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The purpose of this thesis was to develop automated, efficient and economical
methods for the mechanical and thermomechanical characterization of a digital
3-axial microelectromechanical systems (MEMS) gyroscope. The development of
the test equipment and methods was the emphasis of this thesis, but the failure
analyses of MEMS gyroscopes are beyond the scope of this work. A gyroscope is
a device for measuring angular velocity and sensing change in orientation around
its X, Y and Z-axis. The experimental part is divided into two sections, of which
the first one is focused on high-G shock impact and vibration loading and the
second on thermomechanical characterization.
A rotation device was developed for the characterization of the MEMS gyroscopes
in a temperature and humidity chamber. The rotation device consists of a oneaxial servo-motor, a servo-drive and a control program for the readout of angular
velocity. The device is capable of simultaneously recording the angular velocities of the gyroscopes from all three axes while rotating the gyroscopes around
a single axis. The device also records the temperature of the environment. The
high-G shock impact equipment consists of a pneumatically assisted shock tester
that relies on mechanical impact to generate the high-G shock pulse. An existing mechanical shock impact system was modified to gain higher G-values (up
to 80000G) and to enable the inspection of gyroscopes in different orientations.
The vibration test equipment consists of a waveform generator and a vibration
shaker, for the vibration testing of gyroscopes. The waveform generator is capable of outputting different waveforms with different frequencies to the shaker
that vibrates with the given output.
The functionality of the rotation device was tested with rotating one gyroscope
board at room temperature. Respective averages and standard deviations of angular velocities were measured in the direction of X, Y and Z axes. The functionality of the high-G shock impact test equipment was verified with six measurements
where all of the gyroscopes failed on first impact. The vibration test equipment
was tested with one gyroscope board. Root mean square (RMS), peak value and
total energy of acceleration were measured with an accelerometer placed on top
of the vibrating gyroscope board.
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1

Introduction

The market for micromechanical motion sensors is growing by rapidly over
50 million USD a year [1]. The consumers demand more intelligent devices
that are aware of the environment they are in. Until today, the development
of motion sensors has been driven by the needs of the automotive industry,
but now a broader field of applications is available for the micro-electromechanical systems (MEMS) sensors. Consumer applications, specifically
mobile phones and video games, appear to be very promising markets for
MEMS motion sensors. Most common examples of MEMS motion sensors
are accelerometers and gyroscopes. An accelerometer is an instrument used
to measure acceleration, whereas a gyroscope is used to sense change in
orientation and to measure angular velocity.
The physical operating principles behind gyroscopes are the conservation of
angular momentum and the Coriolis effect. Historically, the angular rate has
been measured with rotating wheel gyroscopes. Old, traditional gyroscopes,
were usually a spinning disk or wheel of which the axle is free to adopt
any orientation. In the present-day MEMS gyroscopes, the angular momentum is stored in a harmonic oscillator rather than a wheel. The present-day
MEMS gyroscopes are lightweight, small, and relatively low-cost and, therefore, enable the utilization of gyroscopes in new applications that are not
possible with the classic gyroscopes. Typical, but not limited applications
for the present-day MEMS gyroscopes are related to gaming input devices or
remote controllers, screen stabilization in digital cameras and inertial navigation when GPS signals are not available in mobile phones, for example.
The consumer MEMS gyroscope market is expected to reach 800 million
USD in 2010 [1]. In 2003, there existed over 368 MEMS fabrication facilities
worldwide, with strong centers in North America, Europe and Japan [2].
Several challenges include the increasing number of gyroscope manufacturers
and changes in the value chain due to patents and supply issues. MEMS
manufacturers are more and more willing to supply a whole sensor system
instead of a bare sensor for a broad field of applications.
The field of MEMS gyroscope applications is considerably polarized. For
example, in military and space applications, there is need for broader measurement bands and higher resolution, but for a simple application, such as
sensing the orientation of a mobile phone, there is less need for higher resolution and keeping component costs down becomes more important. This
is achievable by combining low-noise MEMS sensing elements with digital
measurement electronics. The best MEMS sensing elements are implemented
with reliable structures and packaging, which have been made possible with
advances in sensing element design and manufacturing technology.
Reliability is defined as the probability that an item or a device will perform
a required function under stated conditions for a stated period of time [3].
Reliability testing of MEMS devices is an essential part of the product development phase. The knowledge of making reliable MEMS gyroscopes is con-
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sidered in this work by characterizing and testing a novel MEMS gyroscope.
Extreme requirements for noise performance of the component and harshness
of the operating conditions offer great challenges, not only for the component
itself, but also for the requirements of test equipment performance.
This thesis presents a thermomechanical and mechanical assessment carried
out on a novel microelectromechanical gyroscope. The mechanical assessment is performed by subjecting the gyroscopes to high-G shock impacts
and vibrations. The thermomechanical assessment is performed through an
environmental characterization of the gyroscopes in a thermal chamber. The
first part of this thesis describes the general operating principles of gyroscopes
and their implementation. A literature survey of a reliability assessment of
MEMS gyroscopes, and similar MEMS devices, is also presented in the first
part of this thesis. The second part of this thesis is the experimental part.
The research question and the materials and methods used in this work refer
to a 3-axial MEMS gyroscope and test equipment used to assess its reliability. To conclude this work, the developed equipment and methods for
environmental, high-G shock impact and vibration testing, are presented.
Failure modes are discussed briefly for high-G shock impact testing. Further
development of the test equipment is discussed before final conclusions.

3

2

Operating Principles of Gyroscopes

A gyroscope is a device for measuring changes in orientation. Old, mechanical
gyroscopes often resemble a spinning disk or wheel mounted on freely rotating
joints or swivels. For example, if such a wheel is set into motion it remains
nearly fixed when the gyroscope is turned around. This happens because
a large angular momentum is stored in the rotating wheel based on the
physical principle of the conservation of angular momentum. The freely
rotating joints or swivels minimize the friction associated with the rotating
wheel and it tends to maintain its orientation. In MEMS gyroscopes, the
angular momentum is stored in a harmonic oscillator rather than a wheel.
MEMS gyroscopes use different implementations that are explained in Chapter 3. Common applications for gyroscopes include navigation when magnetic
compasses are unusable (as in space telescopes) or are not precise enough
or for the stabilization of flying vehicles, for example radio-controlled helicopters. Gyroscopes are used also to maintain direction, for example, in
tunnel mining. [4, 5]

2.1

Precession and Angular Momentum

Mechanical gyroscopes date back to the 19th century in France, when a
physicist named Jean-Bernard-Léon Foucault conducted experiments with
the first spinning mass gyroscopes (Fig. 1) [6, 7, 8]. Etymology of the word
"gyroscope" comes from Ancient Greek word "guros" meaning "circle" and
"skopos" meaning "watcher" [5]. Foucault’s experiments showed that a wheel
or disk mounted so that it can spin freely around an axis that is itself free to
assume any position maintains its direction despite the rotation of the Earth.
This fact allowed the gyroscope, for example, to provide a reference direction
in navigation systems. Also other application possibilities for the gyroscopes
emerged such as autopilots and stabilizers in torpedos and ships [7, 6].

Figure 1: Spinning mass gyroscope from the 19th century. Original image
from [7].
Looking back at the history of the gyroscopes, mechanical spinning mass
gyroscopes were much smaller and precise in the 20th century than in the 19th
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century. After spinning mass gyroscopes, laser-optical gyroscopes started to
emerge in the 1960’s and gained wide popularity in aeronautics and military
applications [9]. First vibrating mass MEMS gyroscopes were introduced in
the 1980s [10], and advancements have been made, in the last ten to fifteen
years, to create smaller, more precise and mass-producible devices.

Ωp , Angular velocity of precession

L , Angular
momentum

Spin direction

Figure 2: Precession. Adapted from [7].

Precession is the rotation of the axis of a spinning body around another axis
due to forces (such as gravitation and equal support force) acting on the axis.
Precession can be seen, for example, on a spinning top or a gyroscope. A
spinning gyroscope that has its axis horizontal and loosely supported at one
end does not fall, as might be intuitively expected, but keeps spinning as
the free end of the axis begins rotating slowly (with angular velocity Ωp ) in
a circle around the supporting point (Fig. 2). The gravitational and equal
support force cause a torque that is directed around the precession axis.
[4, 5, 7]
The direction of the torque, spin and precession vectors can be determined
with the right hand rule. Forefinger (spin vector), middle finger (torque
vector) and thumb (precession vector) are placed at a 90◦ degree angle to
each other. For example, the spin vector can be imagined as an axis, around
which the spinning motion takes place in a clockwise direction. The other
two vectors (torque and precession) are perpendicular to the spin vector.
Motion of the gyroscope can be decribed by the fundamental equation:
τ=

d(IΩ)
dL
=
= Iα
dt
dt

(1)

where τ is torque, L is angular momentum, scalar I is moment of inertia,
vector Ω is angular velocity and vector α is angular acceleration of the gyroscope.
Gravity of the gyroscope and distance from the support joint cause a torque
that is perpendicular to the rotation axis. Torque τ can be calculated from:
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τ = r × Ωp

(2)

where r is radius and Ωp is angular velocity of precession. Under a constant
torque of magnitude τ , the gyroscope’s velocity of precession Ωp is inversely
proportional to L, the magnitude of its angular momentum:
Ωp =

τ
L sin(θ)

(3)

where θ is the angle between vectors Ωp and L. Friction can cause the gyroscope’s spin to slow down and make the angular momentum of the gyroscope
decrease. Therefore, as described by Equation 3, the velocity of precession
increases as the angular momentum decreases. The gyroscope’s spin slows
down gradually so it cannot support its own weight. Eventually, the gyroscope will stop precessing and fall off its support. [7, 5]

2.2

The Coriolis Effect

The Coriolis effect is a physical phenomenon that affects a mass moving in
a rotating system. The mass in a rotating system experiences a force (the
Coriolis force) that acts perpendicular to the axis of the rotation of the system
and to the direction where the mass is moving. The Coriolis effect is caused
by the rotation of the Earth and the inertia of the mass under the effect. In
the rotating system, when it is rotating clockwise, the Coriolis force tends to
deflect moving objects to the left. In counter-clockwise rotation the direction
of deflection is to the right. The motion of an object in a rotating system
can be described by the Coriolis and the centrifugal forces. Both of which
depend on the mass of the object.
The Coriolis force can be described by the formula:
Fc = mac

(4)

where Fc is the Coriolis force, m is the mass of the object, ac is the Coriolis
acceleration that can be calculated with the formula:
ac = 2v × Ωp

(5)

where v is the linear velocity of the moving object in relation to the rotating
frame of reference and Ωp is the angular velocity.
If we attach the moving mass (Fig. 3) to a stable structure with spring
constant k, we get the deflection x of the mass from equation:
x=

mac
ac
Fc
=
=
k
k
(2πf )2

(6)
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Figure 3: Moving mass attached to a stable structure with a spring. The
mass is affected by Coriolis force and equal spring force. This situation is
similar to the function of vibrating MEMS gyroscopes.

where f is the resonance frequency. For example, vibrating MEMS gyroscopes are based on the equation above and are explained more thoroughly
in the next chapter (Chapter 3).
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3

Implementation of Gyroscopes

In this chapter, in addition to the spinning mass gyroscope presented in earlier chapter, two different implementation types of gyroscopes are presented:
vibrating mass and optical. Vibrating mass gyroscopes are the most common MEMS gyroscopes. They are based on the Coriolis effect and vibrating
structures. Optical gyroscopes are based on the measurement of time differences in laser paths, they are very expensive but also provide good accuracy.
The typical assembly process of MEMS gyroscopes is also presented at the
end of this Chapter to gain a better understanding of how MEMS gyroscope
structures are usually manufactured.

3.1

Vibrating Mass Gyroscopes

The vibrating mass gyroscopes rely on the Coriolis effect and the coupling of
energy between two modes of vibration for sensing angular velocity. The primary mode of vibration is called the drive-mode that sets the mass to vibrate
in a linear direction. This is usually done electrostatically. The secondary
mode of vibration is called the sense-mode. The Coriolis effect induces the
secondary vibration because of the combination of drive-mode vibration and
an external angular velocity input. The displacement of gyroscope inner
structures caused by the sense-mode vibration can be sensed, for example,
capacitively or piezoelectrically. This displacement is linked to the angular velocity. Primary mode and secondary mode are pictured in Figure 4.
[8, 11, 12]

Figure 4: Two modes of vibrating mass gyroscopes. Primary (drive) and
secondary (sense) modes.
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3.1.1

Tuning Fork Gyroscopes

The tuning fork gyroscope was first proposed by Draper Lab in 1986 [10].
It resembles a tuning fork in structure and function (Fig. 5) and is very
common in vibrating mass gyroscopes. It is made from a dual proof masses
which are connected with beam and comb structures to each other. The
dual proof masses are then actuated to vibration in opposite directions but
with the same amplitude of vibration [13, 14, 15]. The vibrating masses
experience a Coriolis force when under external angular velocity, and this
force causes displacement in the comb structures and can be measured with
sense electrodes.

Figure 5: Draper Lab gyroscope. Original image from [11].

Comb structures are very common in tuning fork gyroscopes (Fig. 6). The
combs are used to drive the tuning fork into vibration but also to sense the
displacement capacitively [8, 14, 16]. Detection of displacement in vibrating
mass gyroscopes is further discussed in Chapter 3.1.6.

Figure 6: Typical MEMS comb structures. Original image from [17].
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3.1.2

Wine Glass Resonator

The wine glass gyroscope is another type of vibrating mass gyroscope. It
is named by its shape that resembles a wine glass. It is also known as
the hemispherical resonant gyroscope (HRG) [14, 18]. The HRG’s sensitive
element design is usually based on a hemispheric resonating shell (Fig. 7).
Basic structure of the HRG consists of a resonating shell, an actuator to
resonate the structure and pick-off electrode and capacitor system to measure
output in the resonating shell [19, 18, 20, 21].

Figure 7: Different hemispherical resonant gyroscopes, also known as wine
glass gyroscope, designs. Original images from [21].

A standing wave can be actuated in the rim of the hemispherical resonator
shell by a voltage applied to an actuator. The nodes of the standing wave are
stationary when there is no external angular velocity present. The standing
wave can change its location on the resonator shell, due to the Coriolis effect,
when the gyroscope is rotating. The standing wave rotates with respect to the
shell through an angle that is approximately 0.3 times the external angular
velocity rotation angle [21, 20, 22]. The location of the standing wave can
be estimated with electrodes placed around the shell of the rim [21, 18]. The
design of the HRG is very similar to the thin micromechanical cylinder or
ring, and sometimes these names are used interchangeably with the wine
glass resonator [11, 23].
The HRG accuracy is affected by the possible energy losses in the actuator, pick-off electrodes and capacitor systems. The main way of increasing
the HRG accuracy is to minimize these energy losses. Because of different
manufacturing processes and materials and operating conditions the HRG
is subjected to noise environments. These noise effects can be compensated
with, for example, wavelet or similar filtering [24, 25, 26], different readout
loops [19, 20, 27] and providing minimum possible damping [22, 20, 28].
To retain potentially high characteristics of the material in a manufactured
resonator one must minimize internal stress and defective layers from the
resonator material. Criterion of resonator quality is often expressed as the
Q factor (Q for quality). The Q factor is a dimensionless parameter that
describes how under-damped an oscillator or resonator is. A higher Q factor
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indicates a lower rate of energy loss relative to the stored energy of the
oscillator, and hence oscillations die out more slowly. Oscillators with high
quality factors have low damping so that they ring longer.
In summary, to implement hemispherical resonator gyroscope’s potential
capabilities one should solve a number of challenges in manufacturing an
isotropic resonator having a high Q factor. The resonator should also combine an electrostatic system for excitation, support and control of vibrations
on a resonance frequency.
3.1.3

Vibrating Wheel Gyroscope

Vibrating wheel gyroscope’s structure resembles a wheel or a ring. Vibrating
wheel gyroscope is driven to vibrate around its center axis, and when it
changes its orientation due to Coriolis force, this change (with respect to
angular velocity) can be measured, for example, capacitively [29, 30, 31, 32,
33]. Therefore, it is sometimes called the plate gyroscope because of possible
plate capacitive electrodes under or at the rim of the wheel [14, 32]. One
typical design of the vibrating wheel gyroscope is presented in Figure 8.

Figure 8: Illustration of a vibrating wheel gyroscope also known as plate gyroscope. Tilting direction of the gyroscope marked with the red arrow. Image
adapted from [11].

It can be said that the vibrating wheel and the tuning fork design are very
similar, both are approximately the same size and use a larger proof mass
to provide the coupling for the Coriolis force to measure angular velocity
[32, 33, 31]. The proof mass of the vibrating wheel is commonly made out
of surface-micromachined polysilicon. The mechanical resonator, sense and
drive electronics could be combined on a single chip for more efficient miniturization [32, 14]. Usually they are separate, with static electrode-combs on
a surface to drive the wheel in motion, and sensing is done with capacitance
pickoff electrodes under the wheel [29, 30, 33]. There has been considerable advancements in the MEMS fabrication techniques, for example, in the
1980s, the size was restricted to about two microns of structural polysilicon
[11]. However, modern MEMS gyroscope process technologies are capable of
producing structures as thin as 0,35 microns or even 0,18 microns [34, 13].
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3.1.4

Piezoelectric Plate Gyroscope

Piezoelectric materials can be used to make modern MEMS gyroscopes [12,
35, 36, 37, 38, 39, 40, 41]. Piezoelectricity is a linking between material’s mechanical and electrical properties. In the simplest way, when a piezoelectric
material is bent or compressed, an electric charge collects on its surface and
this charge (voltage) can be measured. For example, Hong Kong University of
Science and Technology conducted a study of a piezoelectric plate gyroscope
(Fig. 9) [42]. The piezoelectric plate is made of a lead zirconate titanate
(PZT) film. PZT is a ceramic material that develops a voltage difference
between two of its faces when compressed. This is called the piezoelectric
effect [4, 42].

Figure 9: Illustration of a piezoelectric-plate microgyroscope, where a, b,
and c are the length, width and height of the piezoelectric plate. Thickness
resonance oscillation direction marked with the red arrow. Image adapted
from [42].

The polarization direction of the PZT film is in the z-axis. The piezoelectric
plate is excited (voltage Vin ) in the polarization direction (z-axis) to produce
thickness extension resonance oscillation (TERO). There also exist some references that relate to thickness shear mode (TS) [35, 38, 41, 36, 40], but both
modes are very much alike. Thickness extension resonance oscillation makes
the piezoelectric material to extend and oscillate in the x-direction, which
can be measured as a change in voltage (Vout ). This oscillation is coupled
by the Coriolis effect and allows a single chip to sense two axes of rotation
[42, 36, 41].
3.1.5

Foucault Pendulum Gyroscope

The Foucault pendulum gyroscope consists of a vibrating rod, beam or other
large mass that is oriented out of the plane of the gyroscope chip [11, 43,
44, 45]. It is named after the famous physisict Jean Foucault (presented in
Chap. 2). He made observations of the Coriolis effect with a device called
the Foucault pendulum. The Foucault pendulum is a swinging pendulum
that is attached to a rotating frame of reference (i.e. Earth) and set to
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motion. Eventually, the pendulum starts to move in a precession motion
that is related to Earth’s rotation and the Coriolis effect [8, 4].

Figure 10: SEM picture of a Foucault pendulum gyroscope. Vibrating rod
oriented out of the plane of the chip. Original image from [45].

Figure 10 presents a silicon micromachined gyroscope that resembles a four
leaf clover that has a relatively large metal post attached to its center. The
large surface area of the clover leaf electrodes is suitable for electrostatic drive
and sensing at the lowest resonance frequencies. The metal post is made to
provide a strong Coriolis force coupling between the drive and sense modes
when the gyroscope rotates around the center post axis. [43, 44, 45, 46]
Large mass at the center of the symmetric four leaf clover stucture makes the
whole gyroscope easier to balance and also increases the Q factor [43, 44, 45].
Higher Q factor of the resonator can increase the sensitivity of the gyroscope,
but at the cost of possibly increasing the gain difference required to start and
maintain resonance. High gain levels during startup of resonance can lead to
uncontrollable high frequency electrical oscillations. Therefore, gain of the
voltage controlled amplifier should be adjustable to reduce the gain level at
frequencies above resonance. [44, 45]
3.1.6

Detection of Displacement in Vibrating Mass Gyroscopes

There are multiple ways of detecting the displacement of the proof mass.
The detection can be capacitive, magnetic, optical, piezoelectric and piezoresistive, for example [8, 47, 48, 49]. Piezoresistivity, one of the most common
detection methods, is the changing resistivity of material due to mechanical
stress. In piezoresistivity the material’s resistance changes and the material
does not produce elecric charge on its surface, contrary to piezoelectricity.
Capacitive detection of displacement uses comb-like capacitive structures
(Fig. 11). The capacitance between the movable mass and the fixed electrodes can be estimated as a parallel plate capacitor where the capacitance
is given by
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Figure 11: Comb-drive capacitive structure.

C=

A
d

(7)

where  is the electrical permittivity, A is the overlapping area between two
comb electrodes, and d is the distance between the two comb electrodes
that act as two parallel plate capacitors. As the proof mass moves between
the fixed comb electrode, the capacitance between the comb electrode and
moving electrode changes. This capacitance change can be modeled by
2A
∂∆C
≈ 2
∂x
d

(8)

where ∆C = C1 − C2 and a linearized model has been assumed so that
d1 = d2 = d, and x is the displacement of the element.
From equation 8 we can write
∆C ∼ K∆x

(9)

, and the change of capacitance is directly proporwhere constant K = 2A
d2
tional to the displacement.
Piezoresistive detection is analogous to capacitive detection. Measurement
of resistivity is used instead of measurement of capacitance. When piezoresistive material bends or is otherwise deformed, the resistivity of the material
changes, and this change is proportional to the displacement. The piezoresistive detection has some benefits over capacitive detection: piezoresistive sensors are simpler to make than dense comb-structures and the lower impedance
makes the signal output larger and therefore easier to detect [50, 51].
However, piezoresitive detection has two drawbacks compared to capacitive
detection. The first drawback is the high temperature dependence of piezoresistive materials that causes temperature drift in the measured angular velocity signals [50, 51]. The second drawback is the need to improve the
sensitivity of piezoresistive detection. As the Coriolis effect is a rather weak
effect the sensitivity of the detection should be kept high. Typical piezoresistive detection utilizing a bending beam can have a relatively low sensitivity
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[51], because of the possible bending stress in the beam can be very scattered
[52, 53]. On the other hand, these effects could be compensated, for example, with suitable control phase-loops and a careful choice and treatment of
piezoresistive materials [53, 54].
In summary, only a small part of Coriolis effect induced stress is translated
into piezoresistively detectable signal, which causes low sensitivity. Improvement of sensitivity can result in a decrease in resonant frequency, this means
that the low frequency operation of vibratory gyroscope can be affected by
environmental mechanical vibration [51, 53, 54]. Environmental mechanical
vibration is usually under 1kHz, but when it is near the gyroscope resonance
frequency, it should be somehow avoided entirely or compensated effectively.
The displacement in primary vibration motion is x, and k is the spring constant of a beam structure. Now, recalling the Coriolis force ac = 2Ωv the
secondary sense motion caused by rotation can be written as [48]
y=

mac
m(2Ωv)
2mΩxt
=
=
k
k
k

(10)

This equation demonstrates that the amplitude of secondary oscillation (y)
is directly proportional to the angular rate (Ω) signal to be measured.
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3.2

Optical Gyroscopes

Optical gyroscopes are a great advancement to the spinning mass gyroscopes
in that there is no mechanical wear because of missing gimbal or spinning
mass structures. This also makes them smaller in size and weight than classical spinning mass gyroscopes, but not nearly as small and compact as MEMS
gyroscopes. However, due to advancements in modern optics, manufacturing
of optical MEMS gyroscopes might be possible in the near future.
The first optical gyroscopes were ring laser gyroscopes (RLGs) [55, 7]. These
devices accelerate two lasers around a circular path in opposite directions. A
phase shift can be detected if the path spins, since the speed of light remains
constant. Customarily the rings are rectangles or triangles with mirrors at
each corner.
Another type of optical gyroscope is the fibre-optic gyroscope (FOG), in
which light is routed through thin optic fibers that enclose a circle [7, 56].
Therefore, it does not use hollow tubes or mirrors that might easily be bulky
and take up too much space, becoming somewhat impractical.
The operating principle behind optical gyroscopes is the Sagnac effect [7, 57].
It is sometimes also known as the Sagnac interference, and it is named after
French physisict Georges Sagnac. In the Sagnac effect a beam of light is split
and the two separate beams are made to follow a path in opposite directions
(clockwise and counter-clockwise). The path of the light beams must encloce
an area that is usually a circle. Light is allowed to exit the device in such
a way that an interference pattern is obtained. The Sagnac effect causes a
time difference between the two opposite traveling light beams and the time
difference can be calculated with the following equation [7]
∆t =

4AΩrot
4πR2 Ωrot
=
2
c
c2

(11)

where A is the area of the ring, Ωrot is the angular velocity of the rotating
ring (where the light travels) and c is the speed of light. This equation
depicts that the time difference, and the position of the interference pattern,
is dependent on the angular velocity of the device (optical gyroscope).
3.2.1

Ring Laser Gyroscopes

The ring laser gyroscope (RLG) has a ring path with mirrors and inside the
ring path there are two counter-propagating laser beams (Fig. 12). The laser
beams travel in opposite directions and interferere to produce a interference
pattern. The rotation of the RLG is causing the Sagnac effect to shift the
nodes of the interference pattern so that there is a time difference between
the two counter-propagating laser beams. [7, 58, 59]
The benefit of using an RLG is that there are no moving parts. Although
RLGs are more accurate than mechanical gyroscopes they suffer from a phe-
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Figure 12: Ring laser gyroscope illustration. Original image from [7].

nomenon known as lock-in [55, 59, 9] at considerably slow rotation rates. The
frequencies of the opposite traversing laser beams become almost identical,
when the RLG is barely rotating. In this situation, the crosstalk between
beams can permit lock-in so that the standing wave gets stuck in a preferred
phase and locks the frequency of both beams. Lock-in then causes the angular velocity corresponding to rotation difficult or even impossible to measure,
because there is no frequency or time-difference between the two beams any
more.
3.2.2

Fiber Optical Gyroscopes

A fibre optic gyroscope (FOG, Fig. 13), like the RLG, uses the interference
of light (especially the Sagnac effect) to detect mechanical rotation. The first
fiber optic gyroscopes were developed due to the advancements in low loss
single mode optical fibers for the telecommunications industry in the early
1970s [60]. Compared to RLGs, FOGs use optic fibers as path for light beams
rather than mirrors. This makes them more compact than RLGs.
An FOG accommodates highly precise rotational rate information. Because
it lacks cross-axis sensitivity to acceleration, vibration, and shock [61, 60].
Optical gyroscopes have virtually no moving parts and no inertial resistance
to movement. Therefore, FOG technology is considered to be one of the most
reliable gyroscope technologies and allows for their use in high performance
applications.
The FOG commonly displays a higher resolution than an RLG but used
to have less stable zero rate output (also known as bias) until the end of
the 90s. Zero rate output (ZRO) is the average over a specified time of
gyroscope output measured at specified operating conditions that has no
correlation with input rotation. ZRO is typically expressed in ◦ /sec or ◦ /hr.
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Figure 13: Fiber optical gyroscope principle. Original image from [61]

High-performance FOGs have showed better ZRO stability than the most
accurate RLGs. [56]
As there is very little research available on optical MEMS gyroscopes, further
discussion on optical gyroscopes is considered to be beyond the scope of this
thesis.

3.3

Typical Assembly Process of MEMS gyroscopes

Micromechanical gyroscopes have both bulk- and surface micro-machined
structures. Bulk micro-machined structures have a relatively larger size and
mass compared to surface micro-machined structures. Most bulk micromachined gyroscopes do not have control electronics (such as ASIC) integrated in the same chip. In bulk micro-machined gyroscopes, the control
electronics are usually in separate chips connected by wire bonding or with
other wiring to the gyroscope. This two-chip-solution requires larger packaging size and limits its use in some applications. Surface micro-machined
structures on the other hand have smaller mass and size than bulk micromachined structures. This has made it possible to integrate the gyroscope
and the control electronics on the same chip, which reduces fabrication and
packaging costs considerably. [62, 63]
The typical fabrication process is depicted in Figure 14. The fabrication
process pictured for a MEMS gyroscope is a silicon on glass process (SOG)
that means bonding silicon wafer on a glass surface. The fabrication process
is a very simple three mask process. It is based on the dissolved wafer process
combined with the deep reactive ion etching (DRIE). The first process step
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is the deep-boron diffusion of a silicon wafer to a high doping density. Then,
a DRIE etch is performed from the boron doped front side of the silicon
wafer to form the gyroscope patterns. The silicon wafer is then flipped and
anodically bonded to a glass wafer. The last part is dissolving of the undoped
silicon wafer in an ethylenediamine-pyrocatechol (EDP) solution. This leaves
the boron-doped single-crystal silicon structures on the glass substrate and
forms the gyroscopes. [64]

Figure 14: Typical silicon on glass (SOG) fabrication process for a MEMS
gyroscope. Image adapted from [64].

Silicon is the typical building material of MEMS devices. It is naturally
a semiconductor, and an easy material to process with. Depending on the
doping materials used, silicon can work either as an insulator or a conductor.
It has a drawback of being quite a brittle material. Different processing
conditions can make the mechanical properties and defects of silicon vary
significantly. Small changes in the pressure, deposition temperature and gas
flow rates can add the number of point defects, dislocations and thermal
mismatches for deposited thin films [65]. Irregularity in the manufacturing
process can directly affect the failure modes and consecutively the reliability
of MEMS structures.
It is important to understand the basics of different assembly processes to
gain a better understanding of reliability issues related to manufacturing.
The emphasis of techniques moving from research to industrial manufacturing increases also the importance of the costs related to the capital cost of
equipment and of device manufacture. For example, the costs of packaging
can be creater than 50% of the device costs, even utilizing standard semi-
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conductor packaging [66]. The manufacturing process may not always be
the best in terms of reliability, but is more a trade-off between costs and
reliability.
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4

Reliability Assessment of MEMS Gyroscopes
under Harsh Conditions

Microelectromechanical devices are often designed to work in harsh conditions arising from the environment. Harsh conditions include for example:
• high temperature,
• high pressure,
• high humidity,
• corrosive gases or liquids,
• dust,
• high power density,
• mechanical shocks and vibration,
• intensity of magnetic and electrical fields,
• radiation, and many others.
These harsh conditions can make MEMS devices considerably prone to reliability issues. Applications of MEMS devices for military, medical and space
environments are progressively increasing. Therefore, it is essential to focus
on the reliability expertise and testing of MEMS components. Reliability
testing of MEMS components in harsh environments calls for standardized
tests. There is a need for accelerated tests in different temperature and corrosive environments. Such as accelerated tests using device storage temperature, or functionality testing at elevated temperatures. Reliability assessment
of MEMS devices in harsh conditions is arguably going to be a cutting edge
area where research labs are starting to elaborate new testing concepts.
Realizing the novel nature of testing concepts, a collaborative approach is
needed to deal with the vast task of reliability engineering of MEMS devices.
The test methodology, physics of failure, packaging, as well as computer
simulations and modeling need to be considered. There exist a large list of
possible reliability and failure mechanism issues that can be seen in MEMS
devices. Problems in packaging due to miniaturization and heat transfer can
be considered universal for all MEMS devices [67]. There are also many
specific failure modes that are more common in one type of MEMS device
than the other. One special failure mode is for example stiction [68] ("static
friction" of two surfaces together) found in MEMS gyroscopes or microphones
(Fig. 15).
Other common failure mechanisms include: failure by wear, delamination,
environmentally induced failures and fatigue. Wear is the gradual deterioration of mechanical parts which results naturally from use. Delamination
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is the failure by separation or loss of adhesion between two different layers.
Some of the environmentally induced failures are common for all electrical
devices, such as corrosion, internal currents and heat issues. In addition to
these environmentally induced failures there are inner failure types that are
encountered in MEMS structures and are much more difficult to examine,
such as stiction. [69, 70]

(a) Micromachined comb
finger adhered to the
ground plane.

(b) Close-up SEM image
of the adhered comb finger
in Fig. 15a. Residual material is present at the top
of the comb finger.

Figure 15: Stiction of comb finger to the ground plane. There also exists
stiction between comb fingers. Original images from [71].
Failure analysis of MEMS components requires careful inspection to understand the root causes of failure. Failure analysis can be performed at the
wafer and die level with little or no sample preparation, but after fabrication
it is not so straightforward. The device can be packaged, capped, hermetically sealed, or otherwise blocked requiring usually disturbing the device or
its immediate environment [72].
It can be concluded that MEMS have very specific failure modes. Several failure analysis (FA) techniques that are conventionally used for FA
of chips and packages, can also be used for MEMS. Especially useful are
SEM (scanning electron microscopy) for inspection, and FIB (focused ion
beam) to make local cross-sections. Techniques such as transmission electron microscopy (TEM), photoelectron microscopy (PEM), scanning acoustic
microscopy (SAM), infra red microscopy (IR), X-ray and even thermally induced voltage alteration (TIVA) find applications in MEMS failure analysis.
[73]
This chapter (Chapter 4) is based on a literature survey on the characterization of different MEMS devices carried out by different universities and
research groups. This chapter is divided into three parts: high-G impact
tests, vibration tests and environmental testing. There is a brief summary at
the end of each part of the most relevant findings. Gyroscope performance
parameters are discussed separately in Chapter 4.4.
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4.1

High-G Shock Impact Tests

One of the toughest demands is the ability of a packaged sensor to survive
a drop-test. However, since the mass of the structures is tiny, the devices
can be quite resistant to shock and vibration [74]. The typical height for
drop tests is between 1 and 1.5 m, which has shown to lead to accelerations
in the range of 10 000G to 100 000G [74]. The G-value means the value
of acceleration due to gravity so +1G equals approximately an acceleration
of 9.82 m/s2 . There exist various damage types caused by impact shocks.
Shocks can induce cracks in the material which can cause fractures. Shocks
may also chip away small pieces of material which may, for example, cause
short-circuits or block moving structures in sensors.
Drop-tests are defined by the acceleration pulse (G-value of the shock), dropheights and test object orientations [75] used. Also the surface conditions of
the contacting surface affect the force of the impact, for example dampening
the shock [76]. There exists standards for board-level drop tests, standardized
by the Joint Operation Electronic Devices Engineering Council (JEDEC)
[77, 78]. It is useful to apply these board-level standards, when making
drop-tests for MEMS devices to gain also knowledge of boundary conditions
in the package level [79]. These boundary conditions can also be applied
for simulations and measurements to help design better tests for board-level
testing.
The exposure of MEMS devices and components to shock environments can
occur during assembly, fabrication or operation. Shocks induced by accidental drops onto hard surfaces are a significant reliability concern. Similarly,
MEMS used in space applications and those used to monitor intense impact
environments will experience dynamic loading during deployment and operation [80]. Designing stable structures under dynamic load bids awareness
of
• the stress history of the structures during the impact,
• a theory explaining the severity of the load experienced by the structure, and
• the appropriate material properties.
The stress history and distribution can often be modeled, for example, by
applying dynamic finite element analysis (FEA) (Fig. 16) methods [82]. In a
simulation study by Weber et. al (2004), the effects of high operating
accelerations (up to 500 G’s) were observed with simulation software for a
sample MEMS gyroscope structure [83]. Displacement of the proof mass and
other shock effects were simulated. Gyroscopes exposed to high-G environments will likely have some type of isolator between the gyroscope housing
and the sensor elements. The shock effects were simulated with and without
an isolator placed between the gyroscope housing and the sensor elements
[83].
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Figure 16: Illustration of a typical finite element analysis (FEA) model.
Original image [81].

Simulation study [83] findings were: without an isolator the simulation
software determined the gyroscope’s proof mass displacement to be 6µm
when exposed to a 500G shock. The amplitude of the shock was dampened
by more than a factor of 20 with an isolator. A critical displacement value can
be derived from the displacement values. It is the boundary value between
a safe operation region and a snap-down region. Snap-down is the failure
that occurs when the electrostatic forces between a proof mass and a combelectrode become too large. In a snap-down situation the proof mass touches
the comb-electrode sense plates and the gyroscope has "snapped-down" resulting in short-circuit or stiction. In summary, there is a minimum sense
gap to prevent snap-down that should be determined for each gyroscope design. It is also advisable to place an isolator between the gyroscope housing
and the sensor element to dampen the amplitude of shock impacts. [83]
Srikar and Senturia (2002) conducted shock tests on packaged surfacemicromachined devices [80]. Mechanical responses of a large class of shock
loaded MEMS were modeled as microstructures attached to elastic substrates. The shock reliability of many MEMS devices has been studied
experimentally. In a small subset of these studies, the response of the microstructures has been monitored during the shock excitation. The intensity
of the shock ranged from 20G to 120 000G, and the shock durations varied
from 40 to 3000µs. Several conclusions were made about the failure
criteria and responses to shock load of MEMS structures in this
study. MEMS attached to a substrate can be modeled as undamped resonators attached to an accelerating support. Shocks with durations less than
50µs make the substrate where the microstructures are attached respond as
a rigid body that is expected to be immune to stress-wave-induced damage.
Failure criteria can be formulated either in terms of a critical stress or a
critical displacement.
The U.S. Army Research Laboratory has conducted a series of research about
MEMS devices under harsh military environments [84, 85]. In the reference
[84], devices were subjected to severe high-G shock environments of up to
35 000G. High-G testing consisted of both short (shock table) and long-pulse
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(air-gun) duration shocks. A simple drop-test machine was used to perform
the initial experiments. Simulated shocks were less than 1ms in duration
and had a higher rebound effect as compared to real (missile or cannon)
launch conditions. Survivability at missile launch conditions and laboratory
experiments is different in some ways. High frequency content and magnitude
of the shock impact can be said to be more harsh in laboratory conditions
than during launch conditions.
Results in [84] can be concluded as follows: Differences between the
high-G shock impact loading on the shock table and within the test sample
were larger without a damping material. During a 20 000G shock the measured shock within the test sample was as large as 75 000G. Only 30 000G
was measured in the test sample with damping material during a shock of
the same magnitude (20 000G). Understanding the dynamics of loading on
specimens is critical in order to build a better dynamical model and take
account the various damping materials that can be used to lessen the shock
impact effects.
Overall findings in this literature survey of high-G impact tests
for MEMS devices can be summarised as follows:
• MEMS devices have been tested from as low as 20g’s up to as high as
120 000g’s.
• Shock duration has varied from 40 to 3000µs. With durations over
50µs the MEMS substrate has shown response as a rigid body.
• Damping material placed between a mounting surface of a sample can
more than halve the shock impact loading within a MEMS device in a
drop test.
• Failure criteria of the MEMS devices can be formulated for example
with critical stress or critical displacement parameters.
• There are JEDEC standards for board-level drop tests, but none especially designed for MEMS gyroscopes. However, many gyroscope
manufacturers promise some exact level of shock impact survivability
in specific G-values, although the conditions are often incomparable
between different gyroscopes.

4.2

Vibration Tests

Besides impacts and shocks, MEMS gyroscopes can also be subject to vibrations. Vibrations can cause high alternating stresses that produce fatigue
failure in MEMS gyroscopes. There are many sources of structural and mechanical vibration that the engineer must take account of when designing
complex engineering systems: motion, usually rotation, induced by machinery; ground-borne propagation due to construction; vibration from heavy
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vehicles as well as vibratory propagation from rail systems; and vibrations
included by natural phenomena, such as wind or earthquakes.
Vibrations are often modeled as periodic and sinusoid functions, but in real
life the sources of vibration are hardly periodic. These include impulsive
forces and shock loading, random excitations and aperiodic motions. Therefore, it is reasonable to make assumptions about the resonant frequency and
a single set of parameters to describe the mass, the stiffness and the damping
of MEMS gyroscope structures.

Figure 17: Typical vibration environment, shaker table. Arrows indicate
direction of vibration. Original image from [71].

Vibration test are usually performed in an environment that has certain peak
amplitude, acceleration and spans certain frequencies. Also different modes
of vibration and duration time can be altered. It is sensible to test functionality of the gyroscopes before and after the test rather than during the test,
because the operating principle of the most gyroscopes is based on vibration and energy stored in a harmonic oscillator. Under constant vibration,
gyroscopes would output arbitrary angular information. Nonetheless, it is
important that they work reliably afterwards.
In a vibration study by Choa (2002), gyroscope chips were subject to
a vibration that had a acceleration of 9G, peak amplitude of 1.5mm and
spanned frequencies from 15 to 55Hz. Test duration was 40 minutes and
three modes of vibration were used. No performance changes were observed
following this vibration test. In this study, it could be concluded that
the device under test (DUT) was robust enough to pass a typical vibration
qualification test for electronic products. [74]
Tanner et al. (2000) performed a vibration test to surface-micromachined
microengines and observed the failures in them. The test was carried out in
a vibration environment (Fig. 17) that had a peak acceleration of 120G and
spanned frequencies from 20 to 2000Hz. The surface-micromachined microengines contained many elements (springs, gears, abrasive surfaces) sensitive
to vibration. [71]
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Relevant findings in [71] were: two vibration related failures and three
electrical failures in a set of 22 microengines. Failure analysis revealed that
the electrical failures were due to shorting of stationary comb fingers to the
ground plane. The first vibration related failure was an adhesion failure.
The direction of vibration was suspected to cause the rubbing of two moving
parts together causing adhesion. The second vibration related failure was
the disconnection of linkage arms from a gear, thereby breaking a pin joint.
According to Dean et al. (2007), MEMS gyroscopes are also susceptible
to high power, high frequency content acoustic noise. Acoustic energy frequency components that are close to the resonating frequency of the proof
mass in the MEMS gyroscope can produce undesirable motion of the proof
mass. This will likely result in undesired errors in the angular velocity measurements. If the acoustic signals possess enough power in the vicinity of the
sensor resonating frequency, the resulting degradation in sensor performance
can be severe enough to render the angular rate measurements useless. [86]
Example environments where this type of high power acoustic signal may
be encountered include supersonic aerospace vehicles, machines that utilize
high pressure nozzles, underwater applications and some audio systems [86].
The intensity level of acoustic signals is often measured in dB where 0dB
corresponds to the minimum hearing threshold of a healthy human ear while
150dB corresponds to the threshold of pain in a healthy human ear.
During testing of MEMS gyroscopes under high power acoustic signals, the
sound level ranged from approximately 114dB at 1KHz to 90dB at 20KHz
[86]. Most relevant findings in this investigation [86] demonstrated
that high power, high frequency content acoustic noise environments can
cause degraded or even failed operation of MEMS gyroscopes. At noise levels
of up to 100dB, the noise floor of the sensors’ outputs were observed to
increase as a function of both applied angular velocity and acoustic noise
power. The acoustic excitation (near 130dB) can disrupt the sensor so that
no useful data can be received reliably. Therefore, caution should be advised
when using MEMS gyroscopes under environments of susceptible high power
acoustic signals.
Bazu et al. (2007), tested MEMS accelerometers in a vibration environment at temperatures of 85◦ C and 145◦ C [87]. Frequency of vibration was
1500Hz and amplitude was 6G in both cases. Test duration was 200h in
both tests. No visible degradation in the performance of the accelerometers
during the test at 85◦ C was obtained. Testing for second sample batch was
executed at a very high ambient temperature, beyond the specification limits,
at 145◦ C. In conclusion: there was very small performance degradation
after 100 hours of testing. The possible failure mechanism in this case was
the fatigue of the moving part of the accelerometer. [87]
Overall findings in this literature survey of vibration tests for MEMS
devices can be summarised as follows:
• MEMS devices have been tested in vibration environments with accel-
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erations ranging from 6G up to 120G. One test was done under high
power acoustic signals where the sound level was as high as 130dB.
• There are multiple vibration parameters to vary. Most important of
them being acceleration of vibration (G-value) and the spanned frequencies (Hz).
• Vibration is a very harsh environment for MEMS gyroscopes because
their operation principle is usually based on coupling of primary and
secondary vibration modes.
• Most likely failure types in vibration environment are adhesion, movement of MEMS joints or pins in the direction of vibration, and accelerated fatigue of the moving parts.
• There are no standard vibration tests available for MEMS gyroscopes.
In one test MEMS gyroscopes were robust enough to survive a vibration
of 9G’s with a frequency range of 15 to 55Hz.

4.3

Environmental Testing

MEMS devices are often designed to withstand harsh environments with high
or low temperature, humidity, electro-magnetic forces and corrosion. Material concerns arising from the diverse environments include stress, creep,
fatigue, wave-propagation and thermal coefficient of expansion. Electrical
problems apply mostly to temperature sensitivity and packaging issues dealing with shorted or broken leads. All perspectives must be addressed. [84]
Temperature tests can be of various form, i.e.:
• Constant temperature tests.
• Temperature shock tests.
• Thermal cycling tests.
• Humidity and condensation tests.
The effects of the temperature environment on the performance is of great
concern since they can be a imperious source of error in micro-machined devices. Shcheglov et al. (2000), subjected packaged MEMS gyroscopes
to various temperature environments ranging from −60 to +60◦ C. Resonant
frequencies, signal drifts and quadrature drifts of the MEMS gyroscopes were
monitored. The results in this research pointed out that temperature
fluctuations are a major source of low frequency noise. The temperature
affects the gyroscope through changes in gyroscope resonant frequency and
drive-mode amplitude. It was also pointed out that frequency depends linearly on temperature. [88]
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In an environmental test by McClusckey et al. (2010), MEMS gyroscope signal and noise variation was measured in a stationary and a rotary
test under room temperature, and then subjected to thermal cycling from
−25 to +125◦ C for 100 hours (100 cycles). The process was repeated five
times for a total of 500 hours of thermal cycling. The same stationary and rotary tests were conducted after every 100 hours of thermal cycling exposure.
As a result a permanent change in the signal was measured; the maximum
angular velocity shift was 1.8◦ /s after 500 hours of thermal cycling. [89]
It is often of interest not only to measure the behavior of the MEMS electrically, but also to monitor its movement optically. DeWolf (2004) monitored
radio frequency (RF) MEMS capacitive switches in a recent study. Monitoring was done using humidity ovens used for IC packaging. Test chamber,
which is normally used under a microscope to study, for example, IR spectra or Raman spectra of different substances under varying humidity, was
used for characterization of RF-MEMS capacitive switches. The humidity
was changed from about 3 to 95% relative humidity (RH) within a temperature range of -10 to +150◦ C. Simultaneous optical and electrical monitoring
of the devices allowed to study the effect of capillary forces on stiction of
the MEMS. Stiction is defined as the friction that tends to prevent relative
motion between two movable parts at their null position. [73]
It can be concluded from [73] that high humidity levels can result in
capillary stiction of the moving parts of the device. Humidity can also have an
indirect effect of the MEMS reliability by changing the sensitivity of insulator
material used in capacitive RF-MEMS. This again might cause stiction of the
moving part due to charging of the insulator.

Figure 18: Tilting variants: the axial type (left) and the wing type (right).
Original image from [87].

Bazu et al. (2007), tested the performance of MEMS accelerometers at
elevated temperatures by tilting them in a thermal chamber with special
equipment. Two variants (Fig. 18) of tilting movement were used for testing:
the axial type and the wing type. In the axial type the accelerometers were
positioned on the axis of the equipment, simulating a device placed in a
car or a train. In the wing type the accelerometers were positioned at a
certain distance from the axis, simulating a device placed on the wing of an
airplane. Tilting tests were done at temperatures of 25◦ C, 100◦ C and 125◦ C.
Duration of the tests were 1000h for each test. As a result there was no
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visible degradation in the performance of the accelerometers during the tests.
[87]
Overall findings in this literature survey of environmental testing
of MEMS devices can be summarized as follows:
• Environmental testing parameters to be varied are usually: temperature levels, thermal cycle times, relative humidity and mixture of gases
in a environmental test chamber.
• Temperature fluctuations are often the source of low frequency noise.
• Effect of temperature is also seen as a drift in angular velocity.
• Stiction, problem especially under high humidity levels, is best observed
with simultaneous optical and electrical monitoring.
• Testing of MEMS accelerometers and gyroscopes can be done at elevated temperatures with a tilting or rotating device to get acceleration
or angular velocity data in situ.

4.4

Gyroscope Performance Parameters

Gyroscope performance can be evaluated for example by comparing calibrated values both before and after a possible harsh loading or environmental
condition (shock, vibration, humidity etc.). Relative changes in sensitivity
and zero output velocity are a good indication of failure (Fig. 19). Sensitivity (Fig. 19a) (also known as scale factor) is the constant of proportionality
between the actual gyroscope rotation rate about its sensitive axis and the
gyroscopes output voltage. This constant is usually expressed in volts per
unit angular velocity (V /dps). [8]
Sensitivity change can also be monitored as the function of temperature.
Sensitivity change vs. temperature (%/◦ C) describes how the sensitivity will
change in percentage per ◦ C. This is a good indicator of how sensitivity is
affected by temperature and helps in designing more reliable gyroscopes for
different temperature conditions. [90]
Zero output velocity (Fig. 19b) (also known as bias or offset signal or the
zero-rate offset) is the average over a specified time of gyroscope output
measured at specified operating conditions that has no correlation with input
rotation. Zero output velocity (ZRO) is typically expressed in ◦ /sec or ◦ /hr.
An optimal gyroscope would have a high sensitivity and minimal zero output
velocity. As with sensitivity, the zero output velocity can also be monitored
as the function of temperature to see how it will change per ◦ C. [8, 90]
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(a) Sensitivity also known as scale factor

(b) Zero output velocity (ZRO) also known as bias or zero-rate offset

Figure 19: Typical sensitivity plot and ZRO drift plot. Original images
from [91].
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5

Research Question

This work is a part of a project that concentrates on the evaluation and
characterization of MEMS devices. The project is divided into two working
packages (WP1 and WP2). WP1 concentrates on the reliability assessment
and evaluation of a MEMS gyroscopes. WP2 concentrates on the reliability
assessment and evaluation of MEMS microphones. The project is a collaboration of Aalto University, Nokia, Okmetic, VTI Technologies and VTT,
and financed jointly by these partners and the Finnish Funding Agency for
Technology and Innovation (TEKES).
This work describes a part of a reliability assessment process of a 3-axial
MEMS gyroscope. The objective of this thesis is to develop automated, efficient, and economical methods for the assessment of board-level reliability
of MEMS gyroscopes. The focus is to develop methods to monitor the operation of MEMS gyroscopes during high-G shock impacts, vibration loadings
and environmental loadings.
The board-level testing of micro-mechanical motion sensors requires the use
of automated testing procedures due to the high accuracy and low noise
requirements of the gyroscope components. Therefore, the selection and
development of optimal test equipment and test software is critical in order
to meet these requirements.
The working principles and different implementations of MEMS gyroscopes
were presented in the first part of this thesis. Also presented in the first
part of this thesis was the literature survey on the reliability assessment of
MEMS gyroscopes in harsh environments. The second part of this thesis
is the experimental part that focuses on the development of test equipment
and methods for the mechanical and thermomechanical characterization of
MEMS gyroscopes. The mechanical characterization consists of high-G shock
impacts and vibration loadings and the thermomechanical characterization
consists of environmental characterization. High-G shock impact, vibration
and environmental characterization were all carried out with unique test
setups.
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6

Materials

This section details the 3-axial MEMS gyroscope that is the device under
test (DUT). The DUT is to be characterized in environmental, high-G shock
impact and vibration tests. The DUT’s structure is presented, as well as the
printed wiring boards (PWBs) where the DUTs are to be attached.

6.1

The Device under Test

The basic strucure of the gyroscope is presented in this chapter. The sensing
element and the integrated chip, input and output pins and the communication protocols of the gyroscope are also discussed.
6.1.1

Basic Structure of The Component

The gyroscope (Fig. 20) consists of three orthogonally positioned angular
velocity sensing elements to provide angular velocity output along three axes
of rotation, the X, Y, and Z axis.

Figure 20: The gyroscope.

The gyroscope is designed to be very accurate (0.75 dps resolution) and low
noise (noise standard deviation 0.9 dps) angular velocity measurement device.
A long operational lifetime is achievable by having a low current consumption
(5mA) and high stability over temperature. The device is especially targeted
to battery operated devices, for example game controllers, remote controllers
and mobile phones.
Communication with the gyroscope is digital. The gyro is controlled by
changing the contents of the Application Specific Integrated Circuit (ASIC)
registers with digital command words. The ASIC is capable of:
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• Delivering synchronous digital data streams of angular velocity signals
from 3 orthogonal axes.
• Performing self-test of key performance parameters.
• Making it possible to link multiple gyroscopes to provide angular velocity signals.
The angular velocity signals detected by the sensing elements are very low
level and are easily lost in ambient noise. Therefore, they are amplified and
transformed into digital form by the ASIC that is integrated in the package.
The 3-axial gyroscope housing is a wafer-level packaged Chip Scale Package
(WL-CSP) with ten SAC405 solder bumps. The package dimensions are 3.1
mm x 4.2 mm x 0.8 mm and the weight of the package is 18 mg. Similar to
the sensor elements, the package is hermetically sealed in order to prevent a
variation in humidity and pressure.
6.1.2

Sensing Element

The sensing element is manufactured using bulk process. Bulk process enables to make capacitive sensors and comb-structures robust and stable. Capacitive sensors are also designed to have a low noise level and low power
consumption.
The sensing element consists of one primary resonator and three secondary
resonators. The ASIC drives the primary resonator while Coriolis force will
couple to the secondary resonators allowing the measurement of angular velocity. Detected signal will be converted first into a phase difference and then
to a voltage difference in the signal conditioning ASIC.
6.1.3

Interface Integrated Circuit

The interface integrated circuit of the gyroscope has an internal oscillator for
sending clock pulses synchronizing the communication with the gyroscope
and the measurement system. The device has also reference and non-volatile
memory for storing and sorting gyroscope parameter data in the registers.
The internal oscillator and memory enable the sensor’s autonomous operation
within a measurement system.
The interface between the sensing element and the device is implemented via
the primary and secondary driving mode circuitry, charge-sensitive-amplifiers
(CSA) and phase detector. The interface is responsible for the XYZ-angular
velocity detection. After calibration and filtering in the analog domain, the
signal is analog-digital converted and then filtered digitally.
Angular velocity data can be read via the serial bus and in power down mode
(device’s volatile registers keep their contents and the current consumption
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is minimized) the device is inactive. Measurement bandwidth (20 or 80Hz)
can be selected by ASIC register command.
6.1.4

Input and Output Pins

The gyroscope has ten digital input/output (I/O) pins (Fig. 21). The gyroscope can be powered with three separate supply voltage lines: analog
(AVDD), digital (DVDD) and I/O supply line (DVIO), depending on the
preferred application. The nominal supply voltage range is 2.5-3.0 V. Analog and digital supply voltage lines have also separate grounds (AGND and
DGND).
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Figure 21: Gyroscope pin names and descriptions.

The SCLK pin is used for the internal serial clock that provides pulses to
synchronize the communication with the gyroscope. The interrupt pin (INT)
gives an interrupt by default when each angular velocity sample is ready
to be read. Interrupt conditions can be activated and deactivated via the
communication bus. SS is the chip select signal pin that is used to enable
gyroscope communication. The Master In Slave Out (MISO) pin and the
Master Out Slave In (MOSI) pin are used mainly to send and receive data
from the gyroscope. Their function is explained further in the next chapter.
6.1.5

Gyroscope Communication Protocols

Gyroscope sensor and master controller communication is based on serial
data transfer and dedicated interrupt line. There are two serial interface
options to choose from: the Serial Peripheral Interface (SPI) bus and the
Inter-Integrated Circuit (I2C) bus. Selection of interface is done with the
chip select signal pin (SS). Recommended circuit diagrams are presented in
Figure 22. A 100 nF surface mounted capacitor is recommended to be placed
between each supply voltage and ground level for noise filtering purposes. A
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separate capacitor is recommended for the more sensitive digital I/O supply
voltage (DVIO).
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Figure 22: Recommended circuit diagrams. SPI circuit diagram on the left
and I2C circuit diagram on the right. 100 nF capacitors recommended to be
placed between each supply voltage and ground level.

The gyroscope acts as a slave on both the SPI and I2C bus. SPI bus is
specified as a full duplex synchronous serial interface with 4-wires. SPI bus
consists of one master device and one or more slave devices. The master is
defined as a micro controller that utilizes the SPI clock signal. The slave is
defined as any IC receiving the SPI clock signal from the master. In masterslave operation mode the gyroscope sensor always operates as a slave device
by default. The typical SPI connection is presented in Figure 23.
Master Microcontroller
Data out (MOSI)
Data in (MISO)
Serial clock (SCLK)

SS0
SS1
SS2

Slave In (SI)
Slave Out (SO)
SCLK

Chip select (SS)
Slave In (SI)
Slave Out (SO)
SCLK

Chip select (SS)

Slave In (SI)
Slave Out (SO)
SCLK

Chip select (SS)

Figure 23: SPI connection example with one master device and three slave
devices.

The SPI communication frame consists of 16 bits (Figure 24). The first 8
bits in MOSI line define information about the register address accessed and
the operation mode (read or write). The first six bits are used to define
the address for the selected operation that is defined by 7th bit (’0’ for read
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and ’1’ for write) followed by one zero bit. The last 8 bits in the MOSI
line accommodate data for a write function and are unimportant for a read
operation. Bits are sampled in from MOSI line on the rising edge of the clock
signal (SCLK) and bits out from the MISO line on the falling edge of the
clock signal. Data is written into the addressed register on the falling edge
of the last (16th) SCLK pulse for write commands.
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Figure 24: SPI 16 bit communication frame format.

The first bit in MISO line is undefined bit (bit 1, ’X’), fixed zero bit (bit 2),
power reset status (bits 3-5), fixed zero bits (bit 6 and bit 8) and fixed one
bit (bit 7). The last 8 data bits in MISO line are used for read operation.
These data bits are zero during a write operation.
The register read command example utilizing the SPI-bus is presented in
Figure 25. The master controller applies the Z-axis angular velocity register
address to be read via the MOSI line: ’010001’ in binary format, 7th bit
is set to ’0’ indicating read operation. The sensor replies to the request by
sending the register content via MISO line with most significant bit (MSB)
first and least significant bit (LSB) last. Bits DZ7 to DZ0 indicate Z-axis
angular velocity data bits in the register.
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Figure 25: Example of SPI read communication. Reading of Z-axis angular
velocity data.

SPI communication was chosen for this project over I2C, because of existing
SPI bus adapter equipment and previous experience of working with SPI
communication devices.
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6.2

Printed Wiring Boards for Different Test Cases

Different test setups require different printed wiring boards (PWBs). The
smaller board (34x30mm) is used in shock and vibration characterization.
The larger board (100x100mm) is used in environmental characterization.
6.2.1

Small Board for Evaluation of the Gyroscope

To enable almost lossless kinetic energy transfer of shock impacts to the
MEMS-gyroscopes, a rigid material was needed as the base material for the
small board (Fig. 26). Therefore, aluminum was chosen. In addition, aluminum is good material for printed wiring boards because it is quite inexpensive and has a high strength-to-weight ratio. On the other hand, ceramic materials were also considered as a possible choice for PWB-materials. Ceramics
are generally more brittle than metals, but have similar stiffness (modulus
of elasticity) and similar strength, particularly in compression. Ceramics are
often more expensive than standard FR4 as PWB-materials and also prone
to fractures.

Figure 26: Small PWB layout. Pads and their respective signals: 1. Digital ground (DGND) 2. Interrupt pin (INT) 3. Master Out Slave In -data
(MOSI) 4. Chip select (SS) 5. Analog ground (AGND) 6. Analog supply voltage (AVDD) 7. Clock signal (SCLK) 8. Master In Slave Out -data (MISO)
9. Digital I/O voltage (DVIO) 10. Digital supply voltage (DVDD)

The benefit of aluminum PWB-material is that it can absorb much of the
shock impact energy without fracturing. One possible disadvantage is the
fact that aluminum, as a conductive metal, might lead to some unwanted
short circuits. However, these disadvantages are small compared to the risk
of brittle ceramic board materials shattering catastrophically under high-G
shock impacts.
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Aluminum PWB-materials were favored in this work mainly because of ceramic material’s possibility of brittle fracture with high-G shocks was considered a great risk. The cost of ceramic PWB-materials compared to aluminum
materials was also greater. Aluminum boards are used in high-G shock impact testing and vibration testing.
6.2.2

Large Board for Evaluation of the Gyroscope

The large board (Fig. 27) is used in the environmental characterization of the
DUT. The large board’s material was chosen to be standard FR4 specification
material. FR4 was chosen mainly because it allows the use of multi-layered
structure and has a good functionality in high or low temperatures, and it
is also the base material upon which the vast majority of rigid PWBs are
produced.

Figure 27: Large PWB layout. Pads and their respective signals: 1. Supply
voltage (V+) 2. Ground (GND) 3. Interrupt pin (INT) 4. Master Out Slave
In -data (MOSI) 5. Chip select 1 (SS1) 6. Chip select 2 (SS2) 7. Chip select
3 (SS3) 8. Chip select 4 (SS4) 9. Chip select 5 (SS5) 10. Digital I/O voltage
(DVIO) 11. Clock signal (SCLK) 12. Master In Slave Out -data (MISO)
13. Chip select 6 (SS6) 14. Chip select 7 (SS7) 15. Chip select 8 (SS8) 16.
Chip select 9 (SS9) 17. Chip select 10 (SS10)
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FR4 employs a glass reinforced epoxy laminate sheets that are used as insulating material in PWB fabrication. The large board used in testing employs
a multi-layered circuitry where FR4 epoxy layers are separating conducting
copper layers. Conducting inner copper layers are connected with vias where
the smallest vias (diameter up to 0.15 mm) are called micro vias. Top side
of the board contains pads for soldering input and output connection wiring
to.
The separate supply voltage lines (digital, analog and I/O) were connected
together to form one single supply voltage line (V+). The same was done
with the ground line (GND). The separate chip select signal pins (SS1 to S10)
make it possible to choose which gyroscope communicates at a time. This
also made possible to make only one MISO, one MOSI and one clock signal
line for the board, instead of each gyroscope having an individual pin for these
functions. This helped to minimize the amount of wiring needed per board
and makes the large board easier to assemble and fit in the environmental
characterization equipment.
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7

Results of Characterization Development

This chapter describes the results of the development of the characterization equipment and methods, and the results of initial testing done with
the equipment. In environmental testing, the DUT was rotated in room
temperature for approximately 40 minutes, while monitoring and recording
the average angular velocity for XYZ-axes, and the average temperature.
In high-G impact testing the DUTs were impacted with shocks of varying
G-values and visually inspected afterwards to analyze the possible damage
and functionality degradation. In vibration testing, the DUT was vibrated
with waveforms of various frequency sine waves and a frequency sweep. An
accelerometer was used to record the acceleration of the vibrated DUT. The
power spectral densities (PSDs), root mean square values (RMS) and peak
values of different vibration test cases were calculated from the measured
acceleration data.

7.1

Results of Environmental Characterization

The results of the environmental characterization are discussed in this chapter. The developed equipment and methods are presented before initial testing.
7.1.1

Environmental Characterization Equipment

Design criteria for the environmental characterization equipment were very
challenging. The equipment would have to work reliably under the same
harsh conditions that the gyroscopes are to be tested in. These harsh conditions include: high temperature (+125◦ C), low temperature (−40◦ C), humidity (over 90% RH) and multi-gas mixtures, and different combinations of
these conditions. The equipment would also need to survive thermal cycles
from one extreme temperature to the other and even under high humidity.
Thermal testing times are usually hours, days or even months so the preferred
method for characterization was to be automated and allow characterization
of multiple samples. Measurement of angular velocity along X, Y and Z -axis
was designed so that there would be only one rotating axis to measure equal
output in all three. This allows the rotating device (motor and axle) to be
compact and require only one rotating axle instead of three.
In order to get angular velocity of equal magnitude from all three axes (XY-Z) of the gyroscope, while rotating the boards in only one direction (be it
clockwise or counter-clockwise), each gyroscope board (PWB) is oriented at
an angle of 35.26◦ (Fig. 28) from the rotating axis. This makes the gyroscope
components axes to be at an equal angle (54.74◦ ) from the rotation axis
(Fig. 29).
For example, if the rotation device is rotating at a constant angular veloc-
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Figure 28: Gyroscope board orientation. The 35.26◦ angle from the rotating
axis (in blue). Rotation is counter-clockwise (in purple) around the rotating
axis. The gyroscope’s axes (XYZ) are marked as text annotation dots.

ity Ωrot , the magnitude of angular velocity around the Z-axis of MEMSgyroscope can be calculated from the vector projection of the reference angular velocity with
Ωz = Ωrot cos(54, 74◦ )

(12)

where Ωz is the angular velocity around the Z-axis of the gyroscope, Ωrot is
the angular velocity of the rotation device (the reference) and 54, 74◦ is the
same angle between each axis (X-Y-Z) of the gyroscope and the axle of the
rotating device (Fig. 29).

Figure 29: Vector projection of angular velocity. Gyroscope X-Y-Z axes colored in orange and rotation device axis in blue. The small difference (0,01◦ )
in two angles is because of rounding in the 3D-modeling tool used.
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Inserting the value Ωrot = 1873, 53 dps (maximum speed of the rotation
device) to the equation (12) we get Ωz ≈ 1081 dps. Using the same equation,
as the angles are equal, for X- and Y-axis we get Ωx ≈ 1081 dps and Ωy ≈
1081 dps.
The materials for the characterization device mechanics were required to
withstand high temperature fluctuations and humidity in long use. Three
different options for the materials of the device mechanics were considered:
aluminum, stainless steel and plastic (polyvinyl chloride, PVC). Plastic was
considered as easy as metals to work with, but the need to withstand high
temperature made the choice of metals more suitable. The corrosion resistance under long term humidity favored stainless steel over aluminum. Aluminum also has higher thermal coefficient of linear expansion than stainless
steel ( αAl = 23 ∗ 10−6 /◦ C > αF e = 17.3 ∗ 10−6 /◦ C) [92]. Thermal expansion was considered a risk if the rotating mechanical parts would expand too
much and hinder the rotation by getting stuck. This also made the choice
of contacting materials with dissimilar thermal expansion coefficients unsuitable. As a result, stainless steel was chosen as the main material for the
mechanical parts of the rotation device.

Figure 30: Evolution of the designs for the rotation device.

In the course of the project, the design of the rotation device for the en-
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vironmental characterization evolved, as seen in Figure 30. On the upper
left-hand corner of Fig. 30 is the first functioning prototype. The prototype
consisted of a rotating axle connected to a direct current motor (DC-motor).
The gyroscope printed wiring boards were designed to be placed through the
axle like meat on a barbecue stick, hence the name "barbecue stick design".
In this design, it was learned that the rotation velocity and accuracy of the
DC-motor were inadequate. The motor was considered not stable enough for
accurate angular velocity measurement purposes. The first prototype also
raised the question of how to power the gyroscopes under rotation.
In the second prototype (upper right-hand corner of Fig. 30) the placement
of the gyroscope printed wiring boards was worked through in more detail.
The gyroscopes were suggested to be placed in the middle of the axle to
even the heat distribution, as the heat distribution tends to concentrate in
the center region of the thermal chamber. One of the issues in the evolved
barbecue stick design was the problem of attaching the boards to the axle at
the precise angle of 35.26◦ . This would have required drilling an skewed oval
hole to the center of the printed wiring boards and place precisely machined
spacers (like nuts or metal washers) between each board. Taking the middle
or last gyroscope board out for inspection would then have required to take
out the spacers and boards before it, one by one, making the installation
time consuming, because of having to detach wiring between each board.
A flywheel was considered for this design to add stability to the rotation by
balancing the mass of the axle. This design was quite robust and contained
a frame with bearing housing on both ends to support the rotating axle.
One of the issues in placing such a robust frame inside a thermal chamber is
the added mass. The more the mass there is inside the chamber the longer
time it takes the mass to heat and cool. This would have probably added
unnecessary time delays to the thermal cycling of the gyroscopes, as they are
the device under testing. One of the important design points was to make the
device compact and minimize the amount of heating mass inside the thermal
chamber. The ease of detaching the gyroscope boards out for inspection, and
attaching them back again, was also an important design point. These points
lead to the third protype seen in the lower left- and right-hand portion of the
Figure 30.
The finalized rotation device (Fig. 32) consists of a servo-motor, jaw coupling
(clutch), electric slip rings, communication electronics and a rotating jig to
fit three large FR4 boards. The rotating jig is made out of stainless steel and
it is to be placed inside a thermal chamber. The current system is capable
of recording output data from up to 24 gyroscopes, one at a time. It is also
possible to add multiplexer to the setup to increase the amount of measurable
gyroscopes. The mechanichal parts of the rotating device are presented in
Figure 31.
The servo-drive that controls the servo-motor is controlled with a PC. The
servo-drive has also an option for a remote control or input-output-interface
(I/O) controlling with an analogue jog wheel or digital switches. The servo-
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Figure 31: Mechanical parts of the rotating device on a table before assembly. Starting from top-left: 1. Supporting block for PWB. 2. Rotating axle.
3. Outer part of the rotating axle. 4. Coupling. 5. Electric slip rings. 6.
Support jig made from stainless steel.

Figure 32: The rotation device: 1. Rotating jig, gyroscope PWB 2. Outer
shell, rotating axle inside 3. SPI-bus and USB-hub 4. Slip rings 5. Coupling
6. Servo-motor 7. Wireless USB transmitter/receiver 8. Servo-drive 9. PC,
with control and measurement software.
motor is programmable with different speed ramps, where acceleration and
deceleration times can be adjusted. The rotating axle is connected to the
motor with a regular jaw coupling (clutch). Servo-motors were considered
suitable for this project because they are quite economical (obtainable for
under e1400) and provide good stability and accuracy as they are intended
to be used in high-precision applications such as robots and positioning in
conveyer belts.
Communication link to the gyroscopes is provided with a wireless USB hub,
wireless USB adapter and a SPI bus adapter (Fig. 33). The gyroscopes’
signals are connected directly to the SPI bus adapter. The SPI bus adapter
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is connected to the USB hub that sends angular velocity data wirelessly to
the receiving USB adapter. The receiving USB adapter is connected to a
PC. The angular velocity data can then be analyzed at a later time. The
wireless communication was tested successfully with an early prototype of
the rotating device. In the early prototype the powering of the wireless USB
hub was done with a regular 9V battery while the device was in rotation.
There were no significant communication or power issues, but batteries were
not suitable for the final design because of the need to replace or reload them
from time to time.
On  a  table

PC,  with measurement software  
and  motor control

Rotating shaft
Wireless  USB  hub

SPI  bus adapter

DUT
Wireless  USB-‐
adapter

USB-‐link

SPI  bus

Slip rings,
power 5V/500mA

Figure 33: Illustration of the communication electronics.

The powering of the necessary communication electronics and the gyroscopes
in the final design is implemented via slip rings (also called rotary electrical
interfaces, rotating electrical connectors, swivels or electrical rotary joints).
The slip ring is a mechanism of making an electrical connection in a rotating assembly. The very same technology is used in steering wheels or wind
turbines. The slip rings allow the powering of the system even in very high
speeds (up to 1000 rpm, according to the manufacturer’s specification).

Figure 34: Pt100 temperature sensor placement and one small gyroscope
PWB. Wiring is put through the rotating axle as seen on the right.

The temperature of the gyroscopes is measured with an external sensor placed
as close as possible to the rotating gyroscopes (Fig. 34). The thermal and
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humidity chamber has some means of outputting temperature data, but implementing it in an automated test setup was considered too laborious and
complicated. The external sensor is a standard platinum resistance thermometer (Pt100). Pt100 operates on the principle of predictable change in
electrical resistance of platinum with changing temperature.
7.1.2

Methods for Environmental Characterization

To fully characterize MEMS gyroscopes, one must also examine the effect
of environment on their critical performance parameters. In this case, the
gyroscopes are to be rotated at constant angular velocity in temperature and
humidity chambers. The suspected main effect of temperature is the drift of
angular velocity, and the suspected main effect of humidity is stiction, based
on the literature survey presented in Chapter 4.
In addition to the temperature or humidity level, the rotation speed and rotation time in the chamber could also be varied. For example the rotation
time can be set freely or defined by how much time before the next temperature step is reached (Fig. 35). When the temperature has set to a wanted
level (i.e. room temperature or maximum) the servo-motor starts to rotate
the gyroscope boards at predetermined angular velocity.

Temp./[C]

+125C

+25C

1. Start

1. Stop

2. Start

2. Stop

And so forth…

Time

Figure 35: Example of a thermal cycle altering between +25◦ C and +125◦ C.
Cycle starting and stopping points on x-axis (time).

The measured angular velocity output of the gyroscopes can be compared
to a reference angular velocity. The reference angular velocity is given by
the rotating servo-motor’s integrated tachometer. The angular velocities in
the X-, Y- and Z-direction of the gyroscopes can be plotted as a function of
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temperature, in order to characterize the effect of the temperature drift on
the gyroscopes.

Figure 36: Screenshot of the measurement software, courtesy of Mr. Matti
Linnavuo. (1) Static measurement column (2) Reference measurement column (3) Continious measurement column (4) Monitor for 100 measurement
points (5) Monitor for the whole measurement.

A screenshot of the measurement software for reading and recording angular
velocity data is presented in Figure 36. The sofware is capable of recording
mean angular velocities from X, Y and Z -axis of the gyroscope. The standard
deviation (SD) of angular velocities is also calculated and presented in the
software. The mean temperature, using an external sensor, and standard
deviation of temperature is also recorded and displayed on screen. Software
was developed with the National Instruments Labview application that is
specially designed for test, measurement and embedded systems.
The first column in the measurement software is the static measurement column (1), it is displayed once as the zero speed (0 rpm) of the rotating device
is measured. After static measurement is recorded, the program prompts
the user to start the rotating device. The starting is done automatically in
the final version of the test software. The second column is the reference
measurement column (2) that displays the first measurement when the motor has started and accelerated to its full speed (i.e. 1870 dps). Then the
measurement keeps running until it is stopped by user and angular velocity
values are displayed in the continious measurement column (3).
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The measurement software has two monitors: monitor for 100 measurement
points (4) and monitor for the whole measurement (5). Monitor for 100 measurement points displays the angular velocities of X,Y and Z -axis for hundred
measurement points. Taking hundred measurements takes approximately 4
ms of time. The mean and standard deviation of angular velocity and temperature is calculated from these hundred measurement points. Monitor for
the whole measurement displays these mean angular velocities for the whole
measurement time (e.g. for 40 minutes). In other words, the 100 measurement points displayed in the upper right-hand corner monitor (4) present
one pixel in the whole measurement monitor (5).
Angular velocity data and temperature data is stored in an Excel-file that
can be used for later analysis and archiving purposes. Each row in the
Excel-file holds mean angular velocity and standard deviation data, as well
as temperature data, for 100 measurement points. Therefore, 40 minutes of
measurement contains approximately 800 rows of data.
7.1.3

Testing of Environmental Characterization Equipment

This section is about the initial measurements done with the rotation device
(Fig. 32, p. 44). One small aluminum gyroscope board was connected to the
rotating device. The gyroscope is aligned at a specific angle (35, 26◦ ). This
alignment allows to measure the same angular velocity from all three axes
(XYZ) while simultaneously rotating the axle in only one, clockwise or counterclockwise, direction. Temperature sensor was placed near the gyroscope
board to measure possible temperature changes during the test. The gyroscope was attached to the communication electronics with wiring through
the rotating axle.
The gyroscope was rotated in the negative direction (counter-clockwise) for
approximately 40 minutes in room temperature (∼ 25◦ C) at a speed of 312,25
rpm that equals 1873,53 dps. The chosen speed is the maximum speed of the
rotating device’s servo-motor and is very near the actual measuring range
of the gyroscope, which is 2000 dps. The results of the 40 min test run are
presented in Table 1. Figures of the measured angular velocities for the X,
Y and Z -axis as a function of time are presented in Figure 37.
Table 1: Results for the 40 min test run with reference angular velocity of
1081 dps in the negative direction.
Arithmetic mean
X-axis
-1249,81 dps
Y-axis
-1222,94 dps
Z-axis
-1015,07 dps
Temperature
23,18◦ C

Average standard deviation
7,13 dps
6,38 dps
4,17 dps
11,25◦ C

The reference values of angular velocity are calculated (from Eq. 12, on p. 41)
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to be approximately 1081 dps for each axis. Table 1 shows that the measured
X- and Y-axis average angular velocities have an offset of 142 and 168 dps
(1081 dps - 1249,81 dps = 142 dps). The average angular velocity of Z-axis
is more stable with only 66 dps offset. The uncalibrated temperature shows
a fairly large standard deviation of 11,25◦ C and it can be considered too
large for accurate measurements. Nonetheless, the measured total average
temperature seems reasonable (23,18◦ C).
Linear dashed trend-lines were added to the angular velocity figures, in order
to see better if the average angular velocity is increasing or decreasing as the
function of time. The X-axis average angular velocity (Fig. 37a) and the
Y-axis average angular velocity (Fig. 37b) appear to be drifting towards
more positive values. This may be an indication of small temperature drift.
However, Z-axis average angular velocity (Fig. 37c) is very stable with only
a slight deviation towards a more negative value.
Obviously, further testing and a larger sample size are required to verify any
positive or negative correlation between angular velocity and temperature,
but failure analyses are beyond the scope of this work. Results for the 40
min test run verified that the rotation device is capable of measuring angular
velocity accurately and works as designed.
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(c) Z-axis mean angular velocity.

Figure 37: Mean angular velocities.
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7.2

Results of High-G Shock Impact Characterization

The results of the high-G shock impact characterization are discussed in this
chapter. The developed equipment and methods are presented before initial
testing.
7.2.1

Shock Characterization Equipment

Shock characterization equipment included a pneumatically assisted shock
tester (Fig. 39) that relies on mechanical impact to generate the necessary
high-G shock pulse. The samples were connected to a stainless steel jig
(Fig. 40) that should not bend or deform too much under high-G shock impacts. The possible deformation of the steel jig was analyzed with software
capable of Finite Element Method (FEM) analysis (Fig. 38). It was concluded from this analysis that the jig is capable of surviving shocks up to 65
000G:s with only slight deformation. With 480 000G:s there was considerable
deformation as seen on the left-hand side of Figure 38.

Figure 38: FEM analysis of shock characterization steel jig deformation
under 480 000g (left-hand side) and 65 000g shocks (right-hand side). Photo
courtesy of Mr. Jue Li
8

The FEM analysis aided the design of the jig. Based on the simulation results,
the edges of the jig were rounded to lessen the shock load in them. Small
channels for wiring were also machined on the surfaces of the jig. These
channels are underneath the gyroscope boards as seen in Figure 40. This
allows the boards to be glued on the jig and also to fit the wiring for them.
Deceleration values that can be reached with the current setup are up to
80 000g:s. Maximum impact repetition frequency is approximately 1,6Hz.
Main benefit from the pneumatic shock impact tester is that it has better
repeatability and stability of the impact pulse over the traditional traveling
table drop test method.
The pneumatic shock impact tester consists of a pneumatic cylinder (2) with
a piston (3) that has a removable shock absorber and a stainless steel jig (4)
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Figure 39: Pneumatic shock impact tester. Image adapted from [93].

to hold the samples. Shock impact tester framework is made out of aluminum
(5) and it is attached on top of a rigid impact surface (8). Stabilization of
the structure and reduction of excess vibration is achieved by drilling side
pillars (9) through the top (1) and bottom (8) stones.

(a) Jig from the side.

(b) Jig from the top.

Figure 40: Stainless steel jig for the attachment of the gyroscope PWBs in
different orientations for the shock impact testing.

A suitable shock pulse is achieved by covering the strike surface with different foam rubber mats (7). A lightweight accelerometer is attached on top
of the sample (6) for measurement of deceleration. The pneumatic shock
impact tester is operated with a control unit (11) that controls the air flow
and pressure with a valve and a pressure chamber (12). A high-speed data
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acquisition system (10) can be used to record the number of shocks to failure.
7.2.2

Methods for Shock Characterization

The gyroscope angular velocity should be measured before and after a impact
(Figure 41) to see any changes in gyroscope performance. Unless the first impact is so powerful that the gyroscope is clearly and visibly broken. Impacts
are varied by changing the G-value, amount of shocks and duration time of
the shocks. The PWBs that contain the gyroscopes can also be impacted
from different sides to vary the effect of impacts even more.

Figure 41: Example of a shock impact pulse that has amplitude of 35500G
and 0.12ms pulse width (measurement of pulse width starting around 2000G).

To summarize, the high-G impact shocks can be varied by
• changing the G-values,
• changing the duration time of the shocks,
• changing the frequency and number of shocks,
• and adjusting the impact area and site of the shocks.
The gyroscopes output can be measured after each impact by detaching the
stainless steel jig from the the setup and placing it on a rate table or a rotation
device. The gyroscopes output could also be measured after a series of of
impacts, but this is inadvisable, because it is then very difficult to realize at
what instant (G-value, shock duration, etc.) did the fault actually occur.
7.2.3

Testing of High-G Shock Impact Equipment

Performance of the high-G shock impact test equipment, with the stainless
steel jig attached, was evaluated with six measurements. Test values are
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presented in Table 2. The pneumatic pressure of the high-G impact tester
was gradually increased during the first five measurements. Output pressure
was increased to the maximum value for the final, sixth, measurement.

Figure 42: First measurement, peak value 13000G and 0.2ms pulse width
(measurement of pulse width starting around 2000G).
Figure 42 shows the shock impact pulse of the first measurement. It can
be remarked that the pulse width shortened from 0.2ms to 0.12ms with the
increasing G-value. The pulse width can be altered with foam rubber mats,
of different thickness, on top of the surface stone.
Table 2: Shock impact values for the six measurements conducted.
Measurement nr.
1
2
3
4
5
6

Peak value [G]
13000
16500
18000
20000
22500
35500

Pulse width [ms]
0,20
0,19
0,18
0,16
0,14
0,12

Three small aluminum-boards with dummy (ASIC in-place, but no angular
velocity response) gyroscopes were attached to the jig in three different orientations (Fig. 43). The output of the test equipment was set to achieve the
maximum impact value of 35500G.
All tested gyroscopes failed after the first shock impact. The failed surfaces
of the gyroscopes are presented in Figure 44, and in more detail in Figure 46.
Rest of the detailed images of the failed gyroscopes are presented at the end
of this work in Appendix II and Appendix III.
Comparing the images of failured gyroscopes to the cross-section layout of
the gyroscope (Fig. 45) it can be seen that the failed structures have fractured
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Figure 43: Used orientations of the jig with tested gyroscopes.

Figure 44: The failed gyroscopes. The structures boxed in a red line have
been enlarged in the following images (Figures 46-55).

CMR3k cross-section
very near the glass layer at the anodic bonding interface. Further testing and
failure analyses, which are beyond the scope of this work, are required to
determine whether the fracture always starts at the anodic bonding interface
or does it sometimes start inside the borosilicate glass layer.
Fusion bonding interface

Si: 350um
Si: 50um
Si: 50um
Borosilicate glass: 50um
Si: 100um
Underfill epoxy: 30um
Si: 100um (ASIC)

Anodic bonding interface

Figure 45: Cross-section image of the gyroscope.
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Figure 46: The failed structure of gyroscope 1. The left-hand column is
the structure that stayed attached to the board and the right-hand column the
structure that broke-off.
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7.3

Results of Vibration Characterization

The results of the vibration characterization are discussed in this chapter.
The developed equipment and methods are presented before initial testing.
7.3.1

Vibration Characterization Equipment

Vibration characterization equipment (Fig. 47) include a waveform generator and a vibration shaker. The waveform generator is capable of outputting
different waveforms with different frequencies (e.g. 6000Hz sine-wave or random noise). The waveform generator can also perform frequency sweeps
with adjustable time period (e.g. sine-wave from 20Hz to 10kHz, in 20s).
The waveform generator has two output channels.
The output of the waveform generator is connected to the input of the vibration shaker, and then the vibration shaker starts to vibrate ideally with
the same frequency and amplitude of the generated waveform. The vibration
shaker has an adjustable gain level to increase the amplitude of the vibration.
The maximum input frequency of the shaker is 13kHz. The vibration shaker
is fitly suited for general purpose vibration testing of small components and
sub-assemblies.
The gyroscope PWBs can be attached to the vibration shaker with a small
metal rod that is screwed on top of the shaker. They can also be screwed
directly on top of the shaker. The metal rod allows the gyroscopes to be
tested for example inside a thermal or humidity chamber while the shaker is
placed outside the chamber. The shaker itself can be mounted on a surface
through screw holes underneath the shaker.

Figure 47: The vibration characterization equipment: 1. Waveform generator 2. Vibration shaker 3. Attachment rod 4. Gyroscope PWB.
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7.3.2

Methods for Vibration Characterization

As mentioned in earlier chapters, the majority of MEMS gyroscopes take
advantage of the Coriolis force. The Coriolis force couples the drive-mode
vibration to the sense-mode vibration. Sense-mode vibration is proportional
to the angular velocity. Therefore MEMS gyroscopes can be very sensitive
to vibrations.
At a certain, characteristic, frequency the inner structures of the MEMS gyroscopes start to resonate. This frequency is called the resonance frequency.
It is an import parameter in evaluating the gyroscope performance, because
at resonance frequency gyroscope starts to ring and sends arbitrary angular velocity information or no output at all. The resonance frequency can
be estimated for example by doing simulations. These simulations are very
similar as done in the case of shock impacts with FEM-analysis software.
The DUTs can be subjected to different vibration conditions where the waveform, frequency, duration and overall time of vibrations can be altered. The
angular velocity output data can be measured during the vibrations, but it
is highly unlikely that the output would be readable. That is why it is more
suitable to see how the gyroscopes work after the vibration tests than continuous measurement of the angular velocity under vibration environment.
The power spectral density (PSD) is a powerful tool in characterizing random processes, such as vibration, in electronics and communication systems.
Power spectral density can be used in analyzing the power density of a random or periodic signal as a function of frequency. The PSD describes how the
power of a time series signal is distributed with frequency. The terminology
encountered in PSD calculation often describes the signal power as relative
rather than absolute values. This is because typically signals have units that
causes power measures to be relative instead of absolute. Depending on the
units of the signal, magnitude of power spectral density is often described as
V 2 /Hz, dB/Hz, W 2 /Hz or G2 /Hz. [94]
The PSD function has three requirements for further analysis. The first
requirement is that the PSD function, call it S(f ), should be a continuous
signal (for integration). The second requirement is that S(f ) is proportional
to the power of the sinusoidal signals (with frequency f ) that constitute it.
In other words, the power of the PSD is related to the power of the sums of
the sine waves that make the PSD. The third requirement is related to the
second requirement: the average signal power Pavg can be calculated with
equation 13. This means that the integral of the power spectral density over
the whole frequency range equals the average signal power (Fig. 48). [94]
Pavg =

Z ∞

S(f ) df.

(13)

−∞

The PSD helps to estimate the frequency range or frequency points that are
more interesting than the others. It can be used to estimate which frequency
levels contain most of the vibration energy and are potentially more harmful
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for the functionality of the gyroscopes (e.g. possible damage inflicted to the
inner structures of the gyroscope).

Figure 48: Example of a PSD curve. Total average power of the signal is
the area under the signal curve.

7.3.3

Testing of Vibration Equipment

Performance of the vibration test equipment, with a small aluminum gyroscope PWB attached, was evaluated with various sine waves, sine sweep and
random noise. Vibration case results are listed in Table 3. Acceleration and
power spectral density (PSD) figures of the measured accelerations during
the different vibration cases are presented. The Matlab code listing for PSDcalculation for one test case (10Hz) is shown in Appendix I at the end of this
work. Code listings for the other test cases are analogous to this one.

Figure 49: Vibration shaker setup: 1. Vibration shaker 2.Gyroscope PWB
3. Accelerometer 4. Metal slab
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Vibration testing was performed with the setup presented earlier in Fig. 47,
on page 57, except that the attachment rod was removed and the shaker
was screwed to a metal slab weighing approximately 15kg (Fig. 49). The
rod was removed so that the board could be attached as close as possible to
the shaker and to remove any unwanted mass between the shaker and the
gyroscope board. The metal slab keeps the shaker in-place so it does not
jump about on the ground when it is set to vibrate. The accelerometer is
placed near the gyroscopes on the board to measure the acceleration due to
vibration. The waveform generator is not shown in Fig. 49, because it stayed
essentially the same.
Testing begun with outputting sine waves from the waveform generator to
the input of the shaker. The shaker vibrates according to the given input.
Acceleration of the vibrated board and component was measured with a
lightweight accelerometer (0,7g) mounted on top of the board near the gyroscope components. The accelerometer has a measurement range of 5000G
(peak). Each sine wave case lasted for one seconds, except the last case, sine
sweep, that lasted for ten seconds to cover the whole frequency range from
10Hz to 13kHz.
The acceleration and power spectral densities of the sine waves are presented
in Figures 50 to 53 . In the case of 10Hz sine wave PSD (Fig. 51), the
harmonic spikes can be seen clearly. Harmonics were either not present or
very low for cases above 100Hz. The power spectral densities of the sine wave
cases above 1000Hz were analogous to each other with narrowing width and
increasing magnitude of the PSD spike clearly visible. Therefore, the figures
for cases from 2000Hz to 13000kHz are not presented here. The narrowing
width and increasing magnitude of the PSD spike can be seen, for example,
comparing the power spectral densities of 100Hz and 1000Hz sine waves to
each other (Figures 52 and 53).
The logarithmic sine sweep from 10Hz to 13kHz (Fig. 50) contained the
highest peak acceleration of ∼880G:s, but it had the total average energy of
only 158∗106 G2 . Second highest peak accelerations were measured in 1000Hz
and 3000Hz sine wave cases, where the peak acceleration was near 200G in
both cases. Sine wave case of 3000Hz had the highest total average energy
of 814∗106 G2 .
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a) Acceleration for 10Hz to 13kHz logarithmic sine sweep
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b) PSD for 10Hz to 13kHz logarithmic sine sweep
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Figure 50: Acceleration and power spectral density of the logarithmic sine
sweep from 10Hz to 13kHz.

a) Acceleration for 10Hz Sine wave
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Figure 51: Acceleration and power spectral density of 10Hz sine wave.
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a) Acceleration for 100Hz Sine wave
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b) PSD for 100Hz Sine wave
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Figure 52: Acceleration and power spectral density of 100Hz sine wave.

a) Acceleration for 1000Hz Sine wave
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Figure 53: Acceleration and power spectral density of 1kHz sine wave.
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The applied waveforms, their frequency, root mean square (RMS), peak acceleration and total average energy, are summarized in Table 3.
Table 3: Results of the vibration cases.
Applied
waveform
Sine wave
Sine wave
Sine wave
Sine wave
Sine wave
Sine wave
Sine wave
Sine wave
Sine wave
Sine sweep

Frequency RMS
(Hz)
(G)
10
6,2
100
59,2
1000
69,0
2000
36,6
3000
103,2
4000
21,1
5000
29,7
6000
8,5
13000
13,6
10 to 13000 55,9

Peak
acceleration (G)
29,7
97,2
195,8
81,0
200,8
46,7
42,3
14,8
20,1
883,4

Total average
energy ∗106 (G2 )
2,94
267
363
102
814
40,8
67,2
5,56
14,1
158

Based on the results it is easy to see that the magnitude (RMS and peak acceleration) of the vibration loading is significantly lower than in high-G shock
impact testing. Nonetheless, vibration testing offers a possibility of very similar stresses and failure modes by adjusting the amplitude and frequency of
vibration loadings. In terms of frequency, it is quite fast compared to the
high-G shock impact test equipment, where the maximum impact repetition
frequency is approximately 1,6Hz.
Random vibration testing was not performed with the current the equipment,
because the waveform generator had a random white noise preset where the
amplitude of the wave could not be adjusted. However, the waveform generator can be connected to a computer to generate random signal (or any other
signal) and to properly adjust its amplitude. Random vibration is usually
used to approximate real world application environments, because it allows
to excite a wide range of frequencies simultaneously that add up to the total
energy levels of vibration. Sine sweep, on the other hand, is strictly controlled and frequencies are excited in a predetermined order. This makes the
sine sweep more ideal tool for seeking out the natural frequencies of the test
equipment and the device under testing.
As seen in the PSD of the sine sweep case (Fig. 50), most of the energy is
concentrated in frequencies 9000Hz and 12000Hz. These frequency spikes
can be very likely the natural frequencies of the test equipment. In addition
to vibration measurements, FEM simulations can be used to gain similar
results, and help to determine and verify the natural frequencies of the test
equipment.
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8

Further Development

Further development of the rotation device is required to increase the number
of testable gyroscopes and versatility of the test software. Currently the
device is capable of handling 24 gyroscopes without modifications to the
communication electronics (SPI-bus). Adding an multiplexer to the setup
would increase the number of devices up to 30 that is the current number
of gyroscopes that fit in the setup. Multiplexer makes it possible for several
signals to share the same communication line, instead of having one device
per input signal.
One important concern in the test software is the possibility of minor delays
in reading the angular velocities. Usage of Microsoft’s .NET -framework
in accessing the SPI-routines is the possible cause of this hindrance, the
other being the temporary loss of wireless connection to the gyroscopes (i.e.
blocking the signal accidentally).
The .NET -framework uses a virtual machine that translates the pre-compiled
code to a binary code that operating systems can read and execute. The
translation of pre-compiled code to the binary code uses Just-in-time compilation (JIT) also known as dynamic translation. JIT causes typically a slight
delay in to the initial execution of SPI- and IO-bound routines due to the
time taken to load and translate the pre-compiled code. The more optimizations JIT performs, the more improved code it will generate, but the initial
delay will also increase. Therefore, a JIT compiler has to make a trade-off
between the quality of the code and the compilation time.
One possible solution for the root cause of these delays is to hardcode the
binary SPI- and IO-bound routines rather than use the .NET -framework
and JIT compilation. This obviously requires significant amount of time and
effort and good knowledge of the SPI-protocol.
Another possible addition to the test software is to include the automated
calculation of power spectral density (PSD) from X-Y-Z angular velocities.
The power spectral density is the frequency response of a random or periodic
signal. It explains where the average power is distributed as a function of
frequency. This is a powerful tool to help identifying frequency dependent
noise in gyroscopes. The National Instruments Labview application has a
PSD calculation function as a default tool so it can be added to the test
software.
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9

Conclusions

Micro-electro-mechanical systems (MEMS) sensors have gained considerable
popularity beyond the automotive industry and can be found in consumer
applications ranging from mobile phones to video gaming consoles. The focus
of this work is MEMS gyroscope sensors that are used to measure angular
velocity and sense orientation. Particularly, this work describes the development of thermomechanical and mechanical characterization approaches and
practical methods for the reliability assessment of digital 3-axial MEMS gyroscopes. The mechanical characterization consist of (i) high-G shock impact
testing and (ii) vibration testing. The thermomechanical charaterization consists of (iii) environmental testing.
As the applications of MEMS devices for consumer markets, military, medical and space environments are progressively increasing, there is a need for
new testing concepts and even new standardized tests. All aspects of the
reliability engineering of MEMS devices need to be considered. The test
methodology and test equipment, physics of failure, packaging, as well as
computer modeling and simulations are a large part of developing reliable
MEMS devices. The emphasis of this work is on the development of test
equipment and methods, but the failure analyses of MEMS gyroscopes are
beyond the scope of this work.
The primary objective of my Master’s thesis was the design and development
of test methodology for reliability characterization of MEMS gyroscopes. Requirements for the tester were arising from the low target noise level, harsh
environmental conditions and the high dynamic range of the gyroscopes. The
testing was also required to be automated with controllable environmental
conditions such as temperature and humidity. One of the key design points
was the rotating of the gyroscopes around only one axis to excite angular
velocity in all three axes of the gyroscope. Thus, a rotation device was built
based on a servo-motor and a stand-alone control program for the automated
testing. The functionality of the environmental test setup was tested successfully with one 3-axial MEMS gyroscope at room temperature.
The mechanical characterization of the gyroscopes was performed with the
high-G shock impact equipment and the vibration test equipment. The existing high-G shock impact equipment included a pneumatic shock impact
tester that was modified to gain higher G-values (up to 80 000G) and a jig
for fitting gyroscopes to different orientations for testing. A table-top version
of the rotation device, with the same operating principle, was made also for
the mechanical characterization. The functionality of the high-G shock impact equipment was verified with six measurements of different G-values and
pulse widths. The gyroscopes failed in all impact cases. The vibration test
equipment consisted of waveform generator and vibration shaker. The capability of the vibration test equipment was measured with the accelerometer
attached near the gyroscope on top of the printed wiring board.
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Appendix I
This appendix contains the Matlab code listing for Power Spectral Density
calculation used in Chapter 7.3.3.
load 10Hz_sine_1s.txt; y = X10Hz_sine_1s(:,1);
a = ’fontsize’; b = ’fontname’;
% number of FFT points, power of 2
nfft = 2^nextpow2(length(y));
% sampling frequency and time between samples
Fs = 100000;
deltat = 1/Fs;
% calculating DFT
Y = fft(y, nfft);
% calculating PSD, power of different frequencies in signal
Pyy= Y.*conj(Y) / nfft;
% calculating frequency vector, number of frequency/FFT points
f=Fs*(0:nfft-1)/nfft;
% calculating RMS values
RMS=sqrt(sum(y.*conj(y))/size(y,1))
% calculating peak values
Peak=max(y)
% calculating total average energy
Energy = trapz(f, Pyy)
subplot(2,1,1) plot(y)
xlabel(’Time (s)’,’fontsize’,14,’fontname’,’Times’)
ylabel(’Acceleration (g)’,a,14,b,’Times’)
title(’a) Acceleration for 10Hz Sine wave’,a,18,b,’Times’)
set(gca,’XTickLabel’,’0|0,1|0,2|0,3|0,4|0,5|0,6|0,7|0,8|0,9|1’)
subplot(2,1,2) plot(f(1:300),Pyy(1:300))
xlabel(’Frequency (Hz)’,a,14,b,’Times’)
ylabel(’Magnitude (g^2/Hz)’,a,14,b,’Times’)
title(’b) PSD for 10Hz Sine wave’,a,18,b,’Times’)
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Appendix II
This appendix contains the image of the second failed gyroscope from Chapter 7.2.3.

Figure 54: The failed structure of gyroscope 2. The left-hand column is
the structure that stayed attached to the board and the right-hand column the
structure that broke-off.
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Appendix III
This appendix contains the image of the third failed gyroscope from Chapter 7.2.3.

Figure 55: The failed structure of gyroscope 3. The left-hand column is
the structure that stayed attached to the board and the right-hand column the
structure that broke-off.

