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Abstract

We have succesded to messure 5-axis motion independently with one unit of sensor chip, which is made by sSlicon
bulk-micromachining technology. The 5-axis motion is composed of 3-axisaccd eration and 2-axisangular rate. Thissensor hasassigmic
mass, which is atached on athin silicon beam and vibrated dong Z-axis. By accderation, Newton'sforce Fx, Fy and Fz act on the mass
(F=mA, m: mass, A: accderation ). And by angular rate around X and Y-axis, the Coriolisforce Fey, and Fex dso act onthe mass (Fe=
2mQ Vz, Q: anguler rate, Vz: velocity of the mass dong the Z-axis). Through detecting the posdition of the mass, we messure 5-axis
motion. To vibrate the mass, we adopt the eectrodatic force, and to messure the position of the mass, we used a change of dectrodatic

cagpacitance.
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1 INTRODUCTION

To detect the movement of an object, the way of measuring the
multi-axis acceeration and multi-axis anguler rateis practicaly
used in the various fidds. Actudly, numerous accderometers
and anguler rate sensors are used in this purpose, for example,
ar bag sysem, chasss control system, video camcorder and
controller for computer game. And the number of the sensor
and the application fidldswill increasein prospect.

Although the movement is originaly vector quantity, most of
sensors are o-caled uni-axiad sensor, which detect only one
axid direction. So we have to use a few accderometers and a
few angular rate sensors. Therefore multi-axis motion sensor is
eagerly required to minimize the Size and cost of the system.
The 3-axis accderometer [1,2,34] and the 2-axis angular rete
sensor [5] are deveoped. Through these experiences we
dready presented 5-axis motion sensor to confirm the basic
theory of this sensor system [6]. Badic Sructure of the sensor is
established a the thesis [6]. At the former sensor, we used
dectromagnetic coil to vibrate the mass. So the sze of the
sensor was hot small enough, and fabrication was difficult.
This paper describes new type of 5-axis mation sensor made by
silicon bulk-micromachining technique. Thistime we adopt the

dectrogatic force to vibrate the mass. Consequently, we have
ucceaded to minimize the d9ze and fabrication cogt of the
SENSor.
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Fig.1: The5-axismotion sensor

2 STRUCTURE

As shown in Fig?2, this 5-axis motion sensor condsts of
glassl-sliconl-slicon2-gles? layer. In the dliconl layer, 4
beams (length: 2.2mm width: 0.4mm thickness: 0.04mm) and
4 senging plates are formed and connected each other at the
center of the layer, and the other ends of the beams are attached
to aframewhich isformed surrounded the siliconllayer.



The seigmic massis formed in slicon2 layer, and is suspended
by 4 beams at the center of the mass.

At the gdlassl layer, 7.5u m ggp and sensing dectrodes (X+,
X-, Y+, Y-, &) areformed, and a the glass2 layer, 7.5u m gap
and driving dectrodes (D1-D4, Dz) are dso formed on the
surface of the glass.
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Fig.2: Structureof the sensor

3 PRINCIPLE

When aforce acts on the mass, which is sugpended by beams,
the podition of the mass is changed aong the direction of the
force. By theforce of X or Y-axis direction, the position of the
meass changed as shown in fig.3(a), and by the force of Z-axis
direction, the mass is digolaced as shown in fig.3(b). At the
same time, the distance between the 4 sendng plates and 4
dectrodes is changed. So messuring the eectrodatic
capacitance between the 4 sendng plates and 4 dectrodes, the
force works on the mass can be measured.
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Fig. 3: Displacement of the seismic mass

31 2-axisAngular rate
By the supplement of sgn wave voltage to the dectrodes
(D1-D4), the mass vibrates dong the Z-axis.
Under the conditions, when the mass is rotated around the
X-axis, the Coridlis force is generated dong the Y-axis
direction, as fig.4(a). And when the mass is rotated around the
Y-axis, the Coridlis force is generaed dong the X-axis
direction, asfig.4(b)
X and Y-axis Coridlis force are described in eguations (1) and
(2) where Fex and Fey are Coridlis force, m is weight of the
mass, Qyand Q x areinput angular rate to be measured, and
Vzisveocity of Z-axisvibretion.

Fcx=2m QyVz @

Fcy=2m QxVz 2
As shown in fig.5, the sgnd of X or Y-axis direction and
reference signd, which is synchronized Vz, are input to the
synchronous detector. And though amplifier and filter, the
angular rate can be measured.

(a) X-axisrotation

(b) Y-axisrotation
Fig.4: Principal of 2-axisangular rate sensor
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Fig.5: Block diagram



32 3-axisaccderation
By accderation, Newton's force Fx, Fy and Fz act on the mass
and change the position of the mass. By change of eectrodatic
cagpacitance, the accderation can be meesured. [1,2,34] And
the equationsisas (3).

Fx (y,2 =mAXx(y,2) 3
But the mass is vibraing dong the Z-axis Therefore the
vibretion dgnd is overlgoped in the Z-axis direction's
accdeaion sgnd. And in the X- and Y-axis direction’s
accderation Sgnd, the signd of Coridlis force is overlgpped.
The accderation to be measured is ranged from DC to 30Hz.
On the other hand, the frequency of these unexpected signdsis
amog as same as vibration frequency. Therefore using the low
pessfilter, as shown in Fig.5 acceleration can be separated.

4 FABRICATION

Thefabrication process sequenceis shownin Fig.6.

(@ A silicon wafer (Sliconl) was anisotropicaly wet etched
through with TMAH solution from both sides to form the
beams, sensing plates and center pillar.

(b) A silicon wafer (Slicon2) was fusion bonded to the siliconl
a 1100 innitrogen amosphere.

(¢) After thermd oxidation, the mass was released from the
frame by anisotropic wet etching.

(d) Two glass wafers that have the gap of 7.5 m and PY/Cr
fixed dectrodes were anodically bonded to the both sides of the
S-S dructure. Findly, groovesfor chip-bresk lineswere diced,
and the wafers were separated to sensor chips.

The chip size of the sensor is 8.4mmx8.0mmx1.4mm.
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Fig.6: Fabrication process

5 RESULT

51 Frequency characteristicsof each axis

The frequency characteridics of this sensor are as shown in
Fig.7. The resonant frequency of X- and Y-axisare 2030Hz and
2040Hz shown as Fig.7(b). And the resonant frequency of
Z-axis is 1880Hz as Fig.7(a). Because the dructure of the
Eensor is symmetric with respect to the X- and Y-axis, the
resonant frequency of thesetwo axis are very close.
Thistimewe vibrate the massdong Z-axisa 1875Hz, whichis
dose to resonant frequency of Z-axis, usng the way of
aoplying 4Vpp sne wave with 4V offset voltage to the
eectrodes D1-D4.
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Fig.7: Freguency characterigtics

52 3-axisacceeration

Acceeration characterigtics were measured using gravitation of
earth by rotating dong each axis During the measurement, the
meassis vibrated dong Z-axis. Results of 3-axis acod eration test
areshown in Fg.8. The sengtivities of Ax, Ay, Az accelerdtion
were 3.23V/G 3.12V/G and 3.40V/G which were equivaent to
59fHG 57/fHG and 23fHG respectivdy. The cross-axis
sengtivity was gpproximately 5%. Theseresultswere Smilar to
the non-driven messurement results.
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Fig. 8: Accderation characteristics
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Fig.9: Angular rate characterigtics

5.3 2-axisangular rate

Messured characterigtics of angular rates around X and Y-axis
ae shown in Fig9. The sendtivity of QX and Qy were
6.8mV/[dey/d and 7.0mV/[degy/y, which were equivdent to
2.7aF[deg/d, 2.8aF/[deg/q, regpectivdy. The cross-axis
sengtivity of Q x agang Q y were less than 3%. The
cross-axis sengtivity of Qz againg Q x and Q y was dmost
0%.

6 CONCLUSON

We have succeaded to deve op the 5-axis motion sensor, which
can be messured 3-axis accderation and 2-axis angular rete
independently with one unit of sensor chip.

Messured senstivities of accelerations are gpproximatdy
23fFG in Az, and approximatdy 6fF/G in Ax and Ay. The
cross-axis sengtivity was gpproximately 5%. The sengtivities
of angular raes ae 3aF/[deg/g in Qx and Qy a an
dectrodatic resonant drive of 1875Hz. The cross-axis
sengtivity was less than 3%. The chip size of developed sensor
iS8.4mmx8.0mmx1.4mm.
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