravity accelerometer are

Eigenfrequency=8.24 Hz

— ()

Eigenfrequency=568.36 Hz Eigenfrequency=861.18 Hz

(b) (€

Figure 8. Eigenmodes of the designed accelerometer with an
applied voltage of 22.3 V from COMSOL.: (a) in-plane up and down
mode; (b) out-of-plane mode; (c) twisting mode.

respectively the in-plane mode (501.95 Hz), out-of-plane
mode (712.26 Hz) and twisting mode (981.17 Hz).

The relationship between the frequency of first-order mode
of the accelerometer and the applied voltage was studied.
The corresponding eigenfrequencies are obtained and plot-
ted in figure 7(a) for different voltages in the interval of
0V ~ 223 V. It can be seen from figure 7(a) that the eigen-
frequency decreases with the increased voltage, indicating that
loading mechanism is effective and the resonant frequency can
be adjusted by changing the applied voltage, which is due to
the tuning of spring stiffness through the axial output displace-
ment of the electrothermal actuators. Subsequently, a vertical
harmonic excitation load was introduced to the proof mass in
COMSOL using the prestressed frequency analysis module,
the frequency response results at different voltages are shown
in figure 7(b). It can be seen that in the frequency range of 0
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to 530 Hz, the five peaks corresponds well to the first-order
mode frequency obtained in the modal analysis.

At the voltage of 22.3 V applied on the electrothermal actu-
ators, one can be seen from figure 8 that the first-order fre-
quency of the microgravity accelerometer is greatly reduced
to about 8.24 Hz, while the second and third order modes are
only slightly influenced, far from the first-order frequency. It
is well-known that an ideal system should have a low fre-
quency in one sensitive axis, and relatively high frequencies
for other higher modes, which means that there will be little
modal interaction of the device. This design achieves a ratio of
1:70 between the first and second modes, effectively depress-
ing cross-sensitivity and making the measurement of its dis-
placement much simpler.

Table 2. Comparison of performances of some of the reported
microgravity accelerometers with our designed devices.

Simulated Calculated

resonant mechanical

frequency sensitivity Spring’s
Reference (Hz) (umg™h length (mm)
[41] 2.3 46925 nearly 6.5
[36] 3.1 25831 nearly 8
[30] 1.68 87952 nearly 3.6
This work 8.24 3800 nearly 2.16

3.2. Static performance analysis

The natural frequency of a mass spring system is given by

f n = i
k when the proof mass m is determined. In addition, as dis-
cussed in section 2, it is better that the mechanical stiffness is
lower in the working range but is larger beyond the working
range to protect the structure be destroyed in case of overload-
ing like a shock. Therefore, starting from the static equilib-
rium position of the proof mass, the force-displacement rela-
tionship of the proof mass is studied by applying an external
force on it while the micro electrothermal actuator is driven
by different voltages. As shown in figure 9, it is clear that the
force-displacement relationship is gradually modulated from
linear to nonlinear after increasing the voltage and a quasi-zero
stiffness effect appears near the equilibrium position when the
voltage is 22.3 V, which indicates that the mechanical stiffness
of the designed microgravity accelerometer can be adjusted to
meet the requirement from desired performance. As expected,
when the proof mass is subjected to an overloading like a sud-
den larger acceleration, the nonlinear mechanical stiffness will
prevent the accelerometer from a large displacement.

Another interesting point is the bandwidth of the quasi-zero
stiffness region, in which the input acceleration and output dis-
placement is expected to be a linear relationship. As shown in
figure 10, the blue point is the output displacement and the
solid red line is the fitting result, using the data from inset
force-displacement curve at 22.3 V. The line shows a good
fit, giving a scale factor of 3800 um g~' (that is equivalent to
a vertical stiffness of 0.007N m~!) within a range of £400 pg.

A comparison of the microgravity accelerometers’ per-
formance between reported and our design is given in table 2
in terms of resonant frequency, mechanical sensitivity and
spring’s length. Our design provides a controllable mechan-
ical sensitivity and a tunable measurement range depending
on the loading effect of electrothermal actuator. Furthermore,
the spring’s length is relatively shorter and a good anti-cross
interference is obtained.

\/%, which depends only on its mechanical stiffness

3.3. Thermal and stress analysis

Finally, the microgravity accelerometer structure was analysed
in terms of safety. The overall simulated temperature field
of the model is discussed at the maximum voltage 22.3 V,
which accordingly causes highest temperature of the structure.
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Figure 11. (a) Simulated temperature field at an applied voltage of 22.3 V.(b) Impact resistance simulation analysis.

The eight electrode anchors are integrated with the frame, so
the anchor temperature is set to an ambient temperature of

Table 3. The impact of manufacturing parameter uncertaintiy on
device’s characterustic.

293 K. The heat generated by the current can be transferred [ jne width error 9%  —45% 0% 45% 9%
through the whole model. It can be seen from figure 11(a) that
the maximum temperature of 380 K (about 107 °C) occurs Simulated resonant 10.4 8.47 824 815 807
at the centre of the electrothermal actuator where the curved freun:ncy (Hz)

Applied voltage (V) 19.2 21.4 22.3 23.2 24

beam is connected. Since the potential is symmetric under
ideal conditions, the proof mass does not pass any current
and the temperature does not change substantially. For silicon
substrate, creep and plastic deformation usually do not occur
below 800 °C, so the temperature rise at 22.3 V is safe for the
device.

Moreover, the impact resistance of the microgravity accel-
erometer was analysed. The previous discussion indicates
when the device works beyond the quasi-zero stiffness region,
its stiffness begins to rise, so we apply a large vertical load dir-
ectly to the structure to check its maximum stress. As shown in
figure 11(b), the maximum stress of the structure exceeds the
allowable stress of 500 MPa when the imposed acceleration
exceeds 400 g, which will equivalently induce a compression
displacement of nearly 8 pm. The crossover point represents
the stress around 1.08 ym compression displacement, which
equals the stress value resulted from the micro electrothermal
actuator at an applied voltage of 22.3 V. It is clear that is suf-
ficiently safe for the microgravity accelerometer application.

3.4. Effect of manufacturing uncertainty

In the microfabrication process, manufacturing errors are
indeed unavoidable. For example, the align errors in photo-
lithography process and the under etching in pattern transfer
process are typical manufacturing errors. Hence, the dimen-
sions of fabricated micro devices will not be the same as
designed and variations of feature size are normally of microns
or less depending on the manufacturing capability. In this
design, the length of key structures is in mm scale, but their
width are mostly in micro scale and therefore the effect of
manufacturing errors on the line width of curved beams and
actuator beams are considered.

Obviously, the line width error directly change the stiff-
ness and mass and accordingly change the system resonant

frequency. Based on the analysis in section 2, the axis stiff-
ness K are controlled by 3 and A. The K, in figure 1(b) can
be expressed by K, = 12EI/Ly>, in which the curved beams’
moment of inertia is / = tw*/12. The K, in equation (13) can
also be written by using I, namely proportional to w?. There-
fore, if a width error added to original w, the applied voltage
would change due to the affected Kj,, which can be seen from
figure 5(a) that the three black rhombus marks with different
width of curved beam share the same location at horizontal
axis. To evaluate the effect of manufacturing error, the FEA
model in figure 5(b) was employed to study the changes of
resonant frequency and applied voltage subject to dimensional
change. In the simulation, the line width was adjusted within
+9% as compared with its design value. As shown in table
3, the resonant frequency of device changes slightly. The line
width error mainly affects the applied voltage when the sys-
tem reaches the quasi-zero stiffness. However, the changes
of resonant frequeny and applied voltage are still acceptable.
Once the manufacturing errors are known in the pratical exper-
iments, their effects can be compensated by modifying the
geometrical design according to the desired performance.

4. Conclusion

In this paper, we present a design, modelling and simulation
of an accelerometer with quasi-zero-stiffness, which could
be utilized for the microgravity measurement. The concept
of anti-spring structure is adopted in the design. Particu-
larly, micro electrothermal actuators are used to tune the
axial stress of the spring structure, leading to a quasi-zero-
stiffness behavior of the designed microgravity accelerometer.
When the electrothermal actuator is driven at 22.3 V, the
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natural frequency is decreased from 501.95 Hz to 8.24 Hz
while the other two nearby modes are not much affected
with their frequency remain above 500 Hz. The analysis of
quasi-zero-stiffness region at 22.3 V leads to a scale factor of
3800 pm g~! within a measurement range of +400 pg. Based
on the electrothermal loading mechanism, one can adjust stift-
ness and frequency of accelerometer according to the measure-
ment demands. Additionally, the designed microgravity accel-
erometer has a large impact resistance and it is safe to use at
the applied voltage. It is expected that the proposed device can
be used in microgravity acceleration measurement and related
applications.
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