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This study presents a microelectromechanical systems (MEMS) vibrating ring gyroscope (VRG), which can
survive high shocks and thenmaintains the level of performance required for tactical navigation. Themechanical
structure was designed using a combination of mathematical analysis and the finite element method. The high-
aspect-ratio structures were then manufactured through an efficient fabrication process using a silicon-on-
aluminum patterned glass (SOPG) wafer. To demonstrate the high shock resistance of the fabricated VRG, a
shock of 15,000 g was applied by a gas-gun, and its performance parameters were measured. The VRG, which
has an operating frequency of 17 kHz, demonstrated performance satisfying the tactical grade requirements,
i.e., bias instability, scale factor accuracy, and angular random walk less than 1°/h, 50 ppm, and 0.1°/h1/2,
respectively. The test results show that the proposed VRG can be used effectively in tactical navigation systems,
especially when both performance and high shock reliability are crucial, such as in guided munitions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Recently, microelectromechanical systems (MEMS) technology has
enabled the miniaturization and mass-production of low-cost gyro-
scopes,which have replaced the conventional ones. They are nowwide-
ly used in various fields, such as in anti-shaking systems for video
cameras, navigation and driving stabilization systems for automotive
applications, and aerospace and military systems that operate in harsh
environments [1,2]. The military application is considered the most
stringent field requiring the highest standards of reliability and preci-
sion. For this reason, MEMS gyroscopes for use in tactical short-range
missiles and smart projectiles have been extensively studied [3].

Most MEMS gyroscopes are classified as vibratory gyroscopes, and
their basic operating principle is based on energy transfer caused by
the Coriolis force between two vibration modes of a vibrating element
[4]. Typically, the micromachined vibratory gyroscopes can be further
categorized according to the structure of the vibrating element into
the tuning fork type and the vibrating ring type [4–6].

The vibrating ring type gyroscope has the following advantages over
the tuning fork type: (1) It is robust against external shock because its
mass is evenly distributed over its axisymmetric structure [4,7]. (2) It
is possible to increase its sensitivity proportional to the quality factor
(Q-factor) because the sensing and driving modes have approximately
the same frequency [4,7,8]. (3) It is less sensitive to temperature

because the structure is uniformly affected by the thermal environment
[9]. (4) The frequency mismatch caused by the asymmetric distribution
of mass and stiffness can be electrically compensated using balancing
electrodes [10].

These advantages of the vibrating ring type gyroscopes indicate their
potential to simultaneously satisfy the high shock resistance and pre-
cision requirements. Therefore, several researchers have investigated
their use. However, a detailed verification of the high shock resistance
and evaluation of the post-shock performance of vibrating ring type
gyroscopes have not been conducted yet [11–13].

In this paper, a micromachined vibrating ring gyroscope (VRG) is
proposed and standardized test results are presented to demonstrate
its high shock resistance and ability to maintain a high level of per-
formance after the shock. The structure was designed to achieve the
performance objectives through the combination of mathematical anal-
ysis and finite element analysis (FEA). Its shock resistance was then
evaluated by an impact simulation in commercial FEA software.
Furthermore, the proposed VRGwasmanufactured by a specialized fab-
rication process developed to realize the high-aspect-ratio structures
efficiently. A shock experimentwas conducted using a gas-gun test sys-
tem. The dynamic and performance characteristics of the fabricated
VRG were measured before and after a shock of 15,000 g and analyzed
to verify its shock resistance.

2. Design description

The proposed gyroscope is composed of a ring resonator and
attached flexures which support the ring (Fig. 1). The ring resonator is
driven electrostatically to vibrate along the driving axis at a resonant
frequency. The mass elements of the ring undergoing vibration act like
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a Foucault pendulum, attempting to keep the direction of its linear
momentum fixed in the inertial space while the ring rotates about its
axis. When an angular rate is applied perpendicular to the plane of the
ring, the resulting Coriolis force acts on the vibrating ring such that an-
other vibration mode along the sensing axis is excited, and is detected
electrostatically by the sensing electrodes.

The gyroscope is designed to maintain a tactical grade performance
level even after the shock of 15,000 g. The size of the device is about
5 × 5 mm2, and the additional objectives for stable operation are as
follows: operating frequency of the driving and sensing modes greater
than 10 kHz; frequency difference between the driving mode and
other modes greater than 1.5 kHz; lowest resonant frequency greater
than 2 kHz.

2.1. Mathematical formulation

To determine the resonant frequencies in the driving and sensing
modes of the VRG, the equations of motion for a circular ring, derived
from the arch (i.e., curved beam) model [14], is used.
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where R is the radius of the ring, ur is the transverse displacement in the
radial direction, uθ is the circumferential displacement, qr and qθ are the
corresponding external forces per unit length, E is the Young'smodulus,
A is the cross-sectional area, I is the secondmoment of area, and ρ is the
density.

Assuming that damping is negligible because the ring is closed, the
mode shape of the nth mode can be expressed in the following form:

w θ; tð Þ ¼ Wn tð Þ cos nθ ð3Þ

u θ; tð Þ ¼ Un tð Þ sin nθ ð4Þ

For in-planeflexuralmotion, the extension of themid-surface can be
neglected [14]:

w ¼ −
∂u
∂θ

and nUn þWn ¼ 0: ð5Þ

Using the Eqs. (1)–(5), the strain energy Sn and kinetic energy
Tn of the ring and the flexures can be derived. Then, from the
conservation of energy, the resonant frequency in the nth mode,
ωn, can be expressed as
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where mf and KD are the mass and stiffness of a single flexure.

1) n = 1 mode
In this vibration mode, the ring itself does not deform but behaves
like a lumped mass as a whole. Deflections occur only in the
supporting flexures. Although this mode is not utilized in the opera-
tion of the gyroscope, its resonant frequency should be chosen
carefully considering environmental vibration and shock. From
Eq. (6), we obtain
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2) n = 2 mode
This mode is utilized to drive the resonator and sense the angular
rate. Two nodal diameters and four antinodes are associated with
this mode. From Eq. (6), the resonant frequency is given by the
formula
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In most cases, R is restricted by the size requirement of the device.
Therefore, the major design parameters for the ring resonator are the
thickness and height (related to I and A in Eq. (8)) of the ring and stiff-
ness of the flexure (Fig. 2).

Narrowing the ring thickness decreases the resonant frequency of
the ring, which generally increases the sensitivity of the gyroscope,

Fig. 2.Major design parameters of vibrating ring gyroscope.Fig. 1. Schematic of vibrating ring gyroscope.
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