
Citation: Gill, W.A.; Howard, I.;

Mazhar, I.; McKee, K. A Comparative

Design Analysis of Internal and

External Frame Structures for MEMS

Vibrating Ring Gyroscopes. Eng. Proc.

2023, 58, 53. https://doi.org/

10.3390/ecsa-10-16182

Academic Editor: Stefano Mariani

Published: 15 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Proceeding Paper

A Comparative Design Analysis of Internal and External Frame
Structures for MEMS Vibrating Ring Gyroscopes †

Waqas Amin Gill * , Ian Howard, Ilyas Mazhar and Kristoffer McKee *

Department of Mechanical Engineering, Curtin University, Perth, WA 6845, Australia;
i.howard@curtin.edu.au (I.H.); i.mazhar@curtin.edu.au (I.M.)
* Correspondence: waqasamin.gill@postgrad.curtin.edu.au (W.A.G.); k.mckee@curtin.edu.au (K.M.)
† Presented at the 10th International Electronic Conference on Sensors and Applications (ECSA-10),

15–30 November 2023; Available online: https://ecsa-10.sciforum.net/.

Abstract: This research presents a comparative analysis of the two important design methodologies
involved in developing microelectromechanical system (MEMS) vibrating ring gyroscopes, namely,
internal and external ring gyroscopes. Internal ring gyroscopes are constructed with the outside
placement of support pillars connected with the semicircular beams that are attached to the vibrating
ring structure. The design importance of this particular setting effectively isolates the vibrating
ring structure from any external mechanical vibrations, significantly improving the gyroscope’s
performance. The internal ring structure provides exceptional precession and reliability, making this
design an ideal candidate for harsh conditions, as they can sustain substantial amounts of unwanted
and external vibrations without degrading the performance of the gyroscope. On the other hand,
external ring gyroscopes include the placement of the support pillars within the vibrating ring
structure. This particular design setting is quite convenient in terms of fabrication and provides
higher gyroscopic sensitivity. However, this design may lead to coupling of the vibrational modes
and potentially compromise the performance of the gyroscope. This research discusses and compares
the findings of a modal analysis of the two distinguished design approaches for the MEMS vibrating
ring gyroscopes.

Keywords: MEMS; MEMS design; vibrating ring gyroscope; internal ring; external ring; ring
resonator

1. Introduction

Microelectromechanical system (MEMS) inertial sensors have emerged as essential
components of inertial measurement units (IMUs) and have experienced substantial pro-
liferation in the field of space applications. The utilisation of MEMS vibrating ring gy-
roscopes [1–6] has been the subject of substantial discourse in the realm of research and
development, particularly in the context of space applications [7–9]. There are various
other uses for MEMS vibrating ring gyroscopes in contemporary electrical systems. In
the realm of smartphone technology, the utilisation of inertial sensors that rely on MEMS
vibrating gyroscopes has become increasingly prevalent. The utilisation of this technology
enhances the detection of angular movement in digital cameras, while also finding applica-
tions in other industries such as biomedical, missile technology, and rollover detections in
automotive applications.

MEMS vibrating ring gyroscopes have favourable characteristics for their utilisation
in IMUs within space applications due to their symmetrical configuration, exceptional
precision, and resilience in challenging environmental conditions [10,11]. The gyroscope’s
ring-shaped form, using semicircular springs, exhibits a symmetrical construction that
enables it to withstand challenging environmental conditions and high-vibration indus-
tries [12,13]. This work aims to analyse a comparative design study on two different
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designs for MEMS vibrating ring gyroscope. This paper presents the comparative design
methodology and early design modelling of the vibrating ring gyroscope. The present
study focuses on the examination of modal analysis pertaining to the proposed vibrating
ring gyroscope design.

2. Design Methodology

In order to improve performance and stability and decouple vibrational modes, the
frame structures of MEMS vibrating ring gyroscopes are important design considerations.
There are, in particular, two types of frame structures, the inner ring gyroscope design and
the outer ring gyroscope design. Both of the mentioned design frames will be discussed in
detail below.

2.1. Internal Ring Gyroscope

In this type of design frame, the anchor support is designed outside of the vibrating
ring structure. The vibrating ring structure is attached with the semicircular beams and the
whole vibrating structure is attached to the pillars placed outside. This design configuration
of an interior ring has the ability to improve the performance of the gyroscope by protecting
the vibrating structure from any disruptive external vibrations. Because of their symmetric
structure, inertial sensors with internal vibrating ring gyroscopes are indispensable in
extreme conditions. They can withstand extreme conditions and vibrations, making them
ideal inertial sensors for use in spacecraft applications. A schematic depiction of the internal
ring gyroscope structure is shown in Figure 1.
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Figure 1. A schematic representation of the internal ring gyroscope.

2.2. External Ring Gyroscope

When designing and developing MEMS vibrating ring gyroscopes, it is usual practice
to incorporate an external ring design structure. The external ring gyroscope is designed
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with the support anchor and semicircular beam construction integrated into its interior. This
design strategy has the advantage of being able to handle bigger vibrating ring gyroscope
structures, which significantly improves the gyroscope’s overall sensitivity. However, un-
like the internal ring gyroscope design, this method of design has various difficulties, most
notably in terms of its resilience under extreme conditions and its heightened sensitivity to
unwanted external vibrations. The external ring gyroscope is shown in Figure 2.
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Figure 2. A schematic representation of the external ring gyroscope.

Internal and external ring gyroscopes can be used in a wide variety of vibrating ring
gyroscope configurations. A few examples of these design configurations are gyroscopes
with one or more rings, resonator discs, cylinders, shells, and stars. The external ring
gyroscope can fit any of these gyroscope designs due to its flexible construction. Single ring
gyroscopes, on the other hand, provide many benefits due to their internal design structure.
Internal space in the internal ring gyroscope could be utilised for the installation of extra
tuning electrodes or the planning and implementation of a microscale inertial sensor.

3. Simulation Analyses

The utilisation of finite element method (FEM) modal analysis is of utmost importance
in computational analyses, particularly in the determination of vibration characteristics
pertaining to mechanical structures such as the MEMS vibrating ring gyroscope. This
methodology facilitates a comprehensive analysis of the dynamics and modal characteris-
tics shown by the vibrating ring gyroscope. The modal analysis offers a comprehensive
understanding of the vibrational modes and frequencies of a vibrating ring gyroscope
structure. This is achieved by discretising the structure into finite elements and solving the
resulting equations. The modal analysis using the FEM based software AnsysTM has been
conducted for both internal and external vibrating ring gyroscopes.
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3.1. Modal Analysis of Internal Ring Gyroscope

The modal analysis of the internal ring gyroscope is conducted based on its distinctive
structural alteration. The design comprises a total of eight semicircular beams, all of which
are connected to the internal ring resonator. The entirety of the vibrating ring structure
is upheld by externally positioned support pillars around the vibrating structure. The
presented design technique effectively implements measures to isolate the vibrating ring
structure from potential external disturbances that may have adverse effects on the overall
performance of the gyroscope. The design features comprise several key parameters. These
include a ring radius of 1000 µm, a semicircular beam radius of 200 µm, a ring and beam
thickness of 10 µm, and a structural height of 100 µm. The frequencies depicted in Figure 3
for the internal ring design are 48.78 kHz and 48.80 kHz for mode 1 and mode 2, respectively.
The mode mismatch recorded only 17 Hz, which shows a good prospect of high sensitivity.
The modal results are shown in Figure 3.
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3.2. Modal Analysis of External Ring Gyroscope

In contrast, the external ring gyroscope exemplifies a conventional methodology for
the vibrating ring gyroscope design. The external ring gyroscope exhibits the presence
of eight semicircular beams that are connected to the external ring resonator, and the
entire vibrating structure is interconnected to the centrally positioned circular pillar. The
design features include a ring radius measuring 1000 µm, a semicircular beam radius of
200 µm, thicknesses of 10 µm for both the ring and the beams, and the structure has a
height of 100 µm. The modal resonance frequency results are illustrated in Figure 4, with
mode 1 exhibiting a resonance frequency of 40.59 kHz and mode 2 displaying a resonance
frequency of 40.63 kHz. The mode mismatch recorded 34 Hz, which is slightly higher than
the internal ring gyroscope design.

Both designs possess identical design characteristics, with the exception being the
design geometry. The radii of the vibrating ring and the semicircular beams are same
in both gyroscopes. However, it is observed that the internal ring gyroscope exhibited
elliptical vibrations at a frequency of around 49 kHz, whereas the external ring gyroscope
displayed elliptical vibrations at a frequency of 40 kHz. The mode mismatches for the
internal and external ring gyroscopes are observed at frequencies of 17 Hz and 34 Hz,
as seen in Table 1. The results indicate that the internal ring gyroscope exhibits higher
sensitivity and low mode mismatch between elliptical shapes of vibrations, rendering it a
preferable candidate over the external ring design for vibrating ring gyroscopes.
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Table 1. Modal analysis results for internal and external ring gyroscope.

Vibrational
Modes

Internal Ring
Design

External Ring
Design

Ring Radius
(µm)

Ring Width
(µm)

Semicircular
Radius (µm)

Device Height
(µm)

Driving (kHz) 48.78 40.59 kHz 1000 10 200 100

Sensing (kHz) 48.80 40.63 kHz 1000 10 200 100

Mode
Mismatch (Hz) 17 34

4. Conclusions

We have successfully demonstrated two design types of MEMS vibrating ring gy-
roscopes, the internal ring and the external ring gyroscope. Comparatively, the internal
ring vibrating gyroscope with its outer pillar support shows a good stability against harsh
environments. This makes it notably suitable for spacecraft applications. On the other
hand, the external ring gyroscope with its centrally positioned pillar offers higher flexibility
in design structure but with reduced robustness against high-vibration environments. The
FEM modal analysis shows differences in the vibrational mode frequencies of both designs.
Despite having identical design features, the internal ring gyroscope demonstrated higher
sensitivity with higher resonance frequency responses. The mode mismatch was observed
to be just 17 Hz, in contrast to the 34 Hz for the external ring gyroscope. Therefore, the
internal ring gyroscope emerges as the more favourable candidate for our further research
on gyroscopes.
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