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Abstract

MEMS gyroscope performs as a sort of sensor to detect angular velocity, with diverse applications in engineering
including vehicle and intelligent traffic etc. A balanced vibration of driving module excited by electrostatic driving
signal is the base MEMS gyroscope's performance. In order to analyze the linear property of vibration in MEMS
Gyroscope, a method of computer vision measuring is applied with the help of high-speed vidicon to obtain video
of linear vibration of driving module in gyroscope, under the driving voltage signal of inherent frequency and am-
plitude linearly increasing. By means of image processing, target identifying, and motion parameter extracting from
the obtained video, vibration curve with time variation is acquired. And then, linearity of this vibration system can
be analyzed by focusing on the amplitude value of vibration responding to the amplitude variation of driving vol-

tage signal.
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1. Introduction

MEMS gyroscope performing as a sort of sensor to
detect angular velocity possesses many excellent cha-
racters, such as small size, little weight, low power loss,
high capacity for resisting over loading, and finer envi-
ronment adaptability. It has diverse applications in en-
gineering including vehicle, intelligent traffic, and na-
notechnology etc. Linear vibration MEMS gyroscope,
which performs in different principium from traditional
gyroscope, works in this way that the driving module is
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kept a balanced linear vibration in x axis direction, an
angular velocity on z axis could be detected by Coriolis
force measuring in y axis direction. So stability and
linearity of the vibration of driving module is the pre-
dominant factor for angular velocity detection and gy-
roscope’s performance. In order to evaluate the linearity
of the vibration system of driving module in working
state, this paper initiates a particular method of com-
puter vision measuring system. Firstly, motion video of
the vibration in gyroscope is obtained by high-speed
vidicon under the condition that the driving module is
impelled by driving voltage signal of inherent frequen-
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cy and amplitude linearly increasing. This motion video
represents the displacement of driving detecting comb
and their joint micro-structure in gyroscope corres-
ponding to the impelling voltage signal. Secondly, the
vibration curve with time variation can be acquired by
means of image processing, target identifying and mo-
tion parameter extracting from the obtained video in
computer image processing system. And then, relation-
ship between the amplitude of this vibration and the
amplitude of driving voltage signal can be regarded as
response output and its input for a testing system*, and
the linearity of driving module in micro-gyroscope can
be analyzed.

2. Design of measuring system based on computer
vision technology

Computer micro vision system (CMVS) is a typical
photoelectric measurement technology. It possesses
many excellent characters such as non signal disturb,

high distinguish ratio, accurate pitch position etc?, and
is very suitable for measuring the vibration characteris-
tic parameter the driving module
cro-gyroscope. In most accessible literature, CMVS
applied in vibration detection for micro-gyroscope is
mostly focus on combining with stroboscopic imaging
technology.®® Abiding by the principle that measuring
method should matches and serves the test objective
and their parameter peculiarity to measure, high-speed
vidicon is used to obtain motion video of the driving
module in testing process for study on dynamic charac-
teristic of micro-gyroscope. After that, effectual image
processing of computer vision technology is used to
achieve the time-related motion curve, and herefrom,
dynamic characteristic parameter can be analyzed and
calculated.
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Fig.1 function block diagram of computer vision measuring system (CVMS)

2.1. Combinations for computer vision measuring
system

The combined computer vision measuring system
(CVMS) is shown as Fig.1. This system contains three
function modules: driving module of micro-gyroscope,

motion video obtaining module, image processing and
motion parameter extracting module. Functions of
driving module are to realize electrostatic driving in
microstructure in micro-gyroscope, and furthermore to
control the vibration to a balanced state. Motion video
obtaining module consists of a light imager microscope
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containing a halogen lighting system, model of ZEISS
Imager A2m, and a high-speed vidicon, model of Pho-
tron FastCAM SA4. With the incidence light through
the packaging surface of micro-gyroscope, the vibration
of driving comb can be observed clearly in a proper
magnifying situation. With the seamless connect be-
tween microscope and high-speed vidicon by camera
lens interface at the ocular end, images from the micro-
scope can be wholly recorded by CCD sensor of the
high-speed vidicon. In this way, the motion status of the

2.2. Calibration of vision measuring system and
related settings

Calibrating for the vision measuring system is the basic
preparation for CVMS. To calibrate the vision measur-
ing system is to make certain the corresponding rela-
tionships between the position of imaging point in digi-
tal image and the actual location in microstructure for
observed objects, and the relationships between the
number of pixels occupied by observed objects and
their actual size. The motion targets to measure in mi-
cro-gyroscope are focused on the driving detecting
comb and their joint components such as bow-like
driving beam which are vibrating in 2D plane. In this
plane, the observed targets are vertical to the optical
axis of imaging system, and the optical path of imaging
is very short. So the imaging system used for vibration
measuring for micro-gyroscope can be guaranteed as a
pinhole camera (fitting in with the central projection
relations). In this way, measuring precision error pro-
duced by imaging geometry distortion or imaging noise
can be neglected.®

The observed motion targets is focused on driving
detecting comb and their joint components such as
bow-like driving beam, driving outer frame which their
structure dimension has been surveyed accurately. So
calibration of this vision measuring system can be car-
ried out and the calibrating value can be defined by
self-reference calibration approach’ in which the cor-
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microstructure in gyroscope can be recorded and saved
as an AVI file under a suitable high sampling frequency
by high-speed vidicon. Images stored in the AVI file
can be processed, analyzed to identify and locate the
motion objects by image processing and motion ex-
tracting module. By this effective image processing and
motion analyzing, the time-related displacement curve
of this recorded motion can be extracted, and the vibra-
tion characteristic parameter can be further analyzed for
the driving module in micro-gyroscope.

responding relationship between actual dimensions and
the sizes of pixels occupied by these structures in image
is calculated from the known parameters of these mi-
cro-structures in micro-gyroscope.

Frame frequency of the high-speed vidicon set to
shoot video of the vibration in micro-gyroscope should
be considered synthetically, for the frequency of this
vibration is very high (about 4000Hz). In evidence,
higher the frame frequency of the vidicon set, more
entire and more exact the video could mirror the actual
motion of the high-speed vibration, and more correct is
the obtained consults by means of image processing
method. However, to increase the frame frequency will
decrease obviously the exposure time and light intensity
for the image, and it will reduce the image quality and
might cause the analyzed results fulfilled by much
noise. In order to obtain the optimal image quality,
frame frequency of the vidicon should be decided
through a great deal of experiments, adequately consi-
dering the inherent frequency of micro gyroscope and
lighting conditions of the imaging system. Experimen-
tal results prove that the optimal frame frequency is
about 30000~40000 fps while the inherent frequency of
micro-gyroscope is about 4000Hz.

3. Image processing and analysis of CVMS

The AVI motion video file shot by high-speed vidicon
is in fact a series of static images whose time interval is
just the reciprocal of frame frequency of vidicon setting.
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Every frame of image expresses and corresponds to a
certain instantaneous position of the vibration in mi-
cro-gyroscope at different time. The kernels of CVMS
in motion measuring of micro-gyroscope is to obtain
the related motion property from image sequences
through proper image processing, right target identify-
ing, locating accurately, and motion parameter extrac-
tion exactly.

Generally speaking, image processing called by a
joint name in CVMS includes three aspects distin-
guished and related each another: image processing,
image analysis and image comprehending®. Image
processing emphasizes the transform between different
images, through processing or treating beforehand at
pixel level to meet the requirement of target identifying.
Image analysis, being actually a process from image to
data, emphasizes the target detection and measuring to
construct a new image description according to the ob-
tained image information in anterior image processing
step. Image comprehending, based on the outcomes of
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image analysis, accentuates returning to the original
physical meaning of targets in actual scene by further
study on property of targets and their relationship in a
same image or between different images.

Based on geometric and gray specialty analysis for
the motion image of the vibration in micro-gyroscope,
we take this technology line to process the obtained
video: Firstly, the motion targets of the vibration are
chose and limited in a suitable size windows in the da-
tum image, and target identifying, locating, position
parameter extracting are accomplished for one image in
a certain area which is ascertained according to the vi-
bration part in the micro-gyroscope. And then, the same
algorithm operations are processed to all the frames of
image contained in the motion video orderly. When this
processing procedure for all the frames in the motion
video has finished, the displacement curve with
time-variation of the micro-gyroscope vibration comes
out. The concrete process can be described as below:
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Fig.2 algorithm flow chart of CVMS
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(i) In procedure of image processing, it is indeed
necessary to accomplish color-space transfor-
mation, noise-reduced threshold segmentation®,
fundamental image interpolation, etc. Since the
size range of the motion targets in mi-
cro-gyroscope is on micron level, their imag-
ing in the obtained image occupies a few pix-
els, it is also necessary to refine the coarse
pixels of primary images sub-pixel
representing according to the primary gray in-

to

formation. In this way, targets in image are lo-
cated in sub-pixel precision. And then, binary
image can be carried out on the base of ante-
rior processing to provide for next step.

(ii) The procedure of image analysis aims at the
binary image to take more processing. In this
procedure, the Freeman method is applied to
differentiate connected regions and

non-connected regions in one image. And then,

shape features of those connected regions are

calculated and analyzed, and the centroid

coordinates of the largest region can be fixed
on by freeman formula.

(iii) In procedure of image comprehending, each
frame of image in the video should be
processed and analyzed by the same procedure
of stepl and step 2. Every image corresponds
to a certain time while the vibration under way,
and one of the centroid coordinates can be ac-
quired from the processing result for this im-
age. With the value of frame time as abscissa t,
and the value of centroid coordinate y as ordi-
nate, one point of the displacement of the mo-
tion target relative to time is confirmed, and all
of the displacements
cro-gyroscope can be obtained from all of the
images in motion video. Further, the data
points can be constituted by B-spline data fit-
ting data to get a time-variation vibration curve
for the vibration in micro-gyroscope.

The algorithm flow chart of CVMS is shown'® as

Fig.2.

vibration of mi-
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Fig.3 amplitude modulating excitation voltage signal (f=3980Hz)

4. Linearity testing and analysis for
micro-gyroscope driving module

An essential feature of MEMS gyroscope is the distinct
different between two stiffness bolstering vibration
mass in x axis and in y axis directions, whether for
driving module or for detecting modal. Stiffness in x

axis direction for driving module, and stiffness in y axis
direction for detecting module must be designed very
smaller than stiffness in their perpendicular direction in
which their bolstering are almost rigid. This special
mechanical configuration can well eliminate mode
coupling between the two modules. That is say the two
vibration systems should possess good linearity in their
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libration directions. But in their performing situation,
some facts will bring some un-neglectable nonlinear
influence to the vibration system of gyroscope such as
microscale effect, air damping, fluid-solid coupling
effect, nonlinearity of electrostatic field, etc. In this

4.1. Influence testing for driving signal to the
amplitude of vibration

Linearity of the driving module of gyroscope can be
detected by parameter testing between displacement
amplitude of vibration response and amplitude of the
excitation signal based on the theory character rela-
tionship between response and its excitation signal for
single-degree-of-freedom linear vibration system. Me-
thod of parameter testing is to exert the driving circuit
of micro-gyroscope an excitation signal which fre-
quency is constant and voltage amplitude varies from

dissertation, we try to detect and evaluate the linearity
of vibration system of driving module in mi-
cro-gyroscope, based on examining the relationship
between the amplitude of vibration curve and the am-
plitude of driving voltage signal by CVMS method. *°
0V to 20V linearly, to shoot the vibration video, and get
the time-related displacement curve by CVMS. And
then, linearity of driving module can be studied based
on this curve. The specific procedures are as follows:
(i) Construction of driving voltage signal: fre-
quency of this driving signal is set to equal to
the inherent frequency of driving module, here
it is 3980Hz. The voltage amplitude varies li-
nearly from OV to 20V within 0.375s. This
change period is set not be longer than half of
the sampling time of vidicon. Fig.3 gives the
oscillogram of this signal.
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b) Part-enlarged picture of response amplitude curve
Fig.4 displacement response to input signal obtained by CMVS

(ii) Exert this driving voltage signal to the drive

circuit of micro-gyroscope, observe and shoot
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the motion video for vibration of the driving
detecting comb in driving module. The video
time should be longer than two times the
change period of the driving voltage signal.

(iii) Process the vibration video by mean of
CMVS, to obtain the vibration displacement
time-variation curve for the driving module.

(iv) Contrast to analyze the displacement
time-variation curve and the driving voltage
signal, investigate and study relationship be-
tween amplitude of vibration displacement and
amplitude of the driving voltage signal, to
found data relationship between the two am-
plitudes.

(v) Linearity of driving module in mi-
cro-gyroscope can be researched based on this
data relationship, and maximum variation of
amplitude, linear least squares estimate, max-
imum deviation can be counted.

4.2. Vibration response to the driving voltage sig-
nal

Fig.4 gives the vibration response of the driving module
vibration system to the driving voltage signal®®. Fig.4a
shows the vibration displacement time-variation curve

Videometrics-based Detection of Vibration

processed by and gotten as a result of CVMS. In this
figure, two intact varying periods of the displacement
curve shows accurately the corresponding relation to
the scan period of driving voltage signal. For the
high-frequency vibration, a great deal of data points is
generated and heap up in this figure. Fig.4b gives a
part-enlarged picture of the curve in Fig.4a to observe
the waveform details in an observing window.

Compare the amplitudes of vibration displacement
in Fig.4a and the amplitudes of driving voltage signal in
Fig.3 on a same starting time point for their synchron-
ous variation character to time. In this way, corres-
ponding data relation between the amplitude of vibra-
tion displacement and the amplitudes of driving voltage
signal can be established as shown in Fig.5.

4.3. Linearity analysis for vibration system of mi-
cro-gyroscope

Least square fitting method is most commonly
used in datum line fitting for linearity assessing. Fit the
data of corresponding amplitudes shown in Fig.5 by
least square fitting method, a datum line to assess the
linear relationship between the vibration amplitude re-
sponse and its driving voltage excitation can be ex-
pressed as:
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Fig.5 corresponding relationship between response amplitude and excitation voltage
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F=0.2178V-0.6184, it is shown in Fig.6.

Based on this assessing datum line, the maximum
deviation of sampling data can be calculated as
+1.1174um, while the amplitude of driving voltage

signal is 20V. With the output scale range of vibration
amplitude is 6um, the least squares linearity (L) of the
driving module

L=1.1174/6.0=18.62%.

can be calculated as:

The least-squares fitting curve of vibration sampling data
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Fig.6 linear least squares estimate between vibration amplitude and input voltage

5. Conclusions
Computer vision measuring system based on
high-speed vidicon is an effective solution for motion
detecting and dynamic characteristic analyzing for mi-
cro-gyroscope in working state. Vibration displacement
time-related curve can be obtained directly by CVMS
from the actual behaving video of the vibration targets.
In this way, more dynamic characteristic parameter for
the vibration system of driving module
cro-gyroscope can be analyzed and calculated. CVMS
method is used to assess the linearity of response and
its excitation for driving module in micro-gyroscope at
working condition. Conclusions by this way could be
proved efficient and accurate.

in mi-
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