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Abstract- Vibrating cantilever beams are widely used in
MEMS Gyroscopes. Even though the dimensions of the
gyroscope may vary depending on the manufacturing unit of
the sensor, but the basic principle of operation of these
gyroscopes is the Coriolis Force, which is described later.
This paper also describes the structure and working of a
simple vibrating beam gyroscope, its drawbacks and its
advancements in detail.
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1. INTRODUCTION

Gyroscope is a device used for measuring the angle
of rotation of any object and also used for maintaining the
orientation of the object. It is widely used in our day-to-day
appliances like smartphones and four wheeler vehicles, and
also in fields of high accuracy like navigation, autopilot
systems and missile guidance control.The main principles
used in most of the gyroscopes are: the conservation of
angular momentum and the Coriolis force[1], which is
described in the section II.
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Figure 1. A conventional gyroscope

The most commonly used types of gyroscopes are
Spinning Wheel Gyroscope, Optical Gyroscope and Vibrating
Mass Gyroscope. The vibrating element in the vibrating mass
gyroscope can be of various shapes, but most commonly used
shapes are tuning fork[5], rings and beams. Among these,
beams are more commonly used in MEMS Gyroscopes[3, 15].
Hence, this paper mainly focuses on vibrating beam gyroscope
and the advancements made in it (in further sections of the

paper.)
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Il. CORIOLIS FORCE

Whenever an object is moving in a non-inertial
frame of reference with some angular velocity and an observer
is also on the same non-inertial frame of reference, then the
motion of the object actually follows a straight line path, if
viewed from an inertial frame of reference, but for that
observer the object seems to follow a curved path.

This is due to the Coriolis Effect, shown in Figure 2,
and the acceleration of the object relative to the rotating frame
is called as Coriolis Acceleration[15]. The force produced due
to this acceleration is known as Coriolis Force. It is produced
in a non-inertial frame [2, 10].

Ball trajectory as viewed by rotating
observer
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Balltrajectory viewed by in fixed frame
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Direction of Rotation of Base

Figure 2. Coriolis Effect
Coriolis Acceleration is given as:
&= -2(vx0)
Coriolis Force is then given as:
Fe=-2m(vxo)

The direction of the Coriolis Force can found out by
the right hand rule. According to the right hand rule, if the
index finger denotes the direction of the velocity of the object
(v) and the thumb points in the direction of the angular
velocity (w), then the middle finger points in the direction

opposite to the resultant Coriolis Force, and hence, in the
formula of F. the negative sign is present[2].
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Figure 3. Right Hand Rule for finding the direction of Coriolis
Force

I11. VIBRATING MASS GYROSCOPE

A vibrating element (say it is vibrating in x-direction)
when rotated with some angular velocity (in z-direction),
produces secondary vibrations (in y-direction) orthogonal to
the original vibrating direction as a result of Coriolis effect.
By sensing the secondary vibrations along the sensing axis,
the rate of turn can be detected.

An example of the vibrating mass gyroscope is
shown in the Figure 4.Various elements such as tuning forks,
beams, shells, rings, discs and cylinders are used as the proof
mass in MEMS gyroscope[3, 16].

Sencing axis

¥ Driving axis
x

Rotating axis

Figure 4. Vibrating gyroscope(mass spring based system)
1V. VIBRATING BEAM GYROSCOPE

When the proof mass in a vibrating mass gyroscope
is a beam, then it is referred to as vibrating beam gyroscope.
The most commonly used beam in this type of gyroscope is a
cantilever beam. A cantilever beam is a rigid structure
anchored at one end to a support (from which it protrudes.)
The beam should be perpendicular to its base. The structure of
a vibrating beam gyroscope consists of a beam with a tip mass
and a moving base, as shown in Figure 5. The tip mass can be
subjected to a combination of flexural-flexural vibrations or
flexural-torsional vibrations.
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Figure 5. Single beam Gyroscope

The beam is initially given a lateral vibration along a
particular axis with the help of piezoelectric actuator. Due to
the angular rotation of the beam along the z-axis, secondary
lateral vibrations are induced in the beam in a direction
perpendicular to the primary vibrations (Flexural-Flexural).

PFIT Scensor

Figure 6. Flexural-Torsional beam gyroscope

In case of Flexural-Torsional vibrations, the
secondary vibrations induced are torsional vibrations and not
flexural, as observed in earlier case. The rate of angular
rotation can be determined by measuring the secondary
vibrations. These are sensed using piezoelectric sensors[6],
accelerometer or laser sensors[3-4]. The measurement of the
rate of angular rotation is not accurate because the base of the
gyroscope is also subjected to secondary rotations, apart from
the rotation around the z-axis. These rotations produce
significant errors, known as Cross-Axis Effect. For example,
when the secondary rotations of the base are of a very small
magnitude (0.05 to 0.5 rad/s), it is observed that the output of
the gyroscope increases almost 40 times. Such small figures of
secondary rotations cause a significant change in the output.
This is the major drawback of a single beam vibrating
gyroscope. To eliminate such drawbacks, advancements have
been made in the vibrating beam gyroscope. Rocking Mass
Gyroscope is one such advancement[3].
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TABLE 1
VALUES OF PARAMETERS WITH OF VIBRATING BEAM GYROSCOPE
Parameters Notation Values
Beam Length(m) ¥ 0.15
Beam Thickness th 0.8E-3
Beam Width (m) b 1.5E-2
Mass per unit length (kg/m) Pb 3960Xbt
Beam elastic Modulus (gpa) E 70
Beam shear modulus(gpa) G 30
End Mass length (m) 1 0.01
End Mass Width (m) Bm 0.02
End Mass height Hm 0.02

A. Rocking Mass Gyroscope

Rocking mass gyroscope comprises of four beams,
beam 1 and beam 3 have piezoelectric actuator attached to
them, which produced bending vibrations. The bending of
these beams produces torsional vibration in beams 2 and 4
which are sensed by piezoelectric sensors attached to the
beams 2 and 4. The structure also contains a rocking mass in
the centre of the beams.

Beam 3

Boave 1 (PZT Actuator)

(PZT Sensor)

Beam 1
(PZT
Actuator)

Beam 2
(PZT Sensor)

Rotating
Substrate

Figure 7. Rocking mass gyroscope

There is angular rotation about the vertical axis due
to which the Coriolis force is produced and rocking motion in
the mass is produced. This rocking motion causes torsional
bending in beams 2 and 4. The angular velocity of the base
can be determined by measuring the secondary vibrations.

Roching Mass

Figure 8. Rocking motion of mass
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In a single beam gyroscope it is very difficult to
measure the secondary vibrations as their amplitude is small,
also there are errors caused by cross axis effect. But we can
overcome these drawbacks in rocking mass gyroscopes as the
piezoelectric sensors are not placed on the sides of the beams
2 and 4, but on their top.

Due to this the measurement of primary base
rotation (bending) is not affected by the secondary base
rotation (torsion) as the PZT sensors sense the bending of the
beams and not the torsion. Thus, cross-axis effect is
eliminated[3].

V. MICRO-ELECTRO MECHANICAL SYSTEM
(MEMS) GYROSCOPE

MEMS Gyroscopes are generally fabricated out of a
single piece of silicon or quartz.

To measure the angular velocity MEMS Gyroscope
generally use a vibrating element which does not have rotating
parts that require bearing, thereby making their
miniaturization easier[8, 11].

In MEMS gyroscope, instead of using a cantilever
beam a planar structure is used as the sensitive element of the
sensor.

e_.— Drive Mode

Sense Mode

Figure 9. Two dimensional model of MEMS vibrating beam
gyroscope

The Figure 9 shows a sample of two dimensional
model of MEMS vibrating beam gyroscope. It consists of a
proof mass (inner block) installed inside a decoupling frame
(outer frame).

Initially the proof mass is subjected to motion along

the sense mode (x-axis). Upon rotation around the z-axis, due
to Coriolis force, the oscillation in the x-direction causes an
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oscillation in the y-direction, that is, drive mode. Hence, now
the decoupling frame moves along the drive mode[12].
Inner Frame

Resonating
Mass

Mass Drive
Direction

Springs

Coriolis
e Sense
Fingers

Figure 10. Modified diagram of MEMS vibrating beam
gyroscope

In Figure 10, there is small modification made in the
structure shown in Figure 9. Coriolis sense fingers are added
in between the inner frame and the outer frame. Coriolis sense
fingers are used to capacitively sense displacement of the
frame in response to the force exerted by the mass[9, 14].

Direction of Rotation

woe;oy 3o HonIAIq

Figure 11. The frame and resonating mass are displaced
laterally in response to the Coriolis Effect. The displacement
is determined from the change in capacitance between the
Coriolis sense fingers on the frame and those attached to the
substrate.
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VI. CONCLUSION

Vibrating structure gyroscopes (vibrating beam,
tuning fork, etc.) work on the principle of Coriolis force. The
motion of the vibrating beam gyroscope is governed by
flexural-flexural or flexural-torsional vibrations. The Rocking
Mass Gyroscope overcomes various drawbacks of a single
vibrating beam gyroscope such as Cross-Axis Effect. The
Vibrating Structure MEMS Gyroscope consists of a planar
structure as the proof mass inside the decoupling frame.
Coriolis sense are placed on the outer frame. They sense the
displacement capacitively.

REFERENCES

[1] “How A Gyroscope Works,” By Cef(Terry)Pearson, 1999

[2] Understanding The Coriolis Force University Of British
Columbia Department Of Physics

[3] “Modelling And Vibration Analysis Of A Rocking-Mass
Gyroscope System,” By Masoud Ansari, 2008

[4] “Modeling And Vibration Analysis Of Vibrating Beam
Microgyroscopes Under Longitudinal Rotation Of The
Support,”  Asme 2005 International Mechanical
Engineering Congress And Exposition, Researchgate

[5] “A Novel Piezoelectrically Actuated Flexural/Torsional
Vibrating Beam Gyroscope,” By Vikrant Bhadbhade,
2006

[6] “Mems Tuning-Fork Gyroscope Final
Amanda Bristow

[7] “Design And Simulation Of Mems Piezoelectric
Gyroscope,” By V. Vineela, Researchgate, 2014

[8] “Gyroscope Technology And Applications; A Review In
The Industrial Perpesctive,” By Lorenzo Vaiani,
Researchgate, October 2017.

[9] “The Development Of Michromachined Gyroscope
Structure And Circuitry Technology,” Dunzhu Xia,2013

[10] “Analysis Of A Highly Sensitive Silicon Guroscope With
Cantilever Beam As Vibrating Mass,” K Maenaka, 1996,
Sciencedirect

[11]“Coupled  Flexural/Torsional ~ Vibrations Of A
Piezoelectrically Actuated Vibrating Beam Gyroscope,”
Vikrant Bhadbhade, Asme 2006 International Mechanical
Engineering Congress And Exposition, Researchgate

[12] “A New Cantilever Beam-Rigid-Body Mems Gyroscope:
Mathematical Model And Linear Dynamics,” Seyed Amir
Mousavi Lajimi, 2014, Researchgate

[13] “Integrated Microelectromechanical Gyroscopes,” Huikai
Xie, 2003

[14] Mems Gyroscopes For Automotive Applications. In:
Valldorf J., Gessner W. (Eds) Advanced Microsystems
For Automotive Applications 2007. Vdi-Buch. Springer,

Report,” By

www.ijsart.com



IJSART - Volume 4 Issue 5 - MAY 2018

Berlin, Heidelberg

[15] “Michromachined Vibrating Gyroscopes: Design And
Fabrication,” Elliott, 2002

[16] “The Development Of A Mems Gyroscope For Absolute
Angle Measurement,” D Piyabongkarn, leee Transactions
On Control Systems Technology, March 2005

[17] Robust Michromachined Vibratory Gyroscope,” Acar C,
2004

[18] Apostolyuk V. (2006) Theory And Design Of
Micromechanical Vibratory Gyroscopes. In: Leondes C.T.
(Eds) Mems/Nems. Springer, Boston, Ma

[19] “A Critical Review Of Mems Gyroscope Technology And
Commercialization Status,” Nasiri S, Researchgate

[20] “A Silicon Michromachined Vibrating Gyroscope With
Piezoresistive Detection And Electromagnetic
Excitation,” Paoletti F, Micro Electro Mechanical
Systems, 1996, Mems '96, Proceedings. An Investigation
Of Micro Structures, Sensors, Actuators, Machines And
Systems. leee, The Ninth Annual International Workshop
On 11-15 Feb. 1996

[21]“A  Surface  Michromachined Tunable Vibratory
Gyroscope,” Oh Y, Micro Electro Mechanical Systems,
1997. Mems '97, Proceedings, leee.

Page | 375

ISSN [ONLINE]: 2395-1052

www.ijsart.com



