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Abstract. The paper presents a new design of a shock-proof two-axis microelectromechanical
gyroscope. Without stoppers, the shock load enables the interaction between the silicon sensor
elements. Stoppers were installed in the gyroscope to prevent the contact interaction between
electrodes and spring elements with fixed part of the sensor. The contact of stoppers occurs
along the plane, thereby preventing the system from serious contact stresses. The shock
resistance of the gyroscope is improved by the increase in its eigenfrequency at which the
contact interaction does not occur. It is shown that the shock load directed along one axis does
not virtually cause the movement of sensing elements along the crosswise axes. Maximum
stresses observed in the proposed gyroscope at any loading direction do not exceed the value
allowable for silicon.

1. Introduction

The recent years have seen scientific and technical and technological advances in microsystems
engineering which are widely used in different fields of information technology including
microsensors. Microelectromechanical systems (MEMS) are one of the most prospective trends in
modern electronics. MEMS technology utilizes methods similar to those applied in chipping
technology allowing to create systems during the integration process, which possess mechanical
electrochemical, optical and electronic properties and sizes comparable with ordinary integrated
circuits.

Gyroscopes and accelerometers are the most popular MEMS devices suitable for numerous
applications of consumer and engineering electronics, namely: car's safety systems, navigation and
orientation of automotive vehicles, monitoring facilities, non-destructive testing monitoring systems
for buildings, industrial facility platform stabilization, medical monitoring devices, oil and gas
extraction devices [1-4].

The dissemination of MEMS sensor in all areas of the life is achieved largely by MEMS
technology which has become popular and is not expensive. The process of MEMS development and
production requires the extensive infrastructure starting from specialized tools and ending with
production capabilities which provide specific procedures such as deep silicon etching.

A rapid development of MEMS sensors is conditioned by the following advantages [4-8]:

Microminiature circuits. Microcircuit technology allows producing micromechanical and optical
assemblies with considerably less size than it is possible by using traditional technologies.
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High operability. The incorporation of microcircuits and sensors, processing circuits and actuating
device in one structure allows creating complex comprehensible systems in a miniature housing.

High production efficiency and repeatability. MEMS manufacturing mostly utilizes tried out and
controlled operating procedures, which produce products with desired parameters.

Narrow spread of parameters within the product. The production of components in the single
technological cycle allows obtaining virtually indistinguishable parameters for the same components.

High-performance operability. Electronics as well as electric communication channels made by the
integrated technology and having small sizes allow improving such parameters as operating frequency,
signal-to-noise ratio, and others.

Low cost mass production.

At the same time, there is a number of problems and weak points connected with the sensor
operation. Operating conditions for MEMS include strong vibrations and impacts. In order for MEMS
sensors to be used on mobile objects under ultrahigh inertial loads, the strength analysis is required for
the gyroscope structure and conservation of its metrological characteristics [9-15].

The main goal of this paper is to analyse the shock load on the two-axis MEMS gyroscope.

2. Configuration and operation principle

Microelectromechanical (MEMS) gyroscopes are devices that measure angular velocity of various
objects. The proposed two-axis MEMS gyroscope comprises the electronic module and the silicon
sensor, general configuration of which is illustrated in Figure 1. The silicon sensor converts the input
signal (angular velocity) into the electric signal which is then processed by the electronic module to
obtain output information.
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Figure 1. Configuration of MEMS gyroscope silicon sensor: 1 — frames; 2, 4 — decoupling frames;
3, 5 —inertial mass; 6, 8, 11, 14 — Y-axis spring elements; 7, 9 — X-axis spring elements; 10 — anchors;
12, 13 — Z-axis spring elements; 15 — comb drive actuator; 16 — comb structure for data retrieval along

Y-axis; 17 — comb structure for data retrieval along X-axis; 18 — planar electrodes for data retrieval

along Z-axis; 19 — glass substrate.
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This gyroscope measures angular velocities Q, and Q, around X- and Z-axes, respectively. Its
operation principle is based on the Coriolis effect. The gyroscope induces antiphase primary
oscillations of frames (Figure 1) due to electrostatic forces created by the comb drive actuators. The
displacement amplitudes of appeared secondary oscillations of inertial masses are proportional to Q,
and Q;, angular velocities.

3. Shock loads
The shock load analysis aims at the determination of deformations and mechanical stresses arising in
micromechanical elements. The shock load causes the oscillations of the mechanical structure of the
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silicon sensor. Shock loads are characterized by the acceleration rate, shock duration, and shock pulse
waveform.

During the operation, MEMS gyroscope under the shock load should maintain the shock resistance
both in on and off conditions and also restore their normal operation after this load. The requirements
for operability and conservation of metrological characteristics are not usually regulated.

The structural design of the silicon sensor should be anticipated by the analysis of occurring
stresses and the identification of more vulnerable stress locations. The spring element of the silicon
sensor is the most vulnerable to the shock load because its rigidity is considerably lower than that of
the entire structure. Shock-induced stresses in the spring element should not exceed those allowable
for the sensor material.

According to the fourth failure hypothesis [16] of material, the amount of specific potential energy
of distortion stored by the deformed element is accepted as the strength criterion. The dangerous
condition is experienced when the specific potential energy of distortion achieves its limiting value
which is determined by simple tension and compression tests. Hence, the stress condition is defined by

Oeq < [alim] (1)
where aiin, is the limit stress of material. The equivalent stress o¢q Shown in Figure 2 is calculated as

(2)

_ J((H —03)% + (0, — 03)% + (07 — 03)?
eq — 2

where 64, 65, 05 are primary stresses in the structure.
Figure 2 illustrates the schematic layout of the specific potential energy of distortion.
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Figure 2. Schematic layout of specific potential energy of distortion.

Let us assume that the shock pulse waveform is a sinusoidal half wave with 3500 Hz amplitude and
500 ps length. The shock load can be either long- or short-term. Its behavior depends on the
eigenfrequency w, of the system oscillations and is driven by the shock load.

The relative movement of sensing elements during and after the shock load is the product of the
eigenfrequency and duration of the shock pulse w, - T. For the proposed gyroscope, wg * T = 33.4 on
each axis, i.e. less than unity. So, the shock is long-term, and the movement of sensing elements
induced by shock accelerations can be considered as a quasi-static.

In addition to the deformation of spring elements, the contact velocity of electrodes represents
athreat tothe sensor material. The material fracture due to shock can occur if the shock speed
increases the value of [16, 17]

0.
Vim = 3)
JE p

where p is the silicon density; £ is the Young's modulus.
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The allowable shock load is 25 m/s in <110> direction of the silicon single crystal. The shock load
is Vo = W /w, for the considered long-term shock, where W is the shock acceleration at the time of
contact. The first three eigenfrequencies of the gyroscope are observed in the vicinity of 10 kHz. As
the shock speed is 0.51 m/s, the fracture of material does not occur when contacting.

However, the movement of sensing elements at certain shock parameters exceeds the values of
allowable gaps. Thus, the configuration of the silicon sensor implies the contact interaction between its
elements. Figures 3-5 contain the simulation plots of the shock load applied to the gyroscope while in
operation, however, without the contact interaction.
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Figure 3. Computer simulation of shock-induced movement of sensing elements along X-axis.
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Figure 4. Computer simulation of shock-induced movement of sensing elements along Z-axis.
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Figure 5. Computer simulation of shock-induced movement of sensing elements along Y-axis.

The sensing elements can move to a following distances during the shock loading if no limit is
placed on their movement, namely: 9.5x10° m along X-axis; 9.2x10°® m along Y-axis and 9.2x10° m
along Z-axis. Minimum gaps between moving and fixed parts of the structure are several times less
than these distances. So, the contact interaction is observed in both spring element and electrode
structures, thereby leading to their fracture and the fracture of the electronic module due to the short-
circuit failure.
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In order to prevent the silicon sensor from the shock load, the gyroscope configuration is provided
with stoppers depicted in Figure 6. These stoppers limit the movement of moving parts within 4 pm.
Given that the gap width in comb electrodes is 5 um, there is no any contact between them, whereas it
is observed in places where the stoppers are located.

Figure 6. MEMS sensor configuration with stoppers.

The finite element method is used to analyze the contact interactions between the gyroscope
structure and the stoppers. The possible directions of sensing element movement, movement of
sensing elements before the contact, and occurred stresses are measured successively. This is
illustrated in Figures 7-9.
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Figure 7. Movements (a) and stresses (b) due to shock on X-axis.
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Figure 8. Movements (a) and stresses (b) due to shock on Y-axis.
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Figure 9. Movements (a) and stresses (b) due to shock on Z-axis.

As can be seen from these figures, the movement of sensing elements along the crosswise axes
are less, and the occurred stresses are also less than their limit value.

4. Conclusions
In this paper, the authors proposed the shock-proof two-axis microelectromechanical gyroscope. It was
shown that without stoppers, the shock load enabled the contact interaction between the different parts
of the silicon sensor. Stoppers were installed in the gyroscope to prevent the contact interaction
between electrodes and spring elements with fixed part of the sensor. The contact of stoppers occurred
along the plane enabling it to prevent serious contact stresses. At the increased shock resistance caused
by the increase in gyroscope eigenfrequency up to 13500 Hz the contact interaction did not occur.

It was shown that the shock load directed along one axis did not virtually cause the movement of
sensing elements along the crosswise axes. Maximum stresses observed in the proposed gyroscope at
any loading direction did not exceed the value allowable for silicon.
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