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We describe microgravity generation and the resolution evaluation results of a sub-1-mG
microelectromechanical system (MEMS) accelerometer (1 G = 9.8 m/s?). To realize input
acceleration below 1 mG, we show the principle of generating microgravity acceleration by
adjusting the tilt angle. The change in acceleration induced by a tilting board is quantitatively
analyzed, and the capacitance change of the MEMS accelerometer as a function of tilt angle
is measured. The analytical results show that the tilting board has the potential to generate
microgravity. The experimental results reveal that the sub-1-mG MEMS accelerometer can
realize the detection of sub-1-mG-level acceleration.

1. Introduction

Microelectromechanical system (MEMS) accelerometers have been widely used in various
applications such as shock detection of vehicles, active stabilization of mobile robots, and
motion detection of head-mounted displays.(l"‘) High-resolution MEMS accelerometers could
realize potential applications such as inertial navigation, earthquake prediction, and satellite
control.®” Thus, our group has developed MEMS accelerometers with sensing resolutions
higher than 1 G (1 G = 9.8 m/s?).6-10

The performance of MEMS accelerometers is affected by noise, including the Brownian
noise B,. ! In practical use, the sensing resolution of MEMS accelerometers is evaluated
using vibration exciters. As a result, accelerometer evaluation depends on the performance

of vibration exciters.(!>1®

There have been no vibration exciters generating microgravity
acceleration because mechanical and electrical noises generate acceleration noise that is larger
than microgravity. Thus, MEMS accelerometers have not been measured within a range of
10> mG. To investigate the characteristics of MEMS accelerometers at the input acceleration of
sub-1 mG, we need a method of generating microgravity acceleration.

To realize input acceleration below 1 mG, we have investigated a method using a tilting

board. By adjusting the tilt angles of the tilting board, this method would generate microgravity
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acceleration. Although methods with rotation motors have been used in practice for the

(19-22)

evaluation of MEMS inclinometers, microgravity acceleration cannot be applied to such

methods; thus, we have developed a MEMS inclinometer fabricated with the multilayer-metal

technology(23) 24

and a tilting-board method to evaluate the MEMS inclinometer.

In this study, we investigated the possibility of generating microgravity acceleration and
evaluating the sensing resolution of the developed sub-1-mG MEMS accelerometer®10) by the
tilting-board method. First, we describe the approach for generating microgravity acceleration
using a tilting board. Next, the inertial force applied to the MEMS accelerometer set on the
tilting board is analytically obtained. Finally, we present the static characteristics of the sub-1-

mG MEMS accelerometer determined by the tilting-board method.
2. Principle
2.1 Microgravity generation
We show the principle of generating microgravity acceleration by adjusting the tilt angle.
When the MEMS accelerometer is tilted by 6y, the gravitational acceleration g (g = 1 G) is
divided into acceleration along the sensing axis A, and acceleration along the y-axis 4,, as
shown in Fig. 1. Ay is defined as
Ay = gcosty [G]. (1)
The acceleration change Ay, is described by
Aox = g — geosty [G]. @
Figure 2 shows the analytical result of 4, as a function of 6. In Fig. 2(a), Ao, changes from 0 to 1 G,

when 6, changes from 0 to 90°. If 8y is 0.10°, Ao, is 1.5 pnG, as shown in Fig. 2(b). These results
suggest that microgravity acceleration can be generated by adjusting 6.

Sensing axis

Fig. 1. (Color online) Analytical modeling of inertial force acting on a MEMS accelerometer set on a tilting
board.
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Fig. 2. Analysis results of acceleration change as a function of tilt angle in the ranges (a) from 0 to 180° and (b) from 0.1
to 2°.
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Fig. 3. (Color online) Tilting-board method.

To generate microgravity acceleration by the above-mentioned principle, an evaluation
apparatus is constructed. Figure 3 shows the tilting-board method for sub-1-mG MEMS
accelerometers. The MEMS accelerometer is set on the tilting board. The tilting board is
composed of a jack and a board. The tilt angle 6, of the tilting board can be controlled by
changing the height A of the jack. 6, can be calculated from the distance L and H.

-1 H
6, =tan [L][] 3)

When Eq. (3) is substituted into Eq. (2), Aoy is described by

Ao =g~ gcos{tan1 %]} (G @
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Fig. 4. Analysis results of acceleration change as a function of tilting-board height.
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Fig. 5. (Color online) Analysis results of acceleration change as a function of tilting-board length.

In Fig. 4, L is set to be 0.30 m and H is changed in 1 mm steps; thereby, we can realize Ay
with a sub-1-mG resolution. The longer the L we set, the smaller 4o, becomes, as shown in
Fig. 5. When L is set to be 1 m and H is changed from 0 to 1 mm with an error of 0.1 mm, Ao,
becomes 0.5 + 0.1 pG. By this method, we could apply microgravity acceleration to the MEMS
accelerometer and analyzed the capacitance change of the sub-1-mG MEMS accelerometer as a
function of microgravity acceleration.
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2.2 Detection of acceleration

A schematic model of the sub-1-mG MEMS capacitive accelerometer is shown in Fig. 6.3710
When acceleration is applied to the MEMS accelerometer, Cy is changed. C), is capacitance in
the SiO, film. The total capacitance C, of the MEMS accelerometer on the tilting board shown
in Fig. 1 is defined by

S
_ 9.8mgcos b, [F], ®)

k

C :80

X

d/

where €, S, and £ are the dielectric constant of vacuum, the proof-mass area, and the spring
constant, respectively. d'is described by

d
d'=dy +— [m) ©)
2

where dy, d), and &, are the initial gap between the proof mass and the SiO; film, the thickness
of the SiO, film, and the dielectric constant of SiO;, respectively. When 6, is 0°, the capacitance
Cy of the MEMS accelerometer is determined by

S

———[F

i 98mg Kl (7)
k

Thus, the capacitance change Cp, of the MEMS accelerometer is analytically obtained by

S S

~ 9.8mg ~ %o J 9.8mgcos b,
k k

COx = CO - Cx =€ [F] (8)

d/
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Fig. 6.  (Color online) Schematic model of the sub-1-mG MEMS capacitive accelerometer. 1%
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3. Experimental Results

To experimentally confirm the above principles, the MEMS accelerometer was fabricated
by gold electroplating, as shown in Fig. 7(a).(8’10) The proof-mass area was designed to be
2.0 x 2.0 mm?. Each corner of the proof-mass was suspended by micromechanical suspension.
A sensor module was composed of the MEMS accelerometer and a capacitance-to-digital
converter (CDC; AD7745, Analog Devices), as shown in Fig. 7(b). The capacitance change of
the MEMS accelerometer was obtained using the CDC. The microcontroller (Arduino Due,
Arduino) received digital signals from the CDC and sent them to a personal computer (PC) to
store the data.

To evaluate the sensing resolution of the MEMS accelerometer, the frequency response
of the MEMS accelerometer was measured using the LCR meter (HIOKI E.E. IM3533-01).
Figure 8 shows the capacitance and phase changes as a function of the sensing-signal frequency.
The mechanical resonant frequency f.; and quality factor Q were measured to be 445 Hz and
3.29, respectively. By using the results,® the actual B, was estimated to be 398 nG/\VHz, as
summarized in Table 1. These results confirm that the sub-1-mG MEMS accelerometer has the
capability to detect acceleration below 1 mG.

13 mm
(@ (b)
Fig. 7. (Color online) Photographs of (a) MEMS accelerometer and (b) sensor module.
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Fig. 8.  (Color online) Measured capacitance and phase as a function of sensing-signal frequency.
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Table 1

Design and measured parameters of the MEMS accelerometer.

Parameters Design Measured Unit

m 843 x 1077 9.27 x 1077 kg

Sres 262 445 Hz

0 3.00 % 107! 3.29 —

B, 67.0 398 nG/NHz

T 0.7 — 4.0
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Fig. 9. Measured capacitance change as a function of acceleration change ranging (a) from 0 to 1 G and (b) from
0 to 500 pG.

The microgravity characteristics of the MEMS accelerometer were evaluated by the tilting-
board method. The sensor module was set on a tilting board, where L was set to be 0.30 m.
Aoy was calculated using Eq. (4) and measured using the reference tilt sensor (BBMO-66,
MonotaRO). Figure 9(a) shows Co, as a function of Ag, ranging from 0 to 1 G. The plotted
points in Fig. 9(a) are the averaged experimental results of Cy,, and the dashed line is the fitting
curve derived using Eq. (8) with parasitic capacitances. These results indicate that the MEMS
accelerometer could measure microgravity acceleration; the experimental results coincide with
the theoretical model. Figure 9(b) shows the measured Co, as a function of 4o, ranging from 0
to 500 puG. The plotted points in Fig. 9(b) are the average values, and the error bars show the
maximum and minimum values. The results indicate that the sensor module has a potential to
detect microgravity acceleration below 100 uG. By applying actual microgravity acceleration
by the tilting-board method, we confirmed that the sub-1-mG MEMS accelerometer had the
capability to detect microgravity acceleration with a sensing resolution higher than 100 pG.

4. Conclusions
We discussed the microgravity generation and resolution evaluation results of the sub-1-

mG MEMS accelerometer. To realize input acceleration below 1 mG, we showed the principle
of generating microgravity acceleration by adjusting the tilt angle. The acceleration changes
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obtained with the tilting board were quantitatively analyzed, and capacitance changes of the

MEMS accelerometer as a function of tilt angle were measured. The analytical results showed

that the tilting board had the capability to generate microgravity. The experimental results
revealed that the sub-1-mG MEMS accelerometer could realize the detection of sub-1-mG-level
acceleration.
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