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Abstract

Micro-Electro-Mechanical Systems (MEMS) inertial sensors that are based on a
resonating structure are used in a wide range of applications including inertial
guidance and automotive safety systems. Damping has a significant and negative
effect on sensor performance and there is an increasing need to accurately predict
and control damping levels, particularly for high performance guidance and naviga-
tion applications. Support loss, which governs the losses from the resonator to its
foundation through the supporting structure, is an important source of damping in
MEMS resonators. This thesis focuses on improving the understanding of this par-
ticular damping mechanism and on developing efficient models to predict support

loss at the design stage.

The coupling between resonator and support is of primary interest when evaluating
the interaction and energy transmission between them. To quantify the stresses
acting on the support, a model that predicts vibration transmission through com-
mon MEMS structures is first developed. A general wave propagation approach for
the vibration analysis of networks consisting of slender, straight and curved beam
elements, and a complete ring is presented. The analysis is based on a ray tracing
method and a procedure to predict the natural frequencies and mode shapes of
complex ring/beam structures is demonstrated, for both in-plane and out-of-plane
vibration. Furthermore, a simplification of the analysis for cyclically symmetric
structure is presented. An analytical method is then used to model the support,
approximated as a semi-infinite domain, and to quantify support losses, again for

both in-plane and out-of-plane vibration.




Abstract

To illustrate the effectiveness of the models, several numerical examples are pre-
sented, ranging from simple beam-like structures to ring/beam structures of increas-
ing complexity. A parametric study on the design of particular ring-based reso-
nators, and general strategies for improving the quality factor of common MEMS

sensors by reducing support losses, are also considered.
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Chapter 1

Introduction and literature review

1.1 General introduction and energy damping

The research reported in this thesis relates to the understanding, modelling and
quantification of a specific damping mechanism, called support loss, encountered
notably in Micro-Electro-Mechanical Systems (MEMS) sensors. The research is fo-
cused on applications in the area of miniaturised vibrating resonators that are manu-
factured using recently developed MEMS technology processes and, in particular,

resonators in the form of rings used for angular rate measurements (gyroscopes).

1.1.1 Gyroscopes

Gyroscopes are inertial devices used to measure angular velocity, and are often
referred to as rate sensors. The Foucault pendulum which was first used in about
1850 to demonstrate the Earth’s rotation may be thought of as the earliest man-
made vibrating gyroscope. It was observed that the plane of the swing of the
pendulum appeared to rotate at the same rate as the local vertical component of
the Earth’s rate, as the angular momentum vector of the pendulum was fixed in
inertial space. The gyroscopic effect was there first experimentally proved. This

effect has then be used to manufacture rate sensor devices.
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The basic design for conventional mechanical gyroscopes consists of one gimbal
supported on a frame that is usually constrained by some elastic restraints, see
Figure [1.1} The coupling gyroscopic effects of the high speed rotor would provide
means of measuring the rate. However the need for acute precision bearings to
support a very high speed rotor (typically between 20000 and 30 000 rev/min) and
their general complexity have kept their size quite large. The cost of production of
such devices remains very high. These factors have limited the range of applications

for such gyroscopes to the naval, aerospace and military industries.

Recent technological advances have made possible the emergence of new generations
of rate sensors that do not rely on a spinning rotor to measure the rate. The first
category, namely “optical gyroscopes”, relies on the properties of light. The second
group includes all devices that rely on the mechanical resonance of two or more
modes of vibrations of a resonating structure. These sensors are known as vibrating
structure rate sensors. They consist of a mass supported in the sensor, a means
to excite the mass along a primary mode, and a means to measure the resulting
response along the coupled secondary mode. They make use of Coriolis forces to
determine the rate at which it is rotating about one or more axes. Their main
advantage is that they have no rotating parts that require bearings, and hence they

can be easily miniaturised and batch-fabricated using micro-machining techniques.

The latest generation of vibrating gyroscopes are micro-engineered from silicon
and have dimensions and feature sizes ranging from a few millimetres to a few
micrometres. They are manufactured using the MEMS technology. By taking
advantage of the wafer processing technology developed for the electronics industry
where many devices can be created per wafer (see for instance Figure , a
high volume, low cost and robust manufacturing process can be designed. This
yields very small devices that take full advantage of the excellent mechanical and

electrical properties of crystalline silicon.

This new generation of gyroscopes has widened the range of applications for rate
sensors. In addition to the classic field of applications already stated — mainly

military, rate sensors are now used in automotive safety and navigation, robotics,
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biomechanics and prosthetic aids. An example of practical application is to measure
how quickly a car turns by mounting a set of gyroscopes inside the vehicle. If the
gyroscopes sense that the car is spinning out of control, differential braking engages
to bring it back into control. This application is known as the Electronic Stability
Control or Program (ESC or ESP) and is now mounted in most high standard cars.
The angular rate can also be integrated over time to determine angular position
— particularly useful for maintaining continuity of GPS-based navigation when the
satellite signal is lost for short periods of time. Other possible applications can be

found in the aerospace or military domain with platform stabilisation of avionics.

The potential of gyroscope sensors is quickly expanding with the constant improve-
ment in miniaturisation and performance. The thesis focuses on the MEMS vibrat-
ing ring-based rate sensor developed by Atlantic Inertial Systems (AIS), (previously
BAE Systems). Figure shows photographs and a schematic representation of
the sensor. It consists of a silicon ring structure supported on eight thin, nominally
identical external legs [I]. Ring/beam structures of this form will be used as the

main focus of the thesis.

The sensitivity of the sensor depends on the natural frequencies of the primary
and secondary modes of vibration. For a perfect ring the natural frequencies are
identical and the sensitivity is maximised. However, the presence of manufacturing
variations introduces frequency splits that can significantly degrade performance.
The sensitivity of the sensor is also degraded by the presence of damping. This
project aims to gain improved understanding of the damping caused by support
losses, so that sensors with increased sensitivity can be designed. The following

section provides an overview of damping in MEMS resonators.

1.1.2 Damping in MEMS resonators

Energy is dissipated from MEMS resonators through a number of different damp-
ing mechanisms. Systems contained in a fluid medium (gas or liquid) lose energy

through viscous forces in the fluid, and by radiating sound into the fluid. For ex-
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ample in the Foucault pendulum mentioned in Section [I.1.1] air resistance damps
the oscillation of the mass, so Foucault pendulums in museums often incorporate
an electromagnetic or other drive to keep the mass swinging; others are restarted
and re-launched regularly. By removing the fluid that surrounds the resonator, the

effects of fluid damping can be made negligible.

Energy can also be dissipated by intrinsic damping mechanisms. These are damping
mechanisms that originate within the material itself. One of them is thermoelastic
damping which is caused by the interaction between mechanical strain and thermal
effects in the resonator. Thermoelastic damping in ring resonators has been inves-
tigated in previous research work [2]. Brief reviews of gas damping, thermoelastic
damping and other intrinsic damping mechanisms are presented in Section [1.3
Energy can also be lost by transmission of vibrations from the resonator to its
foundation through the supporting structure; this loss mechanism is known as sup-
port loss, see Section [I.4, This form of damping is less well known than the other
damping mechanisms, and relatively little work has been performed in this area.

This topic forms the main focus of the research project.

The optimum level of damping depends of course on applications. In some cases,
such as mechanical machinery and civil engineering structures, a lack of damping
may lead to excessive vibrations, especially at resonance, leading to fatigue and frac-
ture. In these cases, there is a need to design the structure such that the damping
is over some minimum level to give safe operation. In vibro-acoustic applications,
the goal is usually to reduce the sound transmitted to another environment and a
sufficient amount of damping is consciously introduced (with the use of visco-elastic
materials for example). On the other hand, there are applications in sensors and
instrumentation where it is necessary to minimise the damping, or to control it at
some relatively low level, in order to obtain good performance. The consideration
of damping is therefore important in the design of mechanical systems that contain
vibrating structures. An application where minimising energy losses by damping
becomes very important is when micro-mechanical resonators are used as filtering
elements in electronics using their vibrational transfer function. When a vibrating

beam is under-damped, its vibration will have a bigger amplitude at its natural
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frequency than at any other frequency, giving rise to a resonant peak. Maximum

efficiency will be obtained when this peak is as high as possible.

The work presented in this thesis is motivated by the general need to gain an
improved understanding of the energy dissipation mechanisms in vibrating micro-
structures used in vibrating gyroscopes, and to develop models to quantify and
predict damping levels at the design stage. Within the main damping mechanisms
occurring in such devices, support loss is one of the most complex and least well

understood.

To set the scene for the rest of Chapter 1, a brief theory of the principles of op-
eration of gyroscopes will be presented in Section A detailed review of the
various sources of damping mechanisms that exist in MEMS structures will follow,
in Section [I.3] The ring-based resonator on which the research is focused is sup-
ported on complexly-shaped, folded beam legs, and one may easily understand that
the vibration and energy propagation from the ring to the support are of particular
interest. A review of wave transmission and propagation will therefore be presented
in Section [I.5] Subsequently, the aims and objectives of the research will be stated
in Section [L.7.

1.2 Theory of vibrating gyroscopes

1.2.1 Gyroscope operating principles

All vibrating rate sensors are based upon the phenomenon of Coriolis accelera-
tion [3]. This acceleration is experienced by a particle undergoing linear motion in
a frame of reference which is rotating about an axis perpendicular to that of the
linear motion. The resulting acceleration, which is directly proportional to the rate
of turn, occurs in the third axis which is perpendicular to the plane containing the
other two axes. Thus, in a rate sensor, vibrating motion is coupled from a pri-

mary vibrating mode into a secondary mode, when the sensor experiences angular
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rate. The Coriolis acceleration couples two fundamental modes of vibration of the
resonator structure. In most micro-mechanical vibrating gyroscopes, the sensitive
element can be represented as an inertia element and elastic suspensions with two

prevalent degrees of freedom. A generic example is presented in Figure (1.3

The sensitive element is driven to oscillate at one of its modes with prescribed am-
plitude. This mode is usually called primary mode. When the sensitive element
rotates about a particular fixed-body axis, which is called sensitive axis, the re-
sulting Coriolis force causes the proof mass to move in a different mode. FExcited
oscillations are referred to as primary oscillations and drive mode, whereas oscil-
lations caused by angular rate are referred to as secondary oscillations, secondary

mode or companion mode.

In effect, the operation of Coriolis-based vibrating rate sensors can be summarised
as follows. One mode of vibration of a resonator possessing two orthogonal modes is
excited at a frequency matching its natural frequency in order to minimise the drive
force required to achieve a given amplitude of vibration. Due to the Coriolis accel-
eration, energy is transferred from this excited drive mode to a companion mode
that in turn experiences linear motion. The steady state motion of the companion
mode is a direct measure of the rotational rate that the resonator is experiencing
(see theory in Section . If both modes have the same frequency of vibration,

the coupling is maximised and the sensitivity reached is maximum.

In general, it is possible to design gyroscopes with different types of primary and
secondary oscillations. For example, a combination of translation as primary os-
cillations and rotation as secondary oscillations was implemented in a so-called
tuning-fork gyroscope [4]. It is worth mentioning that the nature of the primary
motion does not necessarily have to be translatory but could be rotary as well.
Such gyroscopes are called rotary vibrating gyroscopes. However, it is typically
more convenient for the vibrating gyroscopes to be implemented with the same

type and nature of primary and secondary oscillations.

Nowadays, there are many practical designs which can be used as a gyroscope. With

respect to the number of inertia elements used, the nature of primary and secondary

6
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motions of the sensitive element, it is convenient to subdivide these into three groups
as follows: simple oscillators (mass on a string, beam), balanced oscillators (tuning
fork), shell resonators (wine glass, cylinder, ring); see [5] for details and principle

of operation for each of these groups.

One of the most well known examples of oscillatory gyroscope with continuous
vibrating media is the Hemispherical Resonating Gyroscope (HRG). Its sensitive
element design is based on the resonating shell that has a hemispheric or so-called
“wine-glass” shape. Primary oscillations are provided by exciting vibrations in the
rim of the shell. In case of no external angular rate, the nodes of vibration do not
move. If the sensitive element rotates around its sensitive axis, which is orthogonal
to the plane of vibration, the secondary oscillations can be detected at the nodes.
Despite the HRG itself has never been referred to as a micro-mechanical gyroscope,
its operation principle has been widely used in numbers of micro-mechanical designs.
The hemispherical shape of the shell has in particular been replaced with a thin

cylinder or a ring.

By correct design of a shell resonator it is possible to overcome problems associated
with resonator mount sensitivity experienced by simple oscillators and thus improve

bias performance, and greatly reduce sensitivity to shock and vibration [I].

1.2.2 Motion equations

To illustrate the principle of a vibrating gyroscope, consider a point mass M at-
tached to a rigid frame by four springs of stiffness K and four dampers with damping
coefficient C' as shown in Figure [I.4] The mass is constrained to move in the (z,y)
plane. In operation, the mass is forced to vibrate at the frequency w in the z-
direction by some external mechanism which maintains a constant amplitude X, of
oscillation such that z = X, e“!. Assuming that there are no linear accelerations
experienced by the device along the z- and y-axes, but that the frame is rotated

about the z-axis at an angular velocity €2, the response y of the mass along the
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y-axis is governed by [5]:
Mij+2C7% 4+ 2Ky = —2iMwXQ . (1.1)

The angular velocity €2 is assumed to be constant in the following discussion. Pro-
vided that the vibration along the z-axis is maintained, it can be deduced from
Equation that vibrations along the y-axis exist only when the angular velocity
Q) is non zero. In other terms, when a constant angular rate of turn is applied, the
Coriolis force causes the mass to vibrate in the perpendicular direction. For steady

state response, y = Y ¢! is substituted into Equation (I.1]) and the motion of the

. QIMWX()Q iwt (1 2)
Y= "\ M f2iCwr2K) © ‘

mass becomes [5]:

Equation (1.2]) shows that the steady state amplitude of the response in the y-
direction is directly proportional to the applied angular velocity €2. Thus the am-
plitude of the response in the y-direction provides a measure of the applied angular

velocity ).

1.2.3 Special case of the ring-based rate sensor
Operating principle

For the purposes of discussing the basic operation of a ring-based vibrating gy-
roscope, it is convenient to neglect the supporting legs and consider the ring in
isolation. For a perfectly circular ring with an uniform rectangular cross-section, it
is well known [5] that the in-plane flexural modes of vibration occur in degenerate
pairs with equal natural frequencies. Figure (1.5 shows the mode shapes for the
so-called 260 and 36 pairs of modes. The modes in a degenerate pair of flexural
modes have identical natural frequencies, are asymmetric, have the same deformed
shape and are separated from each other by an angle %, n being the flexural mode

number (n = 2 for the 20 mode and n = 3 for the 30 mode).

To operate as a sensor, one of the 20 modes, which is normally referred to as the

8
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primary mode, is driven at constant amplitude at its natural frequency via induc-
tive, capacitive or piezoelectric actuation. Figure illustrates an inductive
excitation where a magnet is present within the ring. When there is no angular
velocity applied to the ring (i.e. the ring is stationary), the motion of the ring is
described by the primary mode only (see Figure . However, when the ring is
rotated about its polar axis, Coriolis acceleration occurs and the complementary
secondary mode of vibration is excited (see Figure . By placing transducers
at the nodal points of the primary mode, the radial component of vibration of the
secondary mode can be measured. Given that the amplitude of this vibration is
proportional to the rate of turn, the angular velocity of the sensor about the polar

axis can be determined.

In the new generation of ring gyroscopes, out-of-plane modes are excited and mea-
sured [6]. Even though this design is more complex and difficulties occur in match-
ing each vibrating mode with a particular resonant frequency [7], the operating

principles are the same as for in-plane vibrations.

Existing model

The inductive sensor that vibrates in-plane is shown in Figure|l.2, Electrical current
travels around segments of the ring. It provides inductive drive forces on the sensor
that excite its primary mode of vibration. Similar inductive means are used to
monitor the vibration of its secondary mode [I]. This sensor is composed of a thin
ring supported on eight external, nominally identical legs attached to a surrounding
structure. The supporting legs consist of three straight beams with curved sections
between them, each beam having a rectangular cross-section area. The geometry of
the supporting legs and the point at which they are attached to the ring critically
affect the performance of the sensor. The chosen design ensures that the displaced
shape of the resonator is not significantly different from that of a free ring when
the sensor is in operation. This ensures that the ring is the dominant resonant

structure, and prevents frequency splitting [§].

The tangential w,(6,t) and radial w,(6,t) modal displacements for the in-plane

9
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flexural vibrations of a thin ring vibrating at the frequency w are given by [9]:
wy(0,t) = Wy sin(nd) e and U, (0,t) = Uy cos(nd) e, (1.3)

where 6 is the circumferential location relative to a pre-defined datum. In practical
applications, the ring is never perfect and small imperfections are always present.
Imperfections due to manufacturing variations and material non-uniformity fix the

positions of the modes relative to the ring and yield small frequency splits [10].

In order to model the complete sensor (ring and legs) it is necessary to combine the
above ring model with an appropriate leg model. In previous work [I1], the leg was
modelled as point masses with three discrete springs (two translational and one
rotational). This lumped parameter model was used to determine the governing
equation of motion and natural frequencies for the complete sensor. The princi-
pal stiffness values were obtained by using an analytical approach to deduce the
compliance matrix. The effective masses were then obtained by using a frequency
response method in conjunction with finite elements. In this model, the leg de-
formation was assumed to be determined by the ring displacement at the point of
attachment of the leg to the ring. It was also assumed that the mode shapes of the
ring were identical to those of a free ring. This model was then re-used to calculate
the quantity of energy lost by thermoelastic damping in the legs [2]. But again, the
vibrations of the legs were assumed not to have any influence on the ring and were

not modelled in detail.

In order to study the support losses, it is necessary to fully understand the displace-
ments of the leg at the end attached to the supporting structure, referred to as the
anchor end (see Section [I.4). To achieve this, an improved model of the supporting
leg is required that properly takes account of the vibrations in the different leg

sections. Techniques capable of achieving this are discussed in Section [1.5

10
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1.3 MEMS damping mechanisms

Characterisation and quantification of the different damping mechanisms are im-
portant steps in the design of MEMS resonators. A variety of damping mechanisms
can lower the quality in resonant MEMS, including gas damping, material losses,
thermoelastic damping, and support losses. Which loss mechanism matters most to
a particular design depends on the device geometry, the material used, the environ-
ment, and the operating frequency range. All of these damping mechanisms have
been studied experimentally for different types of cantilever beam resonators [12-
14]. The work reported in [15] gives a more general review. Each of the different
energy loss mechanisms is discussed in this section. Before doing this the quantity

used to define energy loss, namely the quality factor, is defined.

1.3.1 The quality factor

Damping cannot be measured directly but instead is deduced from the response
characteristics of selected vibrating systems. The steady state response of a single
degree of freedom system, excited by a harmonic force of constant amplitude, can
be used to determine damping through the observation of several characteristics,
including the bandwidth of the frequency response, the amplitude of the response

at resonance, Nyquist plots, hysteresis loops, and dynamic stiffness [16].

For sufficiently small values of damping, the quality factor @ (or Q-factor) can be

experimentally measured from the amplitude-frequency curve and defined as:

Q=—"_ (1.4)

)
Wo — W

where wy is the natural resonant frequency; w; and wy are situated around the
resonant frequency such that the amplitude of response X; at frequency w; and X,

1
at frequency wy are equal to —= times the peak amplitude X, (amplitude at wy):

V2

X, =X, = (1.5)

Xo
2
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It can be shown [17] that the energies dissipated at the frequencies w; and wy are
then equal to one-half of the energy dissipated at resonance. For this reason, the
above bandwidth (wy — wy) is often called the half-power bandwidth. Noting that:

X1

1

~ -3 (1.6)

justifies the frequently practical used technique of determining the half-power band-
width by locating the frequencies on either side of resonance peak for which the

response has decreased by three decibels, see Figure [1.6]

The @Q-factor is a measure of the sharpness of the resonance peak of the system
response curve. Systems with high @Q-factor have a sharp, large magnitude and

well-defined resonance, and equivalently low levels of energy loss.

The @Q-factor can also be introduced with the simple viscous damping model that
is usually presented in vibration textbooks. Consider the free vibration of a linear

mass-spring-damper system whose equation of motion can be written as:
Mi+ Ci+ Kx =0, (1.7)

with M the mass, C' the damping coefficient, K the stiffness and x the displacement.
The form of the solution to Equation depends on the amount of damping. If
the damping is small enough, the system will still vibrate, but eventually, over time,
will stop vibrating. This case is called under-damping — this is of most interest in
vibration analysis. If the damping is increased just to the point where the system
no longer oscillates, the point of critical damping is reached. After this point, the
system is over-damped. The value that the damping coefficient needs to reach for
critical damping in the mass-spring-damper model is: C, = 2¢/KM. When ¢, the
viscous damping ratio defined as ( = C'/C., is small, i.e. ¢ < 0.1, the Q-factor can

be approximated as [17]:

1
Q ~ 5% (1.8)

The damping ratio ¢ characterises the amount of damping in the system. The

12
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form of the solution of the differential equation (1.7)) depends on the value of the

parameter (.

This mechanical quality factor @) is a key performance factor in MEMS resonators.
Just like the damping ratio ¢, the )-factor is a non-dimensional parameter that
quantifies the level of damping in the system. Whilst the damping ratio is widely
used in the vibration literature to quantify damping, the Q-factor is widely used
in the MEMS literature, and will also be used in this thesis. ) can also be seen
as a measure of the ratio of the total energy stored in the system W to the energy

dissipated per cycle of vibration AW (energy lost per cycle). It is defined as [18]:

(1.9)

The presence of damping causes a reduction in vibration amplitude and can seri-
ously affect sensor performance. Generally damping forces can depend on many
quantities and in practical systems, such as MEMS resonators, different energy loss
mechanisms occur. There are three main ways for the energy of vibrating systems
to be dissipated. First of all, the interaction of vibrating structure with its ambient
fluid causes energy dissipation either via local viscous effect or radiation away into
the fluid. This is called air (or gas) damping. Secondly, energy can be dissipated
throughout the entire bulk material used to manufacture the structure. This is often
referred to as intrinsic material damping which includes thermoelastic damping and
energy losses as a result of dislocation and grain boundaries relaxation in the ma-
terial, called material losses. Lastly, vibrational energy can be dissipated through
transmission of elastic waves away from the resonator during vibration. These vi-
brations usually propagate and dissipate in the support structure. This mechanism
is known as support loss. It can be shown that the overall Q-factor, Qioa1, due to
a set of n distinct independent loss mechanisms with individual QQ-factors @)1, Q)o,

..., @, can be calculated as [19)]:

1 1 1 1
=— 4+ —+...+ . 1.10
Qtotal Ql QQ Qn ( )

This relationship indicates that it is the lowest ()-factor of the different mecha-
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nisms which limits the total (). The several known sources of damping in MEMS

resonators will be discussed in the following section.

1.3.2 Air damping

Air damping can occur in a number of different ways. A body that travels through
a fluid collides with the molecules of that fluid and transmits some of its energy
to those molecules. This process causes viscous damping by displacing some of the
fluid around the body, commonly referred to as viscous drag, and acoustic radiation
by exciting the fluid in a direction parallel to the motion. The source of damping is
the resulting shear force and drag force acting on the resonator as it cuts through
the gas during motion. Analysis of this problem is not trivial because of the large

volume of gas interacting with the resonator.

One common situation of air damping in MEMS applications is a body moving
near a stationary body or surface. If the vibrating structure oscillates parallel
to the base structure separated by a thin gap, the gas in the gap and ambient
to the microstructure is sheared which in turn, imposes viscous damping on the
system. This phenomenon is often modelled as Couette flow. In the case where
the vibrating structure has a perpendicular motion towards the stationary surface,
squeezed gas damping is present as the surfaces move towards each other. This is
particularly the case for devices relying on capacitive sensing and actuation, such as
the one described in [6]. Generally, smaller gap thickness will increase the level of
electrostatic excitation but gas film forces also increase rapidly as the gap thickness
reduces. Consequently, the viscous forces in the gas can cause a significant amount

of damping to the motion.

Modelling the flow of real gas mathematically is never simple. The gas flow can
be represented either as a continuum or as a collection of molecules. Its modelling
depends on the flow regime. A dimensionless parameter that is commonly used to
determine the flow regime in a particular case is the Knudsen number [20], which is

the ratio of the mean free-path length of molecules within the gas to a characteristic
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dimension of geometry.

When the Knudsen number is small, gas behaviour is described by differential equa-
tions in terms of spatial and temporal variations of density, velocity, pressure, tem-
perature and other macroscopic quantities [20]. The well-known continuum model
is the Navier-Stokes equations. This is the most commonly applicable mathematical
model. When the continuum model is valid, local gas properties such as density
or velocity can be defined as averages over a volume that is large compared to the
microscopic structure of the gas [20]. However, continuum models based on the in-
compressible Navier-Stokes equations do not cover the cases where MEMS devices
operate in a low pressure environment or when the devices are designed with gaps

in the order of a micron.

When the Knudsen number is not small, sub-continuum deviations from the Navier-
Stokes model begin to play a role. For Knudsen numbers greater that 0.01, slip
flow along walls starts to become important; for Knudsen numbers between 0.1
and 10 the flow is in the transitional regime, where the bulk of the fluid no longer
conforms to the incompressible constant-viscosity assumptions of the Navier-Stokes
equation; and for Knudsen numbers greater than 10, one enters the regime of free
molecular flow, where interactions between gas molecules are much less frequent

than interactions between a gas molecule and the solid boundary [20].

When the Knudsen number is not small, the flow is modelled using the second
approach: as a collection of molecules. In this approach, the gas is regarded as
a very large number of discrete particles. The model is derived from statistical
mechanics in which a distribution of gas molecule velocities is used to compute the
momentum transferred from the vibrating device into the gas [20, 2I]. In other
words, the flow is in this case studied using deterministic or probabilistic methods.

For structures with simple geometry, the continuum model is often tractable.

Gas damping was recognised early as a major energy loss mechanisms for micro-
resonators, as it is for macroscopic resonator. Consequently the role of gas damping
in micro-resonators has been widely studied using both theoretical models and

experiments. A recent review on the subject can be found in [22]. With the advances
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in MEMS packaging technology, resonators are now often designed to be contained
in a vacuum encapsulation. Assuming that the gas pressure is sufficiently low,
gas damping of the vibration of the resonator is eliminated, but other damping
mechanisms are still present and limit the @)-factor. One of these is thermoelastic

damping, which is discussed in the next section.

1.3.3 Thermoelastic damping

Thermoelasticity describes the coupling between the elastic field in the structure
caused by deformation and the temperature field. When a beam bends, it produces
a stress gradient in the direction of the bending, which is accompanied by a strain
gradient. One side of the beam will be in compression and the other in tension.
Volume changes will exist that are opposite on each side of the beam. The strain
field causes a change in the internal energy such that the compressed region becomes
hotter and the extended region becomes cooler. This volume change creates a
temperature gradient. When this temperature gradient is created, the body tends
to move back to thermal equilibrium, and dissipative heat flow will ensue. Energy

is dissipated within this irreversible heat flow.

The earliest study of thermoelastic damping can be found in Zener’s classical work
starting in 1937 [23H25]. In these papers, Zener described the mechanism of ther-
moelastic damping, derived approximate formulae of the damping effects in beams
and other simple geometries, and compared his predictions to experimental mea-
surements. The formula he derived for evaluation of thermoelastic damping for
beam structures in bending has been widely accepted due to its closed form, sim-
plicity, and applicability. It has been verified to be accurate, but is only applicable
to beams or thin structures vibrating in low order flexural modes. Many of the

following works on thermoelastic damping are extensions of Zener’s studies.

Lifshitz and Roukes [26] presented a refined mathematical analysis of the same
thermoelastic problem in which the governing equations were solved in a more ex-

act manner. Instead of using a sine series to approximate the temperature profile
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(method used by Zener), the differential equation for temperature was solved ana-
lytically. The results from [24] and [26] analyses agreed well. Unfortunately, their

model was still restricted to beams.

Wong [2] performed a detailed study on thermoelastic damping in MEMS resonator.
He took two existing analyses for simple beam structures [24, 26] and extended them
to deal with the in-plane and out-of-plane flexural vibrations of thin perfect rings,
developing analytical formulae for their Q)-factors. This work also extended Zener’s
theory [24] to a multi-component structure composed of a ring supported on eight
beam-like legs. During his research, analytical models for thermoelastic damping
were developed which provided improved understanding of how resonator geometry,
dimensions and material properties affect thermoelastic damping in ring resonators.

Further work extended the models to consider bi-layer beams and slotted rings.

As designers explore different geometries which are no longer simple beam-like struc-
tures, more general methods based on numerical simulations have been developed.
Some recent studies have used finite element simulations to numerically solve the
coupled equations of elasticity [27-29]. The finite element approaches are based
on the discretisation of the coupled equations of thermoelasticity. They have been
shown to be valid and verified against experimental data for beam-type geometries.
However, they have an important drawback which is that solving coupled equations
increases the degrees of freedom of the problem and increases the computational
cost. Koyama [30] presented a finite element based numerical method to efficiently
evaluate the transfer function for the coupled equations of thermoelasticity. From
this transfer function, the Q)-factors of MEMS resonators including the effect of ther-
moelastic damping were computed. Finite element analysis allows @)-evaluation of
devices irrespective of fabrication material or geometry, liberating designers from
the contemporary beam-like structures. To enable a fast transfer function evalu-
ation, Koyama used the projection of the large finite element discretised system
of equations onto a smaller subspace of solutions. This method based on transfer
function evaluation of a reduced-order model was proved to be up to 60 times faster

than a full finite element discretisation, and as accurate [30].
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In a recent work [31I], a finite element analysis was used to validate predictions
obtained with a modal approach. In this modal approach, the key was to repre-
sent mechanical vibration using pure structural modes and temperature distribution
using a summation of pure thermal modes. The approach concentrated on under-
standing the interactions between the mechanical strain and the thermal gradients.
It was applied to simple beams and to more complicated slotted structures and

showed good agreement with the finite element method.

It is important to note that thermoelastic damping is one of the most dominant
damping mechanisms in structures with sizes in the range of a few microns to a few
hundred microns. Sub-micron-sized structures have natural frequencies that are
comparable to that of the lattice vibration of the material, and it is not possible to
consider the system as an elastic continuum. Moreover, it is not possible to define
the temperature locally and the definition of the thermal expansion coefficient is not
valid [26]. For this range of sub-micron resonators, a transition from thermoelastic

damping loss to surface-related loss (or material loss) is suggested [14].

1.3.4 Material losses

An ever-present source of energy loss in MEMS resonators is internal friction [14)
32]. This source is the most difficult to quantify, because it is dependent on the
imperfections in the structure of the materials used and it is also highly dependent

on fabrication methods.

Internal friction is the dissipation in the form of heat occurring when chemical bonds
are made and broken. In a single-crystal beam, point defects and dislocations are
the cause of internal friction. The quantity of point defects and dislocations in the
beam can be estimated using probabilities. The energy loss due to a single defect
or dislocation can be modelled and the overall internal friction derived using the
total number of defects and dislocations estimated. In a polycrystalline material,
the dominant cause of internal friction is grain boundaries. In an amorphous ma-

terial, the friction is a bulk property, and is greater than the other two cases. The
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irreversible energy lost in the relaxation phenomena when defects and chemical im-
purities in the material try to relax back to equilibrium, is the basis of the so-called

material losses.

In addition, the surface state of a material can cause energy loss due to the fact
that bonds are dangling at the edge of a crystal. Composite materials also have

energy lost at the boundary between two layers.

Surface-related loss is an important damping mechanism for structures with high
surface to volume ratio [33]. The surface to volume ratio increases as the thickness
reduces. It is common for micro-structures to have a thin layer with different
material properties on their surfaces due to the different fabrication processes and
surface contamination. This layer of material with properties different from those of
the bulk material can affect the achievable Q-factor significantly. There is no clear
explanation on how surface treatments processes modify the surface property but

it is expected to change the crystallographic orientation of the bulk material [34].

A thorough review of support loss, which is the mechanism of main interest in the

thesis, is given in the next section.

1.4 Support loss

An essential energy loss mechanism is support loss — also referred to as anchor
loss. Every resonator is attached to the surrounding structure, and this attachment
creates a path for the radiation of vibrational energy away from the resonator.
Elastic waves are created when the anchor moves, sending internal pressure waves
out into the bulk material. These waves can be longitudinal or transverse, depending

on the vibrational mode of the resonator and anchor attachment.

Innovative designs potentially allow the coupling between the resonator and its an-
chor to be removed [35], reducing energy loss by reducing anchor motion. Such
systems may involve a mounting mechanism which isolates shear and moment reac-

tions from the support. Support loss can also be reduced by properly designing the
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resonator so that the vibrating structure is symmetric and vibrations do not result in
motion of the centre of mass [19]. If resonators were unbalanced, energy loss would
occur at the mounts. It is recommended that resonators should have a fixed centre
of mass and zero total moments resulting from vibration. Stemme [19] reported ex-
amples of balanced structures including a dual-diaphragm resonant pressure sensor

where the vibrating structure was suspended at the two nodal lines.

Another efficient design in the support loss point of view can be exemplified by
the keys of a xylophone. When the free bar flexes in the fundamental mode, there
are two places that have no translational motion — otherwise known as the nodal
points. The vibrating elements are suspended not at the ends, but at these nodal
points. By simply supporting the bar at those points, the coupling is minimised,
resulting in reduced energy radiation through the support. In addition, it is worth
noting that the higher modes tend to have nodal points at different places, mean-
ing that the support will damp these modes quickly. This allows the xylophone
to have a sustained, pure tonal sound. A similar design can minimise energy loss
due to energy radiation through the anchor in MEMS resonators, although creating
a simple support for a micro-mechanical beam is difficult. A perfect simple sup-
port has infinitesimally small width and exact position at the nodes. With very
narrow resonators, it is difficult to make the support beams sufficiently small, and

manufacturing errors ensure that the position of the support will not be exact.

Energy propagation into the supporting structure has received only limited atten-
tion. A variety of different computational approaches have been proposed by Park
and Park [36, 37] and Bindel et al. [38, B9] but the most relevant analytic treat-
ments appear to be those by Jimbo and Itao [40], Cross and Lifshitz [41], Hao et
al. [42, [43] and Photiadis et al. [44, 145]. These approaches are reviewed below.

1.4.1 Computational approach

In 2004, Park and Park [36] [37] proposed a computational model for predicting the

propagation of waves from a vibrating beam to the substrate. They developed a
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multi-physics model consisting of a resonating beam model, a spatially distributed
electrostatic model and a substrate model. They assumed that the wave propagation
in the substrate was caused by external forces at the anchors. The substrate motion
was then treated as a classical wave propagation problem into an elastic half-space
foundation. This assumption is analogous to the one made in references [41], 42], in
which, sinusoidal excitations were applied at the anchor area of the resonator beam
to obtain the mechanical force-displacement relation at the anchor. The resulting
coupled model was then used to evaluate the resonator performance, in particular,

the Q-factor degradation due to the anchor loss.

The assumption that the substrate can be modelled as a semi-infinite elastic half-
space has often been used. By considering the resonator to be much smaller than
the substrate, very little energy leaving the resonator is reflected back and there-
fore the substrate can be seen as being semi-infinite from the perspective of the
resonator. To simulate the response of a semi-infinite domain, boundary dampers,
infinite elements, boundary integrals or exact Dirichlet-to-Neumann boundary con-
ditions can be used (see e.g. [46-49]). Each of these methods in some way truncates
the simulation domain with an artificial boundary and attempts to absorb outgoing
wave energy without reflection. However, all of these techniques have some fail-
ings that are mainly a “non-total” dissipation of energy when waves are impinging
the exterior boundaries, and a high computational cost when using finite element

methods.

In 2005, Bindel et al. |38, 39] developed an approach to implement a Perfectly
Matched Layer (PML) applied on a radially driven centre-supported disk resonator.
This approach was based on the fundamental work done by Bérenger [50]. Bindel
et al. described how anchor losses can be computed accurately using an absorbing
boundary based on a PML which reduces incoming waves over a wide frequency
range. A PML is a finite domain that is attached to the outer boundary of a (finite
element) model which incorporates the system of interest — the resonator, its anchors
and part of the substrate. The extension of the PML technique fits naturally within
the standard finite element code architecture. The PML is a continuum domain

devised in such way that the mechanical impedance between the PML and the
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model is perfectly matched. This essentially eliminates spurious reflections from
the artificial interface. The PML is finite in extent and thus has an outer boundary.
The presence of this outer boundary requires the PML to damp the out-going waves
before they reflect and “pollute” the computation. The out-going waves go through
the interface with the PML without being reflected; they are massively damped in
the PML region; few of them are reflected on the outer boundary of the PML; the
resulting in-coming waves are damped again in such a way that almost no in-coming

waves come back into the model.

1.4.2 Analytical approach

In 1968, Jimbo and Itao [40] derived an expression for the energy loss from a can-
tilever vibrator of infinite out-of-plane thickness attached to a semi-infinite medium.
They compared the vibration energy of the cantilever with the energy associated
with strain induced in the elastic medium by the shear force and bending moment
at the root of the cantilever. They suggested that the Q-factor (Qsupport) given by

the developed model was:

L) 3 Esup.

qupport ~ 2.17 (b E )

(1.11)

where b and L are the in-plane width and length of the cantilever, respectively, E
is the Young’s modulus of the cantilever, and Fj,, is the Young’s modulus of the

supporting medium.

In 2003, Hao et al. [42] derived a closed-form expression for support loss in beam res-
onator. The beam resonator was vibrating in-plane and had the same out-of-plane
thickness as its support. They modelled support losses in beams with clamped-free
and clamped-clamped boundaries. The flexural vibrations of the beam were de-
scribed using beam theory. Elastic waves excited by the shear stress of the beam
resonator and propagating into the support structure were described using two-
dimensional elastic wave theory. Proposed expressions for the Q)-factor of in-plane

bending vibrations are functions of the cube of length to in-plane width ratio (L/b)
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and are mode shape dependent. The model suggested lower quality factor for higher
order resonant modes compared to the fundamental mode of a beam resonator. Hao
et al. calculated the Q-factor for the fundamental mode of in-plane vibration of can-

tilever beam to be:

I 3
qupport = 2081 <b> . (112)

Later, the work was extended to a centre-supported disk resonator [43]. The same
method was used: separation and coupling between the three components (disk,
support beam, and support structure). The disk was modelled by a free-edged cir-
cular thin-plate as the support beam was much smaller in size and had negligible
effect on the mode considered. Hence, explicit expressions for its resonant frequen-
cies, mode shapes and vibration energy were derived. The displacement at the disk
end of the support beam was found from the mode shapes of the disk. Through
the support beam, this displacement is further transferred to the stress on the sup-
port structure (substrate). The support structure was modelled as a semi-infinite
medium, through which part of the vibration energy propagates to infinity (in the
form of elastic waves) and cannot return to the resonator, leading to energy loss.
The behaviour of the support structure was described by the elastic wave theory,
giving rise to the displacement under varying stress. From these displacements and

stresses, the quality factor could be evaluated.

The analytical closed form expressions obtained in [42} 43] are particularly attractive
to designers due to their simplicity, but the drawback is that they are only valid
under the assumptions that are made and available for restricted geometries. Thus
if the geometry is special such that the mechanism of damping is not known, this

method is inapplicable.

More recently, Cross and Lifshitz [41] considered elastic wave transmission across
the junction between two plates of differing widths (having the same out-of-plane
thickness), and calculated the associated energy loss. With both systems assumed
to be small compared to a wavelength, they determined that ) was linearly pro-
portional to L/b for the fundamental compression mode, the torsion mode and the

out-of-plane flexural mode, and that ) was proportional to (L/ b)® for the in-plane
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bending mode. They suggested that thin-plate elasticity theory provides a useful
and tractable approximation to the three-dimensional geometry. The results showed
that when the resonator-support coupling is large, it is important to consider the

dissipation properties of the support structures as well as the resonator.

The main difference between all these analytical studies is the way that they treat
the support structure. The support is either considered to be of infinite out-of-plane

thickness [40] or as a plate equal in thickness to the resonator [41l [42].

Photiadis et al. [44], 45] analysed these two different cases. They provided analyti-
cal expressions for the energy loss from vibrating mechanical resonators into their
support structures for two limiting cases: supports that can be treated as plates
with a thickness that needs not to be the same as that of the resonator itself, and
supports that act as semi-infinite elastic media, with effectively infinite thickness.
The support loss resulting from out-of-plane vibration of a cantilevered beam and
radiation into a supporting medium, modelled as a semi-infinite plate, was found

to be:

L

A 2
qupport =~ 1053 E (Shup> ) (113)

where b is the in-plane width of the cantilever beam, and i and hg,;,. are respectively
the out-of-plane thickness of the cantilever beam and the support structure. The
in-plane width of the support is supposed to be infinite as the support is modelled
as a semi-infinite plate. One can see here the same proportionality in L/b expressed
by Cross and Lifshitz [41]. As the in-plane stiffness of the plate is much greater
than its out-of-plane stiffness, Photiadis et al. did not consider in-plane vibrations
of the beam and assumed that the attachment loss due to in-plane displacement is
negligible compared to loss due to out-of-plane displacements. When the support
structure was sufficiently thick relative to the wavelength of the propagating waves,
the base was approximated as a semi-infinite elastic medium (a half-space) and the

@-factor for out-of-plane vibration was found to be:

L

L 4
qupport = 3226 E <h> . (114)
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All these different studies use the displacements of the resonator at its anchor end to
evaluate the support loss. In the case of a rate sensor consisting of a ring supported
on legs, the derivation of these displacements is not straightforward. The vibration
of the ring resonator is firstly transmitted to its anchor legs, then it travels along
the first beam section of the leg to be partially transmitted to the second beam
section. The same process occurs between the second and third beams constituting
the leg. The resulting vibration in the third and last beam section impinges on
the anchor end and gives the required displacements. From this description it is
clear that the transmission and propagation of vibrations through the structure is

of principal interest in this work. The following section discusses this topic.

1.5 Vibration transmission and propagation

This section reviews the current literature relating the prediction of vibration trans-
mission and propagation through a structure. From this study it was concluded
that the ray tracing method is well suited to analysing the vibration transmis-
sion through the rate sensor at a particular frequency. A brief description of this
method is introduced later in this section, and a more detailed examination of the
method is provided in Chapter 2. Before this, a brief description of other available
techniques is provided, with the strengths and weaknesses of each approach high-
lighted. The approaches considered are the Finite Element Analysis (FEA), the
Statistical Energy Analysis and (SEA) the Energy Flow Analysis (EFA) based on

wave propagation.

1.5.1 Finite element analysis

Finite element analysis (FEA) is widely used in industry to model complex struc-
tures subjected to various loads and stresses. The technique can also be applied to
vibration problems. This is usually done in two stages. The mesh of the structures

is analysed to calculate the mode shapes and natural frequencies of the structure.
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Using this data the response of the structure is evaluated using a modal superposi-

tion technique.

Gavric and Pavic [51] developed a superposition technique approach to model the
vibrational energy response in a structure using FEA. The results presented showed
that the response at low frequencies is affected by higher order modes. If these
higher order modes are ignored then the predicted results can become misleading.
Therefore a more dense mesh is required which is capable of including these higher
modes, so an accurate prediction of the response of the structure is obtained for
the lower frequency range, which also limits this approach to low frequencies. This
is a common problem encountered in FEA. As the frequency increases, so does the
number of modes in the structure, requiring more elements and hence increasing
computing time. The mesh has to contain a large number of elements and makes
even relatively simple cases, at low modes, very expensive and time-consuming to
run. This factor limits the application of FEA. Even the most powerful computer

has an upper limit to the problem size it can handle economically.

To study, understand and quantify support losses in MEMS resonators, it is im-
portant to know which parameters have strong influence on energy losses. From
a single FEA, it is not possible to derive the significant parameters and to get a

precise description of the behaviour at the anchor end.

1.5.2 Statistical energy analysis

In the early 1960’s the existing FEA approach was found to be of limited practical
use for modelling light weight aerospace structures, due to the restrictions imposed
to the size and frequency range of the model and the computational cost, which
are still limiting factors today. Statistical Energy Analysis (SEA), developed by
Lyon [52], considers a greatly simplified structure compared to FEA. Instead of
considering the variation of the response as a spatially dependent factor, the struc-
ture is split into subsystems and the average energy density of each subsystem is

evaluated over a frequency band. Each subsystem is assumed to contain a uniform
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energy density. Due to this, SEA produces a single statistically averaged prediction
of the response in each subsystem, per frequency band, which is not sensitive to

slight variations in the structure.

Criteria have been set which the structure should meet to provide some confidence
in the predicted response. The main restrictions are that there should be more than
five to seven resonant modes in a frequency band, in each subsystem [53]; and that
there should be a weak coupling between subsystems. These criteria are likely to
be satisfied at higher frequencies, which can be far above the reliable frequency of

FEA, leaving a gap in mid-frequency range.

Confusion is often formed by the term “low”, “mid” and “high” frequency. The
predictive approaches, such as SEA and FEA, are concerned with the number of
modes present in the structures. The exact number of modes is dependent upon
the structure itself. If the frequency considered is low, there tends to be a low
number of modes excited in the structure (which favours the FEA approach), as
the frequency increases the number of modes increases (which favours the SEA
approach). The term “mid” frequency represents the frequency range where there
are too many modes to apply FEA with confidence and too few modes to satisfy
the SEA assumptions. In some structures this band between FEA and SEA may
not be present. However, in many structures the SEA approach is not appropriate
(i.e. strongly coupled subsystems) and there is a void in the analysis for the “mid”

and “high” frequencies.

There is therefore a possible gap between the applicability of the FEA and SEA
approaches in the mid-frequency range and for structures where SEA cannot be
reliably applied. Due to this, a different approach has been required which can
be applied to structures which are strongly coupled in the mid- to high-frequency
range. This approach is the energy flow analysis based on wave propagation, see
Section [I.5.3] It is simple to apply to structures and can be implemented using

existing FEA software, which reduces the development costs.

Moreover, SEA approach is not applicable to gyroscopes as they operate at partic-

ular frequencies and only these frequencies are of interest — not a frequency band
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containing several modes. Furthermore, SEA is usually used for systems that are
not precisely known and defined. It gives an approximate description of the energy
contained in these systems. For the case of support losses in MEMS gyroscopes, a

precise and detailed evaluation of the energy transmitted to the support is needed.

1.5.3 Wave approach

The vibrations of elastic structures, such as strings, beams, and rings, can be de-
scribed in terms of waves that propagate and decay in waveguides. Such waves are
reflected and transmitted when incident upon discontinuities [54) [55]. For the rate
sensor under investigation, the different components (ring and legs) effectively form

a waveguide and a wave approach seems to be a suitable approach.

Ray tracing

Mace [56], [57] was one of the first to use a wave approach to determine the power
flow between two coupled Euler-Bernoulli beams and the distribution of energy
within the system. In his model, each subsystem was essentially one-dimensional,
supporting just one wave type. Mace showed that when the coupling between the
two beams is weak, peaks in coupling power occur near the natural frequencies of the
uncoupled subsystems. Expanding the work of Mace, Langley [58] developed a ray
tracing method to evaluate the response of one-dimensional structures subjected to
harmonic excitation. The application of this approach to the ring-based rate sensor

is presented in Chapter 2.

Simple rod structures were first studied by Langley [58]. Ashby [59] incorporated
near-field effects and validated the method for a simply supported beam. A similar
approach was used recently [60] to describe wave propagation, transmission and
reflection in Timoshenko beams under various conditions. In Timoshenko beams,
the effect of transverse shear deformation and rotary inertia are no longer neglected.

Propagation, reflection and transmission matrices were given for different discon-
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tinuities such as general point supports, boundaries and change in section in Ti-
moshenko beam. When Timoshenko beam theory is used, the vibration analysis
becomes more complex and further difficulties arise from the increasing complex-
ity of structures. However from these matrices, the vibration analysis becomes

systematic and concise.

The application of the ray tracing method relies on having knowledge of the detailed
propagation, reflection, and transmission characteristics of waves in different parts
of the system. In particular, the precise detail of the waves at discontinuities is
needed to predict their reflection and transmission. For the ring-based resonator
considered here, the discontinuities occur between the ring and supporting legs, and

between connected beams in the supporting legs.

As this approach is “exact”, the precise detail of the structure, joint, material
properties and frequency is required. A slight change in one of these terms can

significantly alter the predicted response.

Energy flow analysis

The basic premise of Energy Flow Analysis (EFA) is that the state of vibration
can be essentially represented by stored, dissipated, and transferred far-field energy
densities. This method translates into differential terms the basic hypotheses of
SEA, based on the thermal propagation principle. SEA considers a power balance
among macro-structures or finite subsystems, while in EFA the same laws are writ-
ten for element volumes. The energy flow analysis or power flow method is found

to provide a reasonable space, time and frequency-averaged prediction.

In 1987, Nefske and Sung [61] presented the “power flow finite element method” and
made the link between the modelling of heat conductivity and vibrational energy
flow. Successively, Palmer [62] made a detailed study of the application of EFA
to predict the flow of flexural vibration in one-dimensional structures. Bernhard
et al. [63, 164] gave the partial differential equations that govern the propagation

of energy-related quantities in simple structural elements such as rods, beams and
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plates. They also derived the coupling relationships in terms of energy-related
quantities that describe the transfer of energy for various joint. To couple sim-
ple structural elements together, they used the power transmission and reflections

coeflicients — that can be found in the literature, e.g. in [53].

Ashby [59] developed an EFA that can incorporate the near-field and phase coher-
ence effects into the predicted response; and an alternative approach to apply EFA

to structures containing more that one type of vibration.

1.6 Summary of the literature review

From the review of various damping mechanisms presented in Sections and
it can be summarised that thermoelastic damping has already been thoroughly
investigated and gas damping can be eliminated by packaging the resonators in
sufficiently low pressure environment. Internal losses and surface-related losses are
intrinsic damping mechanisms that occur at the microscopic level of the materials
or when the surface to volume ratio is large, and are difficult to model and quantify.
Also, they are not yet really relevant to devices which are not particularly “thin”.
Support loss, an ever present mechanism as the resonator will always be attached
to a support, has not been widely investigated and its research mainly consisted of
analytical models which derived parametric description of energy losses in simple
cantilever beam structures. Regarding the complex design of the MEMS vibrating
ring-based resonator, it has been seen that a vibration transmission and propagation

model is needed.

The EFA — as the SEA, gives frequency-averaged predictions. Broadband excitation
is always considered, which is not appropriate for studying the case of a vibrating
resonator. For a resonator, the frequencies of interest are its resonant frequencies
and the resonator does not operate over a frequency range. An “exact” model
for a particular frequency is needed. Furthermore, the approach used by the FEA
solution is a modal technique, which assumes that the total response of the structure

is given by the sum of the responses of individual modes. An exact approach to
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model the vibrations of structure at a particular frequency is to use waves to form
the resulting response; this is the foundation of the ray tracing method. From this
literature review, the ray tracing analysis seems the most appropriated method as it
relies on an “exact” wave approach that gives the behaviour of complex structures

at particular frequencies.

1.7 Aims and objectives of the thesis

The research presented in this thesis is motivated by the need to gain an improved
understanding of the energy dissipation mechanisms in vibrating MEMS structures
used in vibrating rate sensors, and to develop models to predict and quantify damp-
ing levels arising from support losses. It is anticipated that this work will provide
improved understanding of the dynamical behaviour of MEMS sensors, so as to im-
prove design and prediction capabilities, and hence aid the development of sensors

with better mechanical performance characteristics.

The work will focus on a fundamental study of support loss in vibrating ring-based
resonators in which energy flows from the ring through the supporting legs into the
surrounding structure. The main themes of work to be considered include the two

following steps:

1. Developing models to predict the vibrational energy flow through structures
composed of ring/beam components is the first step to quantify the energy
that impinges into the surrounding structure. The different methods pre-
sented in Section have shown that a wave approach, and especially the
ray tracing method is well suited to study the vibrations of complex struc-
tures at a particular frequency. The ring-based resonator, and the energy flow

occurring from the ring to the supporting legs will be of principal interest.

2. Developing models to predict the vibration transmitted from a resonator to
its surrounding structure represents the second important step in the support

loss modelling. The existing analytical approach [42] is only applicable to
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flexural vibrations of beam resonators. It is therefore necessary to consider
an extension of this approach that can deal with more complex structures. A
model that considers vibrations of complex resonators must be developed and

must efficiently deal with various MEMS design.

Initially, the work will consider in-plane vibrations of the resonator, representing
existing single-axis rate sensors. However, the presence of out-of-plane vibrations
of the resonator and the associated support losses will be considered later in the

thesis to investigate damping in novel multi-axis rate sensors [§].

It is also of high interest to understand and quantify the influence of different pa-
rameters on the support loss and on the particular vibrational motion of the sensor.
The possibility of another ring-based rate sensor design with better performance

with regard to support loss damping needs to be investigated.

The next section gives an overview of the organisation of the thesis.

1.8 Outline of the thesis

The content of the remaining chapters in the thesis is summarised below.

Chapter 2 presents the fundamental vibration analysis of ring/beam structures by
the ray tracing method. A wave approach is used to model the free and forced
vibrations of complex networks. It is intended to find the natural frequencies and
mode shapes of the ring-based resonator by this method. A validation process of the
method is carried out using known analytical solutions of simple beam systems. The
approach relies on the knowledge of transmission coefficients and they are derived

for the different discontinuities encountered in the ring-based rate sensor.

Chapter 3 shows simplification methods to analyse structures that exhibit symme-
try properties. This is applied, in particular, to the ring-based resonator which is

cyclically symmetric. The extension of a method firstly developed for finite element
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analysis is presented. It allows a great reduction of the number of unknowns in the
model. The model complexity and the computing time that is used to solve the
equations of wave propagation and transmission are reduced. With this simplifi-
cation, natural frequencies and mode shapes of different cyclic symmetric systems
are derived and the vibrations of the ring-based rate sensor are modelled by what

is proved to be a fast and efficient method.

Chapter 4 links the vibration analysis of the ring-based resonator with the overall
research aim, which is to quantify support losses. In-plane vibrations are considered
and a model for support loss is presented based on an analytical study that sees the
support as a semi-infinite thin plate. This model is validated using two different
finite element approaches that model in a different way the infinite length of the
support. Simple test cases are studied and the results for the support losses obtained

are compared with the different methods.

The previous model developed in Chapter 4 is a rapid and efficient technique to
model support losses. By combining this model with the ray tracing method pre-
sented in Chapter 2, the support losses of the ring-based rate sensor can be cal-
culated. Results for support losses for different ring-based rate sensors designs are
presented in Chapter 5. A few parameters, such as material properties or leg di-
mensions are modified and their influence on the @-factor is analysed. Chapter 5
also studies the possibility to add blocking masses in the sensor in order to reduce

support loss.

Novel multi-axis rate sensors are designed to vibrate both in- and out-of-plane. The
ray tracing method presented in Chapter 2 is extended to out-of-plane vibrations in
Chapter 6 in order to study the vibrations of such sensors. A model for support loss
when the resonator vibrates out-of-plane is presented. It is based on the particular
out-of-plane bending characteristics of the support modelled as a semi-infinite thin

plate. Numerical results and a detailed discussion of the proposed models are given.

Chapter 7 is the final chapter that summarises the key findings of all the work

presented in this thesis and proposes suitable future work in this area of research.
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Figure 1.1: Traditional spinning rotor gyroscope.
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(d)

Figure 1.2: Photographs of the ring-based rate sensor: @ on its silicon wafer,
@ details of the leg structure, and mounted on its chip.
@ Schematic representation of the device.
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Figure 1.3: Schematic diagram of a simple mass-springs gyroscope.

Figure 1.4: Schematic diagram of a vibrating gyroscope.
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Figure 1.5: In-plane flexural modes of vibration of rings.
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Figure 1.6: Various parameters shown on an amplitude-frequency response
curve, used to calculate the Q)-factor of a resonator.
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Chapter 2

In-plane vibration analysis using a

wave approach

2.1 Introduction

Engineering structures often consist of a number of components that can be mod-
elled as straight and curved beams, and rings. Figure [2.1| shows a schematic repre-
sentation of a MEMS ring-based rate sensor that is the main focus of interest in this
thesis. The basic sensor structure is a resonator consisting of a slender circular ring,
supported on slender legs as shown. Each leg consists of three straight beams. The
design and optimisation of structures like these are aided greatly by the availabil-
ity of efficient techniques to rapidly determine the effects of variations in geometry
and dimensions on vibration characteristics, such as natural frequencies and mode
shapes. The performance of MEMS sensors, like the one shown in Figure 2.1} is
often highly dependent on the level of damping, see Chapter 1. One important
damping mechanism is support loss or attachment loss [42] 44], which accounts for
the transmission of vibration from the resonator into the supporting structure. The
work reported in this chapter deals with the development of an efficient approach
to analyse the vibrations of ring/beam structures that has the potential to be used

to predict support losses. Chapters 4 and 5 will focus on predicting support losses
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in ring-resonators.

The vibrational response of simple structures such as uncoupled beams or rings can
be determined without difficulty [65] using the Rayleigh-Ritz or modal approaches.
However, the analysis of complex systems containing several elements is more chal-
lenging. A possible method is the dynamic stiffness method [66] [67] that has been
developed to analyse in-plane and out-of-plane vibrations of networks. Each compo-
nent is modelled using an exact solution and matrices, coupling displacements and
forces of each element with its neighbours, are considered. The Wittrick-Williams
algorithm [68] is customarily applied to determine the natural frequencies of the
system. An alternative method is the use of Finite Element (FE) packages that
are employed widely to model complex structures, and can be used to calculate
natural frequencies and mode shapes, and the vibration response. However, it is
often computationally expensive if many different FE meshes need to be gener-
ated, when performing optimisation studies. In contrast, the wave-based approach
considered in this chapter not only allows natural frequencies and mode shapes to
be determined efficiently, but its formulation also allows the geometry and size of
the structure to be varied easily and efficiently. The dynamic stiffness method,
which is also based on an exact analysis, could have been applied at this point
but wave approaches have proved to be powerful for analysing the energy trans-
mission through structural networks [69], and their characteristics will be used in

subsequent chapters to calculate support losses in MEMS structures.

As seen in Chapter 1, the vibrations of elastic structures, such as beams and rings,
can be described in terms of waves that propagate and decay in waveguides. Such
waves are reflected and transmitted when incident upon discontinuities [54} 55]. Ex-
panding the work of Mace [56] 57|, Langley [58] developed a ray tracing method to
evaluate the response of one-dimensional structures subjected to harmonic excita-
tion. This method was further exploited by Ashby [59] who incorporated near-field
effects and validated the method for a simply supported beam. One of the earliest
investigations of wave motion in curved beams was by Graff [54], who developed
equations for a ring, accounting for extension, shear and rotary inertia. Dispersion

curves were presented showing the effects of curvature, shear, and inertia on the
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wave propagation. Kang et al. [70] extended the ray tracing method to planar cir-
cular curved beam structures including the effects of attenuating wave components.
So far, the technique has not been used on complex structures, such as the one

presented in Figure 2.1}

The principle behind the present approach is called phase closure [71] (also called
wave-train closure [55]). This principle states that if the phase difference between
incident and reflected waves is an integer multiple of 27, then the waves propagate at
a natural frequency and their motions constitute a vibration mode. The compact
and systematic methodology of this approach allows complex structures, such as

multi-span beams, trusses and aircraft panels with periodic supports to be analysed.

The application of the ray tracing method relies on having knowledge of the detailed
propagation, reflection, and transmission characteristics of waves in different parts
of the structure and particularly of their behaviour at discontinuities. The reflection
and transmission of waves in Euler-Bernoulli beams at various discontinuities have

been determined by Mace [72].

In the present chapter, the method has been extended to analyse the natural fre-
quencies of a structure, such as that shown in Figure [2.1, which contains more
complex discontinuities, like those arising between a ring and a straight beam. The

method has also been extended to model the forced response of simple structures.

This chapter is organised as follows. Sections[2.2|and [2.3| provide a review of the ba-
sics of wave propagation in straight and curved beams, and show the development
of the ray tracing method. Section presents a derivation of the transmission
coefficients for different discontinuities relevant to the structure of interest. Sec-
tion presents results for simple structures to validate the proposed ray tracing
method for free and forced vibration analyses. Section [2.6] gives a summary and a

statement of conclusions.
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2.2 Wave propagation in beams

This section introduces the fundamental governing equations of motion of curved
beams with constant radius, neglecting shear deformation and rotary inertia. A har-
monic wave solution is used and the derivation of the corresponding wavenumbers
is presented. By letting the radius of curvature tend to infinity, the equations and
solutions are simplified to the case of straight beams. The equations obtained are

well known [54] and are used extensively in later sections.

2.2.1 Curved beams

Consider a curved beam of constant radius of curvature as shown in Figure .
The curved beam is characterised by the radius of curvature R, the cross-sectional
area A, the second moment of area of the cross-section I,, the Young’s modulus
E, and the mass density p. In Figure 2.%(a)l S, T and M are the resultant shear
force, tensile force and bending moment, respectively, while v and w are the corre-
sponding radial and tangential displacements. The circumferential coordinate along
the centreline is denoted by s. For curved beams, the equations of motion can be

expressed as [54]:
3 [w Ou EA[O0w wu 0%u
“Elys (R * a) TR (a B R) =145 1)
El, 0% (w Ou 0 [ow wu 0*w
R 832(R+85)+ as(as R) P o (22)

In these coupled equations for u and w, the effect of rotary inertia and shear defor-
mation are neglected. The equations of motion including these effects for circular

rings and curved beams can be found in [65].

The axial force T, shear force S and bending moment M; are related to the dis-
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placements by the relations:

ow u
T=FA| — — — 2.
0 [0u w
M, = EIy% (88 + R), (2.4)
0% [Ou w
() .

The radial and tangential displacements satisfying Equations (2.1) and (2.2) are
assumed to be time harmonic waves travelling in the positive s direction [55] and
are expressed as:

u=q e (Fs=wt), (2.6a)
w = 1 e kswt), (2.6b)

where 4 and w are the amplitudes of the radial and tangential waves respectively,

k is the associated wavenumber and w is the circular frequency. Substituting Equa-

tions ([2.6)) into the equations of motion (2.1)) and ({2.2)) gives:

—EI,R** 4 pR*Aw? — EA —iERk(A+ I,k?) al o 27
iERE(A+ 1,k?) ~ER (AR + L) + pR2A*| |@| o]

Non-trivial solutions to Equation (2.7 give the characteristic (dispersion) equation

for the wavenumber:
(E*1,R")K® — ELR (R + 2E) k" — E<pP£w2 (AR*+1,) - E[y) k2
+ApR*w? (pR2 — E) = 0.

(2.8)

Equation (2.8)) is a cubic equation in k? and has six complex roots +k; (i = 1, 2, 3)
at any given frequency. If the wavenumber k; is real and positive, then the displace-
ment is given by:

u =0 e ks, (2.9)

This represents a wave travelling in the positive s direction. If the wavenumber is
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complex, such that k; = Re(k;) + iIm(k;), then:
u = ﬁ(elm(ki)s e_iRe(ki)S>. (2.10)

To make this wave decay and propagate in the positive s direction, the basic
rule applied to choose the appropriate wavenumbers among the six complex roots
of is: Im(k;) <0 (that gives a wave decaying in the positive s direction) and
Re(k;) > 0 (which makes the wave propagate in the positive s direction). A more
detailed physical description of the complex wavenumbers in curved beams and the

dispersion curves can be found in [73].

At a given frequency and as R — oo, the curved beam has an infinite radius
and represents a straight beam. Alternatively, for a given radius, as w — oo,
the curvature effect disappears and the wave travels as if the beam was straight.
This ensures that straight and curved beams have a common limit as R — oo and
w — 00. This common limit provides a convenient way to characterise the resulting

wavenumber, i.e.

e The root which tends to k;, (kz being the wavenumber of longitudinal (“tan-
gential”) waves in a straight beam, see Section [2.2.2)) when R — 0o or w — 00,

is related to predominantly longitudinal waves and is denoted here by k.

e The roots which tend to kg, and —ikp, (kr, being the wavenumber of flexural
(“radial”) waves in a straight beam, see Section[2.2.2)) when R — 00 or w — 00
are related to predominantly propagating far-field flexural waves and decaying
near-field waves respectively. These roots will be denoted here by ks and ks

respectively.

In any curved beam section, the radial and tangential displacements can be ex-

pressed as a sum of waves travelling in the right and left directions, i.e.:
3 . . .
u=> (ﬁj e ki 4 a; elki(S_L)> e’ (2.11a)

i=1
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w=>Yy (u?j e s b eik"(s’L)) et (2.11b)
i=1

In these expressions, 4] and w; are the complex amplitudes of the radial and
tangential waves travelling in the positive s direction; while 4; and w; are the
complex amplitudes of the radial and tangential waves travelling in the negative s

direction. The waves travelling in the positive s direction (4, ;") originate from

the location s = 0, whilst the waves travelling in the negative s direction (a; , ;)
originate from the location s = L. In applications it is convenient to choose s =0

and s = L to be located at either end of the curved beam section.

From the analysis presented above it is clear that the radial and tangential displace-
ments for a single curved section are defined by twelve unknown wave amplitudes.
In general the amplitudes of these waves will depend on the waves propagating in
other sections of the structure. However, for curved beams it can be shown that
some of the radial and tangential wave amplitudes in a particular curved beam

section are related to each other.

Substituting Equations (2.6)) with appropriate wavenumbers into equation of mo-
tion ([2.1)), the following ratio X; can be obtained:

iERE, <ka3 + A)

aF i
) S L 2.12
uA)j» ~— ( )

B R Aw? — (E]szkf + EA) '

The ratio X; relates to the ratio of the radial to tangential wave amplitudes of waves
travelling in the same direction that have the same wavenumber. Graphs of this
coupling ratio as a function of the frequency can be found in [73]. Non-zero values
of this ratio indicate that a radial wave of magnitude 7. is accompanied by a tan-
gential wave of magnitude X;w;" and a radial wave of magnitude 4; is accompanied
by a tangential wave of magnitude —X;w; . Thus for the wave amplitude pair (ﬁf,
W7F) it is only necessary to determine one of the amplitudes, as the other is known
implicitly from knowledge of the ratio X;. As the amplitudes with subscript i = 1

are related to waves which are predominantly extensional, and those with subscript

i = 2 and 3 to waves which are predominantly flexural (propagating and decaying
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respectively), the six wave amplitudes |@;, 44, 43, i, 45, U5 } are taken as pri-

mary unknowns. This coupling between the radial and tangential wave amplitudes
indicates that six unknown wave amplitudes are needed to determine the radial
and tangential displacements of each curved beam section — three travelling in the

positive s direction, and three travelling in the negative s direction.

2.2.2 Simplification to straight beams

The equations derived for curved beams can be reduced to those for straight beams.
The same notations are used and these are illustrated in Figure . By letting

R — 00, the circumferential coordinate s is changed to a linear coordinate z, and

Equations ((2.1)-(2.5)) give:

u 0%u

~BISS = pATs, (2.13)
5;;’ _ p%z”, (2.14)

T = EA?”ZU, (2.15)
My = Elygz, (2.16)
5= —Elyg::;. (2.17)

In these equations, u is the radial displacement, which is referred to as the flexural
displacement for the straight beam case, and w is the tangential displacement,
which is referred to as the longitudinal displacement for the straight beam case.
It is important to note that for the straight beam case the equations governing
the longitudinal and flexural displacements are uncoupled — this is in contrast to
curved beams for which the tangential and radial equations are coupled. Following
the same procedure to that followed for curved beams, the longitudinal and flexural
displacements of straight beams are assumed to be time harmonic waves travelling

in the positive z-direction, and are expressed in an identical form to Equations (2.6]).

The dispersion equation for the straight beam case can be obtained easily by letting
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R — o0 in Equation ([2.8]). This gives:
E?1,k° — El,pw’k* — AEpw’k* + Ap*w* = 0. (2.18)

Since the longitudinal and flexural displacements are not coupled, Equation ([2.18])

can be factorised, such that:

B

This equation has six roots +k; (i = 1, 2, 3), which are either purely real or purely

k’l = k’L = w\/g, (220&)

pA
EI’

. . pA
ks = —ikp, = —i\|w BT (2.20c)

Noting that the flexural and longitudinal displacements are not coupled, and that

the ratios expressed in Equation (2.12)) become X; = 0 and Xy = X3 = 00 in a

imaginary, such that:

ky = kpy = (2.20D)

straight beam section, the flexural and longitudinal displacements can be described

as the sum of waves travelling in the positive and negative z-directions, such that:
u= (ﬁ; e~ wrvt gl emhruE 4 gy efr(Emh) 4 ekFy(Z_L)> et (2.21a)

w = (LDI“ e RLE by eikL(Z_L)> et (2.21b)

In these expressions, w; and @] are the complex amplitudes of the longitudinal
waves propagating in the positive and negative z-directions respectively; @i and 7y
are the complex amplitudes of the flexural purely propagating waves in the positive
and negative z-directions respectively; and @5 and @3 are the complex amplitudes
of the flexural purely decaying (near field) waves in the positive and negative z-

directions respectively. The waves travelling in the positive z-direction (17, @3,

03) originate from the location z = 0, whilst the wave travelling in the negative
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z-direction (w7, 1y, 43 ) originate from the location z = L. In applications it is
convenient to choose z = 0 and z = L to be located at either end of the straight

beam section.

The above equations indicate that six unknown wave amplitudes are needed to de-
termine the longitudinal and flexural displacements — three travelling in the positive

z-direction, and three travelling in the negative z-direction.

2.3 The ray tracing method

This section presents the development of the ray tracing method, which is an exten-
sion of the work carried out in [58]. It is based on a wave approach that is suitable
for systems whose elements form waveguides. The technique, which is similar to the
phase or wave-train closure principle [55] has been used previously for free vibration
analysis of Timoshenko beams [60] or curved beams [70], but has not been used for
complex networks such as the one presented in Figure 2.1} It provides a systematic
approach to the free vibration analysis of complex waveguide structures, and is used
here to analyse coupled curved/straight beam structures. An extension of the wave

approach that deals with forced response of simple structures is also presented.

2.3.1 Simplified development for a two-beam example

To simplify the development and presentation, the case of a network composed of
two straight beam components, coupled together at a discontinuity, and subjected
to a harmonic vibration at frequency w is considered, see Figure The analysis

is performed for this simple case and can be extended easily to more complex cases

(see Section [2.3.2)).

The longitudinal w and flexural u displacements in any component of the structure

are defined as a sum of waves, see Section The displacements at a location
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having coordinate z in component (I) are expressed as:

w(z,t) = (@TJEI)JF e ihLz 4 u?g)* eikL(z_Lm)) et (2.22)

u(z,t) = (ag1)+ e—ikryz 4 ﬁz(z,IH e kruz 4 7lgl)— iy (z—LD) + ﬁgl)— ekFy(ZfL(U)) plwt

)

(2.23)

M+ D+

where LU is the length of the component (I), @)’~, @y~ and ﬁg)i

are the am-
plitudes of the longitudinal, flexural propagating and decaying waves, respectively
in component (I). The amplitudes of waves travelling in the positive z-direction
(with a superscript +) are defined at z = 0, while the ones corresponding to waves

travelling in the negative z-direction (superscript —) are defined at z = LU,

The ray tracing method considers an initial wave amplitude vector ag which contains
the initial waves amplitude sources in the “positive” and “negative” z-direction
for each beam, see Figure 2.3 These waves start at any discontinuity and their
amplitudes are maximum at the initial point. There are only non-zero terms in the
excited beams. For the two-beam case considered, the initial wave amplitude vector

has the form:
T
D+ OF (ID+ L, dD— . (2.24)

A0ax1) = | Winitial  Winitial  Winitial  Winitial

Each u%iul represents the initial wave amplitude vector in component j (5 = I, II).
(£

U, 18 @ vector containing wave amplitudes corresponding to longitudinal, flexural

and decaying waves and is defined as:

GE | A AG)E A0
Winitial = | Wi Yiniiar Winisiar | * (225)

While the waves travel from one end of the component to the other end, the pro-
pagating waves change phase and the decaying waves change amplitude. These

effects depend on the wavenumber k; (k; = ki, kp, or —ikp,) and the length L)

of the component. The complex amplitude of the waves changes from ﬁl(-j)i to

ﬁgj JE o=tk L) Thig phenomenon can be expressed using a diagonal matrix D called

the dispersion matrix (or transfer matrix in [60]) whose diagonal elements have the

ik L) . . . : N
form D;; = e LY where k; is the wavenumber associated with wave ¢ and LU) ig
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the corresponding beam length.

When a wave hits a discontinuity (boundary at the end of a component or dis-
continuity between two different elements), it can be either reflected back in the
opposite direction or transmitted to another waveguide component. An incident
wave of one type can induce reflected and transmitted waves of other types. For
example, an incident flexural wave might induce reflected and transmitted flexural
and longitudinal waves in all the components attached to the discontinuity. By con-
sidering the complex wave amplitude transmission and reflection coefficients, the
amplitude of the waves leaving the discontinuity can be evaluated. This scattering
at a discontinuity can be expressed in terms of a transmission matrix T of complex
wave amplitude transmission/reflection coefficients, where 0; = T;;0; and T;; is the

transmission coefficient from a wave of amplitude 9, to a wave of amplitude v;.

The dispersion matrix has the form:

A,y 0O 0 0
b 0 A O 0 (2.26)
[12x12] = ) :

0 O AL(II) 0

0 0 0 Am

e kY0 0
where Azo) ey = 0 e~ ikmy LY 0 , j = I, II. The transmission
0 0 ekl
matrix has the form:

0 RO 0 o |

BO+ o o TW-0
Tiiox19) = qo-m g 0 Ba- |’ (2.27)

0 0 RW 0

where R[(;)X 3 and R[%IX)?)] contain the reflection coefficients at the boundaries in beams
(I) and (II) respectively; B[(é);g] and BE;IX);] contain the reflection coefficients at the

discontinuity situated on the positive end of component (I) and the negative end
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of component (II) respectively; HE?X_:;]U ) contains the transmission coefficients from

waves incident in beam (i) to beam (7).

After the waves have traversed along the length of the beam and one transmission

has taken place, the new wave amplitude vector a; can be written as:
a; = TDao. (228)

This vector contains the wave amplitudes after one ray trace. This approach can
be repeated to give the wave amplitudes after the next ray trace: a; = TDa; =
(TD)QaO. The cycle of decay, propagation and transmission can be continued
indefinitely. After an infinite number of ray traces, the total set of wave amplitudes

a present in the structure is expressed as the sum of all the previous waves.
> i
a=ay+a +a+...+asx=> (TD)a. (2.29)

1=0

Equation ([2.29)) is a geometric series with common ratio TD and first term a.
As |TD| < 1, meaning that the amplitudes of the waves are attenuated from one
trace to the next, it can be derived from Equation (2.29) that the final set of wave

amplitudes a is governed by:
(I- TD)a = ay, (2.30)

where I is the identity matrix. In Equation (2.30]), the term a represents the final

set of wave amplitudes and defines the motion at any point in the system.

For the free vibration case, the initial wave amplitude vector is zero, and Equa-

tion (2.30) becomes:
(I-TD)a =0. (2.31)

Non-trivial solutions to this equation occur when:
1-TD|=0. (2.32)

This is the characteristic equation from which the natural frequencies of the system
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can be found. This equation can be solved analytically for systems such as a simple
beam with clamped, free or pinned boundary conditions or for a perfect ring (see

Section [2.5.1]). For more complex structures, a numerical solution is required.

The corresponding mode shape can be determined by back-substituting the fre-
quency solutions w, in the T and D matrices, which are both frequency dependent,
and calculating the corresponding wave amplitude vector a that is the solution to

Equation (2.31]). These wave amplitudes can be used in Equations ([2.22)) and (2.23))

to determine the displacement mode shape.

2.3.2 Procedure development for a more complex example

The ray tracing method was presented above for a simple two-beam system, but
can be extended easily to a more complex structure. Here it is applied to the
ring-based rate sensor shown in Figure 2.1} In this example, the supporting legs
consist of straight beams connected at different angles modelled as abrupt changes

in direction, in contrast to real “radiused” angles as illustrated in Figure [1.2]

For simplification, the ray tracing method is applied here to only a single ring por-
tion containing a single supporting leg. The set of initial wave amplitudes considered
are presented in Figure 2.4 The system is divided into five different components:
two ring portions (one on either side of the discontinuity ring/leg) and three straight

beams. The initial wave amplitude vector is defined as:

T
— |, D+ (OF I+ (In)— (V)+ (V)-
05051 — |Winitial Winitial Winitial WMinitial - -+ Winitial Winitial | (2.33)
)+ (i (i (4 . ..
where ugfgm = [ng x ug)i uéj)i . Waves start at all discontinuities and
initial initial initial

in each direction. Their amplitude is taken to be maximum at their initial point.
Equation ([2.11)) would imply the u%iul to be of order six for the curved members;
however, only three of these amplitudes are independent due to using the X; ratio

of Equation (2.12). In this example, ul(-i)i;al and u%)t:al are evaluated at the joint

with the neighbouring legs. The wavenumbers ki, ko and k3 (see Section are

associated with the amplitudes u?ij )i, ﬁgj % and ﬁéj )i, respectively.
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The transmission and dispersion matrices corresponding to Figure [2.4] with wave

amplitude vector a, defined in Equation ([2.33)), are as follows:

[ 0 RO o0 0 0 0
BO+ o o0 I1Im-O 0 [T —
H(I)—>(II) 0 0 B(H)— 0 H(III)—»(H)
0 0 R 0 0 0
H(I)H(HI) 0 0 H(H)H(HI) 0 B(IH)f
Tovan =\ 0 0 0 B+ 0
0 0 0 0 mn—av) 0
0 0 o0 0 0 0
0 0 o0 0 0 0
0 0 o0 0 0 0
- _(2.34)
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 IvV)—am g 0 ’
0 BV)- 0 0
B(IV)+ 0 0 H(V)H(IV)
- 0 0 BW)-
0 0 RM) (U
Aw 0 0 0 0 0 |
0 A;m 0 0 0 0
0 0 Ay O 0 0
Dizoxso = | 0 0 0 A;m 0 0 (2.35)
: : 0 0
0 0 0 0 0 A, O
0 0 0 0 0 0 Ay

All matrix entities present in T and D are [3 x 3] matrices. The matrices RV
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(7 =1, II, V) contain the reflection coefficients at the boundaries. The boundaries
in component (I) and (II) are not “real” boundaries in the ring-based rate sensor.
They have been introduced here to demonstrate how the T matrix is formed. The
wave amplitudes u®+ and u™~- are functions of the waves incident from the neigh-
bouring legs and ring portions. The matrices BY* and BY)~ contain the reflection
coefficients at the discontinuity situated at the positive or negative end of com-
ponent (7). The matrices ITI™ () contain the transmission coefficient from waves

incident from component (i) to component (7). The A} matrices are defined as:

e—ileU) 0 0
Ay = 0 ko L) 0 : (2.36)
0 0 e kI

For the straight beam sections (III), (IV) and (V), k1 = kg, ko = kp, and k3 =
—ikpy. The analysis performed is similar to the simple case considered in Sec-

tion [2.3.1l However the matrices involved are much larger.

The transmission coefficients for discontinuities such as the ones encountered in the
ring-based rate sensor are derived in Section [2.4] In a complex structure where the
same discontinuity is encountered several times, the transmission coefficients only
need to be calculated once. These coefficients will then be placed in the overall T
matrix containing all transmission coefficients of the system. For example, for the
entire ring-based rate sensor studied in Chapter 3, the overall matrices involved in
the ray tracing method (T and D) have a size of [192 x 192]. But there are no more
transmission coefficients needed than the ones presented in Equation (2.34). By
solving Equation (2.32), the natural frequencies of the system can be calculated.

2.3.3 Forced response

The application of a force acts as a discontinuity in the structure. Applied harmonic
point forces and moments have the effect of injecting waves on both sides of the
disturbance. To simplify the analysis, the case of a straight beam is presented here

but the same approach can be used to model the forced response of curved beams.
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Consider a straight beam that is split in two components by the application of
an external tensile force Ty, a shear force S. ¢ and a bending moment M, see
Figure . The variables u*, u®~, u™+ and u™~ model the waves impinging
and leaving the discontinuity created by the applied forces. Each of them represents
a set of wave amplitudes consisting of an extensional wave, a flexural propagating

wave and a decaying wave:
ul* = |p0* giE 0= (2.37)
The sets of wave amplitudes uf introduced by the external forces are defined as:

m+

upf = u u+, (2.38)

up = ul™ — -, (2.39)

By suppressing the temporal terms in the wave solutions ([2.21)), the longitudinal
w") and flexural u7) displacements in the component (j) (j = I, II) can be expressed

in terms of wave amplitudes:

w(]) _ uA)gj)Jr efikLz + ng)* eikLZ’ (240)
u(]) — ﬁgj)—i- e—ik;Fyz + agj)-‘r e—kpyz + ﬂéj)_ eikFyZ + agj)_ ekFyz' (241)

Forces and moment equilibrium evaluated at the point of applied forces (z = 0)

give:

T = TW — 7, (2.42)
Sext = SV — gD, (2.43)
M = MO — M. (2.44)

where T0), SU) and Ml(j) are the internal tensile force, shear force and bending
moment of the component (j) (j = I, II), and are defined in Equations (2.15])-
(2.17). Using the displacement and slope continuity (at z = 0) between the two
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components and Equations ([2.37))-(2.44]), one can derive that:

Text S ext M ext

| i1 == 1 === (24
ui = |- 0 o) 2EAk, o - IELKS, o1 L, )
— Text Sext Mext

_ [ Lo e Ji| et (246
o [ P 0] 2EAk; [0 : 1} BTk, {O ! 1} iELe, 210

These are the amplitudes of the waves created by the applied forces, waves leaving

the point of application of these forces.

For a forced response analysis, the ray tracing method presented in Section [2.3.1
takes into account the force terms uji and ug in the ag term of Equation ([2.30)).
Equation (2.30) can then be solved. It gives the set of wave amplitudes a, which
govern the displacement at any point of the structure. Application of this method

on different beam systems is presented in Section [2.5.2]

As seen in Section [2.3] the ray tracing method requires several transmission coeffi-

cients matrices, and these are considered next.

2.4 Transmission coefficients

Transmission coefficients are used to quantify the reflection and transmission of
waves when incident upon discontinuities [54, 55]. They are calculated by con-
sidering the continuity and force equilibrium equations at discontinuities taken in
isolation from the rest of the structure. This section presents a derivation of the
principal transmission coefficients encountered in common MEMS structures, such
as the one presented in Figure [2.1, This includes reflection at beam boundaries,
transmission through connected beams at abrupt junction, and transmission be-

tween a ring and an attached beam.
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2.4.1 Ring/beam transmission

The general case for the transmission between a ring and an attached beam is
investigated first. The configuration considered is shown in Figure The beam
forms an angle o with the ring. The discontinuity is modelled as a rigid joint
(cylindrical mass) connecting two ring portions and a beam. This joint has been
introduced to study the influence on the transmission coefficients of an added mass
or inertia at the discontinuity. This analysis is an extension of the work carried out

in [59] that studied the energy transmission between straight beams.

In Figure 2.6 the subscripts r and b relate to the ring and the beam respectively,
the superscript (j) (j = I, II, III) corresponds to the component considered (two
ring parts and one beam part), the superscript k (kK = +, —) corresponds to the
direction of propagation of the waves (positive and negative direction respectively).
Each of the variables u®+, u®=, u+ u- u{™* and u{™" represents a set
of wave amplitudes consisting of a principal extensional wave, a principal flexural
propagating wave, and a principal decaying wave:

ul)F = |0+ gO* 0| (2.47)
In addition, the waves represented by a plain arrow in Figure relate to waves

incident on the discontinuity, while the dashed arrows are transmitted or reflected

waves.

To obtain a general method, the wave incident on the joint along the first portion,
which can be a straight beam or a circular bar, is assumed to be either predomi-
nantly flexural, longitudinal or decaying in nature. The presence of the joint ensures
that part of this wave is reflected back along the same portion and the remainder
is transmitted into the other portions. This partial reflection is also accompanied
by mode conversion, so that the incident wave can generate flexural, longitudinal

and decaying wave components in each of the three portions.

Assembly of the equilibrium and continuity expressions at the joint yields a system

of simultaneous equations that can be solved to provide values for the required
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transmission coefficients for each wave type. The transmission matrix Tiing/beam
contains the transmission coefficients from any wave type, in any portion to any
resulting wave after transmission or reflection. For example, in the case presented
in Figure [2.6] the equilibrium and continuity equations can be derived as follows.
By suppressing the temporal terms in the wave solutions and (2.21)), the
transverse displacements (", «{'V and uISIH); the tangential displacements w(®, w{V

HI); and the rotations of cross-section (!, 4™ and @Z),(,IH) at the ring portion

and w,g
(I) (left), the ring portion (II) (right) and the beam portion (IIT), respectively, can

be expressed in terms of wave amplitudes.

By considering input waves coming from the ring portion (I) only, the displacements
and slopes involved are:

Ring portion (1):

US})(S> — Xlwgl)‘i’efikls T ﬁg)+€7ik28 + az())I)‘Fefikgs

. . . (2.48)
_ Xlng)—elkls + ag)—elkgs + ﬂg)—elkss,
~ (I —ik1s 1 ~(1 —iksos 1 ~(I —ikss
w®(s) :wg )+ o—ik1 JFYQUg)Jre ko JFYBué)ﬁte ks
O L | (2.49)
+ uAjg )761k15 _ 7@%)*611@5 . 7@2(3)*6116357
X2 3
oul(s)  wl(s)
M (o) — 9Ur r 2.50
y(s) = et 4 e (2.50)
Ring portion (11):
ugl)(s) _ XluA)%H)Jrefikls + ,&gH)Jrefikzs + ﬁi())H)Jre*ikBS’ (251)
. 1 - 1 -
wan)(S) _ UA)§H)+6—1kls 4 7ag11)+e—1kzs + 7ﬁ§11)+€*1k357 (2.52)
X2 X3

ouM(s)  wl(s)
) (o) — YHr r _ 2.53
g5y = LSy e (25

Beam portion (111):
ul()IH)(Z) _ ﬁgIH)wLe—ikpyz + Iai(;HI)Jrekoyz’ (2.54)
W (2) = {0+ e-ikez (2.55)
(111)

m 0w (2) 2.56
((z) = 22 (2.56)
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Incident waves coming from the ring portion (II) and the beam portion (IIT) need

also to be considered.

Assuming that the joint is located at s = 0 (or z = 0), displacement and slope

continuity ensures that:

uf + Dyl = uf — Ly, (257)
w = w, (2.58)
P =y, (2.59)
o, % (1) . am  dj
uy + E@DT =—w, 'sina+ (u,  — 5% oS (2.60)
d.
w® = w"™ cos o + <u,()m) — ;wém)> sin «, (2.61)
PO =, (2.62)

where d; is the diameter of the cylindrical rigid joint. The tensile forces TV, T,
and T\™; shear forces SO, S and S{"™; bending moments MM, M and MM
of the ring portion (I) (left), the ring portion (II) (right) and the beam portion (III),

respectively, evaluated at the joint at s = 0 (or z = 0) are related by the equations:

82 d .
—S,EI) + S,(,H) — Tb(m) sin o + SIEIH) cosa = mj@ (ug) + 2]@1)), (2.63)
82
7 7 4 Tb(IH) — S,EIH) sino — mj@wﬁl)7 (2.64)
d. 0?
=M+ M M (Sﬁl) + 510 4 SzSIID) =1y, 5590, (2.65)

where m; is the mass of the joint, and I, is its moment of inertia along the y-axis
(perpendicular to the plane of the ring). The transmission coeflicients @;/4; from
an incident wave 1; to a reflected or transmitted wave 4, (w?)‘ / ﬁ)?) i ﬁg)_/ ngH,
ﬂg)_ / ﬁ)?”, etc ...) can be obtained by solving the above equations. Considering
incident waves from all three portions and solving the resulting [9 x 9] system
of equations gives a [9 x 9] matrix Tiing/beam that contains all the transmission

coefficients such that:

Atransmitted — Tring/beam Qincident (266)
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with:
TO—D B(D- T —(11)

B+ -0 - | (2.67)
H(I)H(III) H(II)H(III) B(III)f

r:[‘ring/beam[9 xo]

T T
_ _ (4 _ _ (-
Atransmitted|gy 1) — [ugﬂ)* ull 111(; ) and Aincident gy 1] = ulD+ ub u,g )
Each uf?g is defined as in Equation ({2.47) and the matrices contained in Tying/beam

are presented in Section [2.3.2]

When a = 90°, certain aspects of the matrix Ting/beam display symmetric charac-
teristics. For example, the transmission coefficient from an extensional wave in the
left ring portion to an extensional wave in the right ring portion is the same as in re-
verse (i.e. 'LD&HH/UA)?H = w?)*/w@*). More generally, when o = 90°, the following
symmetric relationship can be seen between the magnitudes of the transmission co-
efficients: ‘H(I)H(H)‘ _ ’H(II)H(I)” ’H(HI)ﬁ(I)‘ _ ’H(HI)H(II)" ’H(I)H(IH)’ _ ‘H(II)H(IH)’

and ’B(IH’ = ‘B(H)*‘. All notations are defined in Section [2.3.2] The absolute val-

ues are needed so that the direction of propagation (positive or negative s direction)

is not taken into account.

2.4.2 Transmission at an abrupt change in direction

To obtain the transmission coefficients for two beams joined at an angle without us-
ing a rigid joint mass element (see Figure [2.7), Equations (2.57)-(2.67) can be used.
Note that the angles o in Figures and are defined in the opposite direction.
The terms referring to ring portion (II) and the terms involving the coefficients X;,
which represent the coupling between radial and tangential displacements in a ring,
are suppressed. A [6 X 6] system of equations that models force and displacement

continuity at the junction is obtained:

ul(f) = w,(,H) sin o + ul(,H) Ccos a, (2.68)
wéI) = wén) cos o — ul(,H) sin a, (2.69)
oud 9y
o T (2.70)
Ox Ox
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S,EI) = Tb(H) sin o + S,EH) Ccos «, (2.71)
Tb(l) = b(H) cos o — SISH) sin av, (2.72)
MO = m. (2.73)
T
By considering an incident set of waves Aincident gy, = [USH uZ(JH)_} containing an

extensional wave, a propagating wave and a decaying wave travelling in the positive

z-direction of (I) and negative z-direction of (II), and a transmitted /reflected set of

T
Waves Acreatedisy ) — [ul()H)Jr ul(jl)_} , the equations that give the transmission coef-

ficients matrix Tapruptangle SUCh that acreated = Tabrupt angle Qincident Can be expressed

as:
—cosoz —sino —sin o -1 0 0 ]
sin «v COS (v COS (v 0 -1 —1
! i ! ! i t Tabrupt angle
icosa —ivQsina VQsina i 0 0
isinae  ivVQcosa —vQcosa 0 iVQ —V/Q
0 -1 1 0 1 -1
- _ - . (2.74)
1 0 0 —cos sin «v sin a
0 1 1 —sin o —Ccos — cos
|0 i 1 0 i 1
B i 0 0 icosae —ivQsina VQsino 7
0 ivVQ —VQ isina iVQcosa —vVQcosa
0 -1 1 0 1 -1 ]
‘ Ip mo—-a  pa-
with Q = w A and Taprupt angle = S TR——— (see also the correspond-

ing notation in Section [2.3.2)).

Again, from the symmetry of the system, one can get the relationship: ‘H(I)H(H)‘ =

’Hanam) and ’B(m’ _ ‘Bal)f‘,
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2.4.3 Wave reflection at common boundaries

The well-known reflection coefficients of waves in a beam at common boundaries
such as clamped, free or pinned ends are derived in [54, 55]. Using the same notation

as before, if an incident set of wave with amplitudes a;,¢igent, defined as

T

Wy o af| (2.75)

T
_ [ =
Qincident — [ub} -
impinges on a boundary, it produces a set of reflected waves a,efiecteq, defined as

T T
Areflected — [u;} - @f ﬁz_ ﬁ§:| y (276)

such that arefiected = Thoundary Qincident- Lhe transmission coefficient matrix is found
using equations governing the boundary condition. For common boundary condi-
tions (clamped, pinned and free), the transmission coefficient matrices are given

by:

Tclamped - 0 —i —-1-1i], (277)

-1 0 0
Thimea= |0 -1 0|, (2.78)
0 0 -1
1 0 0
Thee = [0 —i 1+if. (2.79)
0 1—1i i

2.5 Validation of the ray tracing method for sim-

ple structures

This section presents the application of the ray tracing method to the free and

forced response of simple structures. A perfect ring and a beam under various
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boundary conditions are studied. The objective is to validate the method for simple
structures and illustrate its implementation. In Chapter 3, the ray tracing method

will be applied to the complete ring-based rate sensor presented in Figure 2.1}

2.5.1 Free response of a perfect ring

It is straightforward to obtain an analytical expression for the natural frequencies
of a perfect ring using the ray tracing approach. In Equation (2.32)), six wave am-
plitudes are considered (three travelling in each direction), the transmission matrix
T is set equal to the identity matrix as there are no joints to interrupt the waves
travelling around the ring, and the diagonal dispersion matrix D contains the terms
e 2mFki (j =1, 2, 3). Solving Equation analytically gives wavenumber solu-
tions of the form k, = % (n=0, 1,2, ...). By substituting the k, values into the
dispersion relation and solving, it can be shown that the natural frequencies

are given by:

E
+ _
wy = 2pR2¢)(n) (I:I:

(2.80)

41 2
withn=0,1,2, ..., ®(n) = < n?+ 1) <n2+ 1) and ¥(n) = n? <n2 - 1) :

AR? - AR?

For each value of n, two frequencies are obtained, one representing mainly ex-
tensional vibration and one representing mainly flexural vibration. These natural
frequencies are identical to those given in [74], which are derived from the natural
frequencies of cylindrical shells. With the assumption that the thickness of the ring
is much smaller than the radius of the centreline, and for small n, Equation ([2.80))
can be simplified to the standard expressions for extensional and flexural natural

frequencies in rings given in [9].

2.5.2 Forced response of a beam structure

In order to validate the developed ray tracing method for studying the forced res-

ponses of structures (see Section [2.3.3]), some simple systems are investigated. A
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simultaneous combination of the applied forces and torques Tyy, Sext and My can
also be performed easily with the ray tracing method, but is not presented here as
the main objective is to demonstrate the validity of the ray tracing method and to

illustrate its application to simple structures.

Longitudinal force at the free end of a clamped-free beam

The system studied is shown in Figure . The beam has length L and is under
clamped-free boundary conditions. The ray tracing method considers waves leaving
all discontinuities. One of them is defined by the applied point force and it splits
the beam into two components (I) and (II). The length of component (I) is equal
to L (total length of the beam) and the length of component (II) is 0 as the force
is applied at the end of the beam. In this study, only longitudinal vibrations are
considered. The amplitudes corresponding to flexural vibrations are not taken into
account in the wave amplitude vector a, and this vector is defined here as:

T
a= o’ o0 @M | . (2.81)

The initial wave amplitude vector contains terms that consider the applied force

(derived in Section [2.3.3]), and is defined as:

an — Text |:O . . 0:|T (2 82)
" TopAR, 0 TV T T '

The transmission and propagation matrices (T and D) are defined as:

0 Tclamped 0 0
0 0 0 1
T = , (2.83)
1 0 0 O
0 0 Thee 0
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ekl 0 0 0
0 el g 0
D= , (2.84)
0 0 10
0 0 01

where Tgamped and Thee are defined in Section and are respectively equal to
—1 and 1 for longitudinal vibration. To respect the displacement continuity, a

transmission coefficient equal to unity is used at the point force.

Solving Equation (2.30)) with the particular values of a, ag, T and D defined in
Equations — gives the wave amplitudes aﬁ”* and a?)* that can be sub-
stituted into Equation to give the longitudinal displacement in the beam.
The subscript (I) is omitted as there is, in reality, only a single component in the sys-
tem and the temporal term is also suppressed for simplification. This displacement

models the steady-state motion of the beam and simplifies to:

(2) = Texe sin(kpz)
T B AR, cos(kp L)

(2.85)

This standard result can also be obtained by considering the steady-state displace-

ment in the beam to have the form [17]:

u(z) = Pysin(kpz) + facos(kpz), (2.86)

where (1 and (3, are constants that can be derived from the application of the
boundary conditions. The conditions u(0) = 0 and T'(L) = EAkp By cos(krL) = Tex
give 01 = Toxy/E Ak cos(kpL) and s = 0. Substituting these values of 5, and (3,

in Equation ([2.86)) gives exactly the same expression as Equation (2.85|).

From this very simple example, the ray tracing method has been validated, but it
is difficult to see its advantage as it appears relatively complicated to model the
forced vibrations of the beam whereas a simple expression such as Equation ([2.86))
can easily give the required displacement. However the power of the method can
be better understood when flexural vibrations are studied, and these are analysed

next.
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Lateral force at the mid-point of a pinned-pinned beam

Consider a pinned-pinned beam under the action of a transverse point force applied
at its mid-point, as illustrated in Figure[2.§(b)| For this system, the wave amplitude
vector a, the initial wave amplitude vector ag, the transmission matrix T and the

dispersion matrix D are defined as:

T
a=|al* a0t 0= a®- g0+ G0+ G00- agn)} 7 (2.87)
Sext T
= —-i -1 —-i — 2.88
=5 T ; 00 -1 -1 -1 -1 0 0f , ( )
0 Tpinned 0 0
0 0 0 I
Tisxs) = ; (2.89)
I 0 0 0
0 0 Tpinned 0
A 0 0 0
0 A 0 0
Digxg = - ; (2.90)
O O AL(II) 0
O O 0 AL(II)
where Tpinned = a for flexural vibrations (defined in Section [2.4.3)), and
0 -1
e*ikFy% 0
AL(I) - AL(II) - 0 e,kFy%

By solving Equation ([2.30)) with appropriate values of a, ag, T and D, and by using
the displacement definition ([2.21b|) for each of the components, one can derive the

flexural displacement w(z) to be:

L sin(kpyz)  sinh(kpy2) Sext
hen 0 < 2 < = = £ 2.91
when FARS 7 w(z) <cos( %) Cosh(kpy2) 4E[k%y’ ( a)
L sin(kpy (L — 2))  sinh(kpy (L —2))\  Sext
hen — < 2 < L = ! - 7 :
when 5 = z < w(z) < cos(kp %) COSh(kFyé) 4E1k§,y

(2.91D)
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Using a modal approach, it can be shown (e.g. [75]) that the displacement w(z) of
a pinned-pinned beam under harmonic excitation applied at its middle point can

be expressed as:

2SextL3 s n—1 SiIl (nzz)
w(z) = -1) 2 —== 2.92
SRS Y (2.92)
where
wL? [pA
= —y/ —=. 2.
b w2 \ Bl (2.93)

Figure shows results obtained using the ray tracing method (Equations ([2.91))
and by the modal approach (Equation (2.92)) for a pinned-pinned beam under
harmonic excitation. It shows the flexural displacement as a function of the position
z on the beam at a particular excitation frequency. When n is suitably large, the

modal approach and ray tracing method are in excellent agreement.

Lateral force at the free end of a clamped-free beam

Consider a clamped-free beam under the action of a lateral force at its free end as
illustrated in Figure2.§(c)] The ray tracing method allows the possibility of finding
an exact analytical expression for the displacement. Its derivation is a combination
of the two previous cases studied. a and ag are defined as in Equations
and (2.88); T and D are such that:

0 Tclamped 0 0
0 0 0 I
Tisxs) = , (2.94)
1 0 0O O
0 0 Tfree 0
A, 0 0O
0 A, 0O
Dsxs = , (2.95)
0 0 I O
0 0 0 I
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—i —1-i i 14 .
where Tamped = and Tree = for flexural vibra-
—14i i 1—1 i

tions (defined in Section [2.4.3)), and A =

Solving Equation (2.30)) with appropriate values of a, ap, T and D, one can derive

an exact analytical solution for the displacement in the beam:

Sext P elkrvz — @ emihryz L T ehryz g hry?
 2EIk}, A ,

w(z) (2.96)

where:

&= A(1+i+24B+ (i-1)B?),
©=({1-1)A+ (i+1)AB*+2iB,
F=B(1+i-(i—1)A%+24B),
U= (1-1)B+ (1+1)A%B + 24,
A =1+ A% +4AB + A’B% + B,

—ikpyL
b

A=ce
B = e vl
It can be seen from Equation (2.96)) that natural frequencies of the beam (flexural

modes only) occur when A = 0, i.e.:
1+ e*ZikFyL+4e*ikFyL e*kFyL_i_ e*2ik’pyL 672kFyL+ e*2kFyL =0. (297)

This is the usual expression from which the natural frequencies of a clamped-free

beam can be obtained [17] 65] [75].

Figure [2.10] shows the frequency response function of the beam at a particular
position (zg) obtained using the ray tracing method, Equation (2.96), and the FE
method. The displacement is taken at the position zo = %L so that all the modes
have a distinct contribution. Both methods agree very well for the low order modes

and a slight difference appears for higher modes, which can be expected as shear
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deformation is neglected in the wave approach.

2.6 Conclusion

In this chapter, a systematic approach based on wave propagation has been pre-
sented to study the free and forced vibration of ring/beam structures. The approach
relies on defining the displacement in each component composing the entire struc-
ture as a sum of waves propagating and decaying in each direction. The coupling
between radial and tangential vibration in a curved beam has been investigated and
taken into account in the ray tracing process. The ray tracing method has been
found to yield accurate predictions for the natural frequencies and forced response
of waveguide structures such as rings and beams. The method will be applied in
Chapter 3 to a ring-based rate sensor structure. A distinctive feature of this kind
of structure is its cyclic symmetry. An efficient use of this property within the ray

tracing method will be presented in Chapter 3.

In the wave approach presented here, the motions at the discontinuities are de-
scribed by the transmission coefficient matrices, which include the effects of de-
caying wave components. The transmission matrices are derived from displacement
continuity and force equilibrium conditions at the discontinuity. The proposed wave
approach is exact, and with the availability of propagation and transmission ma-
trices, the vibration analysis is systematic and concise. Furthermore, it will be
shown in Chapter 3 that the analysis of structures, composed of several waveguide
components, can be simplified by using a substructuring method that models the

substructure as particular transmission coefficients between inputs and outputs.

By comparing the results obtained using the ray tracing method and conventional
modal or FEA approaches, free and forced vibration analyses using the wave ap-
proach were validated for some simple structures such as perfect rings and beams
under different boundary conditions and excitation types. The ray tracing approach
is expected to be very efficient compared to the FE methods that are computation-

ally expensive, if different meshes need to be generated. The method presented here
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was illustrated for simple examples, and it was shown that exact analytical expres-
sion for the steady state displacement of straight beams under various boundary

conditions and loads can be obtained.

In Chapter 4, the interaction of the resonator with its support will be assessed.
The wave approach presented here is an efficient way to model the vibrational
energy flow from the resonator towards its support. Using the ray tracing method,
the stress sources that are responsible for support losses, the energy stored in the

resonator, and the associated quality factor can be calculated easily.

The approach presented in this chapter focuses on in-plane vibration but can be
adapted easily to out-of-plane motions. The three-dimensional motion of ring/beam
structures can be defined by a longitudinal (along the centreline) displacement,
two flexural displacements (perpendicular to the centreline in mutually orthogonal
directions) and a torsional component representing twisting of the cross-section.
The extension of the ray tracing method to out-of-plane vibrations is the focus of

Chapter 6.
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Figures

Figure 2.1: Schematic representation of a ring-based rate sensor composed of a
ring and eight folded legs.
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Figure 2.2: |(a)|curved and straight beams: notation and signs conventions.
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Figure 2.3: Initial wave amplitudes considered for the ray tracing method in a
two beams component system.
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Figure 2.4: Initial wave amplitudes considered for the ray tracing method in
one portion of the ring-based resonator.
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Figure 2.5: Wave amplitudes impinging and leaving the discontinuity created
by the application of a point force.

Figure 2.6: Transmission between a ring and an attached beam.

Figure 2.7: Transmission through an abrupt change in direction in beams.
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Hw(z) HText
(a)
Sext
2 u) |
s 7
(b)
N U(Z) “Sext
1
(c)

Figure 2.8: Different cases studied for the validation of the ray tracing method
for modelling forced response of beams; @ longitudinal force at
the free end of a clamped-free beam, @ flexural force at the mid-
point of a pinned-pinned beam, flexural force at the free end of
a clamped-free beam.
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Figure 2.9: Flexural displacement of a pinned-pinned beam under force exci-

tation at its mid-point. With p = 1950kg.m™3, E = 2 - 10! Pa,
L = 8m, in-plane beam width = 0.1 m, out-of-plane beam thickness
= 0.5 m, excitation frequency w = 320 Hz and excitation amplitude
Sext = L0kN. Ten modes are considered in the modal approach.
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Figure 2.10: Frequency response function of a clamped-free beam under force
excitation at its free end. Material properties and beam di-
mensions are given in Figure The displacement is taken at
z0 = %L. The excitation force has an amplitude Sexy = 10kN.
The FE model contains 120 x 2 quadratic elements.
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Chapter 3

Model simplifications for

symmetric structures

3.1 Introduction

Chapter 2 has presented a wave approach, called the ray tracing method, to model
the free and forced vibrations of structures composed of several waveguide compo-
nents. This approach is based on the propagation and transmission of waves and
on the detailed knowledge of transmission/reflection coefficient matrices at discon-
tinuities. It is theoretically possible to model any kind of network with the ray
tracing approach. However, practical structures are usually more complex than the
simple cases studied in Chapter 2, and it can become difficult to use an entire, non-
simplified, model to analyse the structure. Some simplifications from symmetry or

periodicity properties may exist that would allow the analysis to be greatly reduced.

If a structure possesses the same discontinuity several times, the associated trans-
mission coefficients need only to be calculated once. If a structure presents one or
more axes of symmetry, one can simplify the model by considering only one part of
the structure. For this case, the axis of symmetry can be modelled using appropriate

boundary conditions (sliding conditions, for example) which lead to transmission
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coefficients at the axes of symmetry, and the ray tracing method can be applied in

the same way as described in Chapter 2.

Many engineering structures are designed to be composed of identically constructed
cell units that are connected end to end to form a spatially periodic array. Such
structures are known as periodic structures and they consist of identical substruc-
tures, or sectors. Due to their periodic nature, these structures exhibit unique
dynamic characteristics that make them act as mechanical filters for wave propa-
gation. As a result, waves can propagate along the periodic structure only within
specific frequency bands and wave propagation can be completely blocked within
other frequency bands. The spectral width and location of these bands are fixed for
periodic structures. It seems that the theory of periodic structures was originally
developed for solid state applications [76]. The atomic lattices of pure crystals con-
stitute perfect periodic structures, but these are lumped parameter systems with
discrete masses (the atoms) interconnected by the inter-atomic elastic forces. In
engineering applications, the mass and elasticity of structural members are con-
tinuous, and constitute periodic structures when arranged in regular chains. The
theory of periodic structures was extended, in the early 1970’s, to the design of
mechanical structures [55] 77, [78]. Tt has been the subject of many investigations
since then (e.g. [79-84]) and extensively applied to a wide variety of structures,
such as spring-mass systems, periodic beams, stiffened plates, ribbed shells, and
space structures. Free wave propagation in infinite long periodic structures is usu-
ally discussed in terms of the complex propagation constant p. The corresponding
vibration frequencies are found by imposing constraints on the finite element equa-
tions of motion of a single sector. The constraints impose that the displacement
vectors on the right- and left-hand boundaries of a sector have a ratio of e*. A
thorough review of wave propagation in continuous periodic structures to analyse
free and forced vibration can be found in [85]. In infinite periodic structures, the
evanescent terms corresponding to the presence of boundaries are not an issue in
the analysis and a direct relationship can be found between the displacement of
one sector and one of its neighbours. However, in a real application the presence
of boundaries complicates the analysis. In Section [3.2] a different point of view is

presented. A finite chain of identical sectors is modelled using a recursive form as
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a function of the characteristics of a single sector. The external boundaries can
then be added to the system by using the classic ray tracing method presented in
Chapter 2.

Many engineering structures have cylindrical form. In some cases, such as certain
pipes, chimneys, or pressure vessels, the structures are axisymmetric, and there is a
considerable range of techniques available for analysing these, taking full advantage
of the axisymmetric nature. Another type of symmetry is cyclic symmetry which
occurs when a rotational structure is made of repetitive sectors. Thomas [86] mod-
elled cyclically periodic structures consisting of N finite identical sectors forming
a closed ring. A structure is said to have cyclic symmetry if the geometry at any
radial and axial position, defined at some angle 6, is identical at angle (6 + 27/k),
where x is an integer smaller than N. It follows that once the geometry has been
defined over a sector from 6 to 6 + 27 /k, the remainder of the structure can be gen-
erated by repeatedly applying the geometry over 27 /N. The property of periodicity
can be exploited so that the analysis of one sector gives the same information as
the analysis of the entire structure [86]. However in this case, in contrast to the
mirror-symmetric case, there are no direct boundary coefficients that can be asso-
ciated with the cyclic symmetry. But simplifications can still be made and these
are described in Section [3.3] An example of a structure, showing cyclic symmetry
properties, is the ring-based rate sensor that was presented in Chapter 2. Vibrations

of structures with symmetry are studied in more details here.

3.2 Structures showing periodic properties

This section presents the application of the ray tracing method to structures com-
posed of periodic repetitive sectors. Section explains a substructuring method
which simplifies any system composed of several components to particular reflec-
tion and transmission coefficients matrices. Each sector is then modelled using
these particular matrices. Section introduces the next step for the modelling
of structures that shows periodicity and presents a method to model a finite chain

of identical sectors as a function of the properties of one single sector.
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3.2.1 Substructuring method

A substructuring method can often be applied to simplify a system composed of
several components. When an entire structure is analysed, its complexity can be re-
duced by using substructuring. A group of components can be modelled as a “black
box”, where only the input and output are of interest. The ray tracing method of-
fers the possibility to use substructuring to model complex structural networks with
simplicity. For instance, consider three straight beam components, coupled together
with discontinuities, see Figure . The objective of substructuring is to reduce
the system presented in Figure to the one illustrated in Figure , where

component (II) is not considered directly.

The idea is to find the transmission coefficients TIO—=ID and TIAD—O that link

incident waves from component (I) to transmitted waves in component (III) and

(I-IIT)—

waves from (III) to (I), respectively. The “reflection” coefficients B and

IIT) —

BI-D+ associated with incident waves u®* and u! creating waves u’~ and

IIT)

u™+ respectively, also need to be considered.

First, consider an incident set of waves u)* only. The total set of wave amplitudes
a present in the system (incident set of waves and all the induced created set of

waves) can be written as:

T
a[15><1] = u(D"" u(l)_ u(H)+ u(H)_ u(III)+ . (31)

Assume that each component of the incident set of waves has an amplitude equal
to unity and that the waves in component (II) propagate and decay along a length

L. Applying Equation (2.30) (see Chapter 2) to this system gives:

I 0 0 0 ol[ 1 | [1]
_BO+ 1 0 —IW-0OA, of |BE-ID- 0

. ) i GO I -BM-A;, 0| | ®uen | = [0], (3.2)
0 0 -BW+A; I 0| | Pintern 0
0 0 _H(II)H(HI)AL 0 Il |- 0
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where BW* TI—0) contain respectively the reflection coefficients at the positive
or negative end of component (j), and the transmission coefficients from component
(7) to component (7). Ay models the propagation and decay of waves along the
length L. These matrices are defined in Equations and (see Chapter 2).
D iern and Wi are internal matrices of the substructure and are not relevant for

the current explanation.

Using Equation (3.2)), it can be shown that:

BI-1D- _ g+

I _BM-A, o] [—mm®-aD
0 —TIW-0A, o] _BUFA, I 0 o |,
_H(II)—>(HI)AL 0 I 0

BU-1D- _ B0+ 4 [TI-~WA, B+ A, (I _ B(II)—ALB(II)—i-AL) -0,

(3.3)
and
rO—n _
-1
1 0 —TI-OA BO+
— 10 _H(II)—>(III)AL 0] 0 I —B(H)_AL T1M—1Dn ,
0 —BItA, I 0
-1

IO~ _ [rn—0m A, (I B B(II)ALB(H)JrAL) O~ (3.4)

These are the required transmission/reflection coefficients from an incident wave

u)* to a reflected set of waves u™~ in component (I) and to a transmitted set of

IIT)

waves u"D+ in component (III).

Similarly, by considering an incident wave from component (III) only, one can get
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by symmetry:

BUI-D+ _ gUD- 4 [ID—( A BUD-A (I B B(II)+ALB(II)—AL) -,

(3.5)

-0 — [ran-na, (I B B(II)+ALB(II)—AL> [T (3.6)

Using the transmission/reflection coefficients given in Equations (3.3)-(3.6), the
entire system can be simplified to the one presented in Figure . A direct
relationship between the input on one side of the structure to the output on the
other side has been found. It simplifies greatly the analysis as the internal set of
waves present in component (IT) do not need to be calculated any more. The effect

of the substructure component (II) can be expressed using a matrix Ty, such that:

Aoutput — Tsub Qinput (37)

or
w1+ TO—0n  g-n+ uD+
= : (3.8)
u®- BI-ID—  TTI—1) | |0D-

When an entire structure is composed of repetitive sectors, the substructuring
method can be used to model each sector with particular transmission/reflection
coefficient characteristics. Modelling the coupling of all of these sectors together
in particular transmission/reflection coefficient matrices is the subject of the next

section.

3.2.2 Simplifications for periodic structures

Consider a structure defined as a finite chain of N identical sectors A put side
by side, with N > 1. Each sector A is modelled by its individual reflection coef-
ficient matrices B! and B for the reflection of waves at its left- and right-hand

sides, respectively, and by its individual transmission coefficient matrices TI|=" and
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IT;~! for the transmission of waves from left to right and from right to left, re-
spectively. These matrices may be the result of a previous substructuring process,
where each sector A may actually be composed of several components. Using sim-
ilar notation, a chain of n sectors (n = 1, ..., N) is represented by the overall
transmission /reflection coefficient matrices B!, BT, TTI.~" and II7~!. The subscript

n is the number of sectors composing the chain.

A method similar to the substructuring method explained in Section [3.2.1] can be
used to model the entire chain. If a single sector is added to a chain of pre-existing
(N — 1) sectors (see Figure [3.2)), and by considering incident waves from the left
hand side only, Equation (2.30|) (see Chapter 2) applied to the system becomes:

[ I 0 o o o] 1 ] [1

-By, , I 0 -IIyy o] | BYy 0

~Iy7, 0 T —Bh, O [®iem| = |0] (3.9)
0 0 -B I 0| |Pintern 0

o0 o -~ o I||IgT] |0

Using Equation ({3.9), the transmission/reflection coefficient matrices of the entire

chain can be derived:

-1
Bjy = Biy_; + I}, B} (I - 70N—1Bl1> Iy, (3.10a)

-1
Iy =11 (I - B’;HBQ) ", (3.10b)
for incident waves from the left-hand side, and by symmetry:

-1
=Bl +TBy, (1- BBy, ) I (3.11a)

—1
! — T, <1 - Bl1B§V_1) i (3.11b)
for incident waves from the right-hand side.

The effect of the entire chain of N sectors can now be expressed using a matrix Ty
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such that:
Acreated — TN Aincident (312)
or
(m+ m- B M+
u u
— | N , (3.13)
u(I)— B{N HTN—J u(II)—

where the components (I) and (IT) are on the left- and right-hand sides of the chain,
see Figure [3.2] The transmission and reflection properties of the entire chain of N
sectors are then expressed in a recursive form as a function of the characteristics
of a chain of (N — 1) sectors. By calculating the relevant matrices for chains of

n =2 3,..., (N — 1) sectors, one can get the matrices for a chain of N sectors

using Equations (3.10) and ([3.11)).

Specifically, for computer implementation, the use of periodicity simplifications re-
duces the inversion of a [6/N x 6/ N] matrix to 2N inversions of a [3 x 3] matrix. This

clearly reduces the computation time and analysis complexity.

In contrast to the usual work on infinite periodic structures (such as [77]), this sec-
tion presented a method to study “finite” chains of sectors. The boundary conditions
are added to the model in a subsequent step using the ray tracing approach. The
Application of substructuring and simplifications by periodic structures methods is
shown in Section [3.4.1 where the case of a finite cantilever beam with identical,

uniformly-spaced point masses is studied.

3.3 Structures showing cyclic symmetry proper-

ties

The method that simplifies the analysis of cyclically symmetric (also called rota-
tionally periodic) structures was first developed for Finite Element (FE) uses by
Thomas [86, 87]. This section introduces the basis of his work and applies it to the

ray tracing method. Thomas’ work is an extension of the study carried out in [78§]
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where the structures considered were infinitely long chains of identical substruc-

tures.

3.3.1 Cyclic symmetry theory

Let us consider a rotationally periodic structure consisting of N identical sectors,
each of which contains J wave amplitudes. When applying the ray tracing method,
the total number of wave amplitudes in the entire structure is NJ. These wave
amplitudes are ordered so that J wave amplitudes of the first sector are followed
by J wave amplitudes of the second sector, and so on. The overall wave amplitude

vector a can be written as:

a=la®|, (3.14)

where al) is a vector of length J containing the wave amplitudes associated with
the j* sector. Note that the sector numbers are increasing in the positive direction

of rotation.

With axisymmetric structures, it is well known that most modes of vibration occur
in degenerate orthogonal pairs (see, for example, the case of a perfect ring [8§]).
The reason is that, if a mode has a maximum deflection at some point on the struc-
ture, it is clearly possible, because of the axisymmetric nature of the structure,
to rotate the mode shape through any angle and not change the frequency of vi-
bration. Thomas [86] showed that a similar effect occurs for rotationally periodic
structures. In the ray tracing method, the mode shape is defined using the wave
amplitude vector a. Comparing the mode shape (real displacements) between two
sectors is equivalent to comparing the associated wave amplitudes. For rotationally
periodic structures, the possible modes shapes, and thus the associated wave am-
plitudes a fall into three classes, depending on the relationship between the shapes

for individual sectors, see e.g. in Figure [3.3] These are:
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1. Each sector has the same mode shape, or same wave amplitudes, as its neigh-

bours. This means:

a¥ =al*th  for all j. (3.15)

2. Each sector has the same mode shape as its neighbours, but is vibrating in

antiphase with them, i.e.:
a¥) = —al*th  for all j. (3.16)

This class only exists if NV is even (see later).

3. All other possible mode shapes.

It can be proved that classes 1. and 2. do not exhibit degeneracy [86]; only class
3. does and two possible orthogonal mode shapes for each natural frequency will

occur in this case.

The mode shapes for class 3. require at) # al+Y) and al) #£ —aU+1 Since all the
sectors are identical, the deflected shape a’ can be obtained by rotating a through
an angle commensurate with the location of the different sectors. With a complex

set of wave amplitude solution a, the vector a’ can be expressed as:
a'= e Va. (3.17)

This new vector a’ corresponds to rotating a through an angle ¢. As a and a’ are
complex, they have a phase difference 1. Since the application of Equation (3.17))

N times leaves a unchanged, 1) must have the form:
Y= —k, (3.18)

where k is an integer. The cyclic symmetry mode number x indicates the number
of waves around the circumference in a basic response. The deflections on any one

sector can be written in terms of the deflections on any other, i.e.:

al) — g+, alth = i) (3.19)
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The values of the cyclic mode number k used to define ¥ in Equation is
considered next. For classes 1. and 2. of mode shapes considered earlier, ¢y = 0 and
1 = 7 respectively, and the corresponding values of k are 0 and N/2. Clearly N/2
is only an integer if N is even, so class 2. modes cannot exist if N is odd. If v

represents the angle of rotation for one sector, its possible dependent values are:

2 (N 27 27 2 (N
v=-g(z- ) F oy o)r 6

for N even, and

P =

—27T<N_1>,...,—27r 27 27r(N—1> (3.21)

N 2 N N N 2

for N odd. The negative values of 1 correspond to anticlockwise rotations and
the positive values correspond to clockwise rotations. Since all the anticlockwise
mode shapes are the orthogonal pairs of clockwise ones, they can be generated by
simply taking the complex conjugates of a for the clockwise vectors. Furthermore,
they form an orthogonal pair of mode shapes and have the same natural frequency.
Therefore, two orthogonal modes exist for k = 1,2, ..., N/2 — 1 (N even) or
k=12 ...,(N—1)/2 (N odd), whereas the modes x = 0, N/2 (N even) or
k = 0 (N odd) are unique. To obtain all the possible modes of vibration of the
structures [86], it is necessary to find the modes corresponding to the N/2+1 values

of ¥, i.e.

2m 2r (N N N
=0, —, ..., == —1 =0,1,...,——1, — 22
¢ O7N7 7N<2 )77T or kK Oa ’ D) "9 (3 )
for N even, and the (N 4 1)/2 values of v, i.e.
2w 2r (N —1 N -1
=0, —, ..., = ——— =0,1, ..., —— 2
v=0. 2 (T ) e m=0 L (3.23)

for N odd.

Figure illustrates the three different possible classes of mode shape for a thin
square vibrating structure. For this structure, the basic sector is one side and

N = 4. The corresponding value of k and ¢ are also presented.
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This section has shown how the displacement of any sector of a rotationally periodic
structure can be related to the displacement of one particular sector by a phase angle
1. For these structures, any complex mode shape of the entire structure can be
expressed in terms of the deflected shape of just one sector, by using an appropriate
value of ¢. There are N possible values of ¢, but only N/2 + 1 (N even) or
(N +1)/2 (N odd) represent different mode shapes. Each x value corresponds to a
r-fold symmetric mode and needs to be examined in turn. In the following section,

the rotationally periodic properties are applied in the ray tracing method.

3.3.2 Simplifications for cyclically symmetric structures

First simplification

An entire structure is analysed by considering a single “principal” sector, as il-
lustrated in Figure Artificial boundaries are introduced to model the cyclic
symmetry condition. This is achieved by introducing wave amplitudes at boundaries

A and B. In addition, wave amplitudes within the substructure A are considered.

The ray tracing method presented in Chapter 2 uses transmission coefficients to link
the waves in different parts of the system together. If only one sector is modelled,
there is no physical or geometrical link between boundaries A and B as they are not
in direct contact. The only property that can be used is the phase change between
one end and the other (see Section [3.3.1). This change of phase can be considered
as a “transmission coefficient” from one end to the other, so a wave incident at one

end will be “linked” to the other end by a phase change coefficient.

If the complex-valued displacement at A is ua, then, from the rotationally periodic
structure properties explained in Section [3.3.1] the displacement at B will be ug
such that ug = upel™” (or ua = up e‘i%”). As the displacements are defined
entirely using wave amplitudes, it follows that the waves incident on B and created
i

K.

at A will have an amplitude ratio of e~ ¥ ; while the waves incident on A and

created at B will have an amplitude ratio of ¢i¥*. The difference in sign is due
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to the different direction of propagation (negative s-direction — incident in A, or

positive s-direction — incident in B).

To apply the ray tracing method, consider an initial set of wave amplitudes ag,
illustrated in Figure [3.4a)] such that:

T

0,y = |00 0 W w0 (324)
Each wave travels along its corresponding waveguide. The waves starting on the
left-hand side of the substructure or on the left boundary A will travel along L®

and the ones on the right-hand side will travel along L. In this situation the

dispersion matrix D is given by:

Aw 0 0 0

Dpioxig) = (3.25)
0 0 A, 0

0 0 0 A

eIEY g 0
_j €] .
where A, ) = 0 e~ ik2 LY 0 L ]=1r.
0 0 e kL

The link between the left and right boundaries are given by the transmission coef-

ficient matrix T:

Tlax12) = , (3.26)

where B%)x?,] and B[(::)x 5 contain the reflection coefficients at the discontinuity A on
its left and right hand sides respectively; HE:Z’,)X_:;](T) and Hg)xg}(l) contain the trans-
mission coefficients from waves incident from the left side to the right side (or from
the right side to the left side, respectively). The matrices Y and Y~ represent

the change of phase phenomenon between the cyclic symmetry boundaries in the
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positive s direction and negative s direction, respectively. These are given by:

en® 0 0
Y= 0 €% 0 |, (3.27a)
0 0 €¥n
eTIFE 0 0
Y =| 0 i 0 |. (3.27b)
0 0 e'¥n

Solving the fundamental equation of the ray tracing method: |[I — TDJ| = 0, see
Chapter 2 with the T and D matrices defined by Equations (3.25) and (3.26]) for
all k values (see Section [3.3.1)); all of the natural frequencies of the entire structure

can be obtained by modelling only one of its sectors.

The advantage of modelling only one sector is that the total number of unknowns
is reduced. If the substructure A itself contains n unknowns, then the total number
of unknowns in the simplified system is n+ 12. By comparing this number with the
total number of unknowns in the non-simplified system (n + 6)N, it is clear that
taking into account cyclic symmetry greatly simplifies the analysis and reduces the

computation time.

Further simplification

The previous section introduced artificial boundaries A and B to take account of the
cyclic symmetry. The change of phase from one end of a sector to the other end is
expressed in the transmission matrix, where waves incident on symmetry boundaries
are not reflected but “linked” to the other end of the sector. A further simplification
can be made to the analysis, and this is presented here. For free-vibration analysis,

the ray tracing method gives the relationship

a = TDa, (3.28)
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see Chapter 2, Equation (2.31]). With the same structure and notation as in the

previous paragraph, this gives:

0 0o Y 0 Aoy 0 0 0

B 0 0 II"=0 0 A;p O 0
a= a, (3.29)

no--o o o B® 0 0 Ay O

0 TH 0 0 0 0 0 A
where
T

a = u(l)+ u(l)_ u(r)"' u('r)_ . (330)

Expanding the second and third equations of (3.29) and re-arranging in matrix

form, it can be shown that:

T
{um— u<r>+] _
oo-0  BO | [A,0rt A 0 . (3.31)
[um )+
B(T) H(l)H(T‘) 0 AL(l)TiAL(r)

Comparing this equation with Equation (3.28)), it can be deduced that the ray

tracing method can be used to model the entire structure with:

T

a— {um— ™| (3.32)
omH-0  BO
T = , (3.33)
B® 10—
A, TTA 0
D= |~ T . (3.34)
0 AL(l)TiAL(T»
The matrix D can be simplified to
A e T+ O
D — LO4L(r) (335)
0 ANTOIN CR o
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where
ei(i%n—le()) 0 0
ApogoXi=| o Al o |, (336
0 0 ei(:ﬁ:%’n—kng)

with Ly = LW + L which represents the distance travelled along the waveguide
from one substructure to its neighbour. For example, if the substructure A has a
length L™ and is placed on a ring-based system, as in Figure , then Ly =
2nR/N — L™,

From the previous derivations, the system illustrated in Figure can be sim-
plified to the one presented in Figure The influence of the cyclic boundaries
appears in the dispersion matrix (Equation (3.35))). The transmission coefficient
matrix now contains terms on its diagonal: each wave is a function of itself (after
some propagation, decay and change of phase). This simplification further reduces
the number of unknown wave amplitudes: the total number of unknowns is now

n + 6, where n is the number of unknowns present in the substructure itself.

To obtain all of the natural frequencies of the entire structure, the simplification
presented above reduces the analysis of a system with N(n+6) unknowns to NV/2+1
analyses of a system with n+6 unknowns, when N is even; or to (N +1)/2 analyses
of a system with n + 6 unknowns, when N is odd. These correspond to the number

of independent values of k, see Section [3.3.1]

3.3.3 Obtaining the mode shape of the entire structure

Once the natural frequencies w,, have been derived using Equation (3.28]), the wave
amplitudes of the modelled sector (with index 1) are obtained by solving [I —

T(w,)D(w,)|al) = 0, see Chapter 2. Here a'!) contains the wave amplitudes

defining the mode shape in the single “principal” sector. To obtain the mode shapes

for the complete structure, the results obtained for the single sector are extended
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using Equations (3.18) and (3.19)). Equation (3.19) is an iterative expression that

gives the mode shape of sector (j+1) as a function of the mode shape of the previous
sector (j). The wave amplitudes of the j* sector (j = 1,2, ---, N) can also be

expressed using those of the 15 sector only with the following equation derived from

Equation (3.19):
2

al) — GRG0, (3.37)

mn

From Equation (3.37)), the wave amplitudes in any sector of the structure can be
calculated. The displacements corresponding to the mode shape can then by cal-
culated using the standard equations defining the displacements as a sum of waves,

see Chapter 2.

3.4 Applications

This section presents the application of the ray tracing method to analyse the free
vibration of structures with periodicity and/or cyclic symmetry properties. The
objective is to validate the models presented in Section [3.2] and [3.3] on simple cases

first and then on the more complex case of the ring-based rate sensor.

3.4.1 Beam with identical uniformly-spaced point masses

Consider a finite cantilever beam with N identical uniformly-spaced point masses.
The ray tracing approach using the periodicity simplification requires the transmis-
sion coefficient corresponding to a single sector. A sector is defined here as a beam
portion of length 2L with a point mass in its mid-point. N identical sectors are put
side by side to create a chain of N point masses uniformly separated with a distance
2L, see Figure[3.5] The lengths LM and LY are the distance between the clamped
boundary and the left side of the chain, and between the right side of the chain and
the free boundary, respectively. Lyeam is the length of the entire beam. For given

lengths Lpeam, LY and L L is such that L = (Lbeam — (LW + L(H)))/QN.
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Using the substructuring method presented in Section [3.2.1} each sector can be

modelled by its own reflection/transmission coefficient matrices. These are:

I = AT AL (3.38a)
I = AT AL (3.38b)
Bl = A/Bl LAl (3.38¢)
Bl = A;B}, .AL (3.38d)

The notation is the same than the one used in Section [3.2.2l A, is the dispersion
matrix for a straight beam of length L and is defined in Equation ([2.26)), see Chap-

ter 2. TIL;7 . and TI7°L O define the transmission coefficients from left to right

l

and from right to left, respectively, through a point mass discontinuity. B ,as

and B’

bt. mass contain the reflection coefficients on the left and right hand side, re-

spectively, when waves impinge on a point mass. These four [3 x 3] matrices can
be obtained using the equations presented in Chapter 2, Section [2.4.1], with the
following simplifications: the rigid joint is considered to be a point mass, the third
component in the transmission is neglected and curved beams models are extended

to straight beams models by letting R — oco.

Equations could also be obtained simply by intuition. These matrices con-
tain the transmission /reflection coefficients of waves impinging and leaving a single
sector composed of a beam portion of length L, a point mass and another beam
portion of length L. When coming into the sector, the waves travel and decay along
the length L before impinging on the point mass. They are then transmitted or re-
flected by the point mass by respecting the point mass own transmission/reflection

characteristics. Then finally, they travel again along a length L to leave the sector.

This explains the form of Equations (3.38]).

Using Equations ([3.10]) and (3.11]) with the individual sector transmission /reflection
coefficients matrices defined in Equations ({3.38]), the transmission/reflection coef-

ficients matrices of the overall chain of N sectors can be obtained. The entire
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cantilever beam structure is then modelled by using:

0 Tclamped 0 0
B! 0 0 IIy!
T — lN N (3.39)
15 (N 0 By
0 0 Thee 0
Ao 0 0 0
0 A 0 0
D- Lt (3.40)
0 0 AL(II) O
0 0 0 Ay

Natural frequencies for particular values of N obtained with the ray tracing method
using the above simplification are presented in Table 3.1} They are compared with
results from a FE analysis using Euler/Bernoulli beam elements. The natural fre-
quencies found using the two methods are in perfect agreement up to five significant

figures.

3.4.2 Ring with identical uniformly-spaced point masses

Consider a ring with N identical uniformly-spaced point masses. Here, the ray
tracing approach using the cyclic symmetry simplification requires the transmission
coefficient corresponding to a single point mass. Calculation of the transmission
coefficients for a ring with an attached mass can be obtained using the equations
presented in Chapter 2, Section [2.4.1] by considering the rigid joint to have non-zero
mass, zero length and zero moment of inertia. All of the matrices needed for the
natural frequency analysis are [6X 6] square matrices, and the wave amplitudes relate
to extensional, flexural and decaying waves in both directions. For a particular
cyclic mode number k, the dispersion matrix will contain terms e_i%r (Rkiin) (with
i=1,23andk=0,1,..., N/2for Nevenork =0, 1, ..., (N—1)/2 for N odd).
To obtain the natural frequencies of the system for any cyclic mode number, N/2+1
(N even) or (N +1)/2 (N odd) different analyses are required, see Section [3.3.1]

which correspond to the number of possible k values.
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The effect of additional masses on the natural frequencies of a ring has been in-
vestigated previously in [88]. In this work, a Rayleigh-Ritz approach was used to
determine analytical expressions for the natural frequencies and natural frequency
splits in terms of the orientations and magnitudes of the added masses. The as-
sumption that the mode shapes of the imperfect ring are identical to those of a
perfect ring, adopted in [88], has been shown to be reasonable provided that the de-
gree of imperfection is sufficiently small [89]. Extending the work carried out in [8§]
and [89], McWilliam et al. [10] investigated the case of identical masses distributed
uniformly around the circumference of a perfect ring. They obtained simplified an-
alytical expressions using the Rayleigh-Ritz method for the natural frequencies and
also derived frequency splitting rules, which indicate that the natural frequencies
will split only when 2n/N is an integer, n being the mode number. n can take any

integer value and is different from k.

It is found that the natural frequencies obtained by the ray tracing method are in
accordance with the natural frequency splitting rules of [I0]. The frequencies of
the flexural modes are illustrated in Table for different combinations of mode
number n (=2, 3, ..., 6) and number of point masses N (=0, 1, ..., 4). For the
N =0, 1,2and N =4 cases (not N = 3), the angular position of the masses does
not change as uniformly spaced masses are added. For any n, the corresponding
natural frequencies decrease. However, changing the angular position of masses
on the ring changes the mass distribution and can either increase or decrease the
natural frequency, e.g. see N = 2, 3. Both analyses show very good agreement
for the frequency split. However, the frequencies calculated with the two methods
differ slightly due to the consideration of the Poisson’s ratio in the Fliigge’s strain-
displacement relations used to calculate the natural frequency of the original perfect
ring (with N = 0) in [I0]. The Poisson’s ratio is not taken into account in the present

ray tracing approach as shear deformation is neglected.
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3.4.3 Regular polygons

The ray tracing method using the cyclic symmetry simplification can be applied
to calculate the natural frequencies and mode shapes for the in-plane vibration of
regular polygons having N sides, with each corner at a distance R from the centre.

For such polygon, the external angle o between two sides is a = 27/N and the

length Lg of one side is Ly = 2R sin %, see Figure

In order to apply the ray tracing method, the transmission coefficients of one corner
are calculated using the analysis presented in Chapter 2, Section [2.4.2 The use
of the cyclic symmetry simplification greatly reduces the number of unknowns,
especially for large N. For any N, only six waves are required (extensional, flexural
and decaying). Natural frequencies calculated for different numbers of sides N
and cyclic mode numbers k are compared with results from a FE analysis using
Euler/Bernoulli beam elements in Table . The natural frequencies found using

the two methods are in perfect agreement up to five significant figures.

These analyses were performed for a fixed distance R between the centre and one
corner, and only the number of sides was varied. When the number of sides tends
to infinity, it is expected that the natural frequencies of the polygon should tend
to those of a perfect ring with radius R. This behaviour is illustrated in Figure [3.7]
where the natural frequencies for k = 2 and k = 3 tend to the corresponding perfect
ring natural frequencies w, and ws for flexural modes, which can be calculated
using Equation (see Chapter 2) and are given in Table (with N =0 and
n=2,3).

3.4.4 Ring-based rate sensor

The ring-based rate sensor presented in Figure|3.8|is modelled using the cyclic sym-
metry simplification. The dimensions used are given in Figure|3.§(b)l Only a single
leg (three beam portions) is modelled. The ring is taken into account using the

analysis presented in Section [3.3.2 7.e. waves impinging and leaving the disconti-

96



Chapter 3. Model simplifications for symmetric structures

nuity ring/leg are still considered. Eight identical sectors are required to complete
the entire structure (N = 8). It is assumed that the leg and ring are connected
at a single point (only the centreline is modelled). The transmission coefficients
for the different joints are calculated using the analysis presented in Chapter 2,
Section (e.g. with a = 90° for the ring/leg transmission). The legs are assumed
to be formed with straight beams connected at abrupt changes in direction. The
presence of rounded or “radiused” angles would be a more realistic model, see Fig-
ure [I.2] and it would also minimise the stress concentrations at corners. However,
if one wants to model with the ray tracing method, the curved beam portion that
connects the two straight beams in a rounded angle, it is not possible to use the
governing equations specific for thin structures detailed in Chapter 2, Section [2.2]
The radius of curvature of the curved beam is too small compared to its width to
neglect shear deformation and rotary inertia. For simplification purpose, abrupt
changes in direction are assumed and the direct transmission between two straight

beam components is considered.

Using the ray tracing method with the cyclic symmetry simplification, the wave
amplitude vector contains 24 unknowns (six waves per beam section and six waves
leaving the discontinuity ring/leg along the ring), in contrast to 192 unknowns
without the simplification. To obtain all of the natural frequencies of the ring-
based rate sensors, five different analyses (k = 0, 1, 2, 3, 4, see Section are
performed. The calculated frequencies are compared with FE predictions using
Euler/Bernoulli and Timoshenko two-dimensional beam elements in Table 3.4} As
in the case of regular polygons (Section , the converged FE solution gives
natural frequencies that agree to five significant figures with the ray tracing model
when Euler/Bernoulli elements are used, see Table 3.4, With Timoshenko elements,
the percentage differences are less than 0.5%. This difference is due to the shear
deformation being neglected in the ray tracing method, and it can be seen that the

difference generally increases as the mode number increases, as expected.

From the cyclic symmetry of the system, it can be shown [86] that two orthogonal
modes exist for every x = 1, 2, 3, while the k = 0, 4 modes are unique. Figure (3.9

presents the first mode (and its orthogonal complement) for k = 0, 1, 2, 3, 4. The
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displayed mode shapes were obtained using the ray tracing method and are similar
to those given by the FE analysis. For interpretation, the first mode shape with
x = 0 corresponds to rigid body mode of a free ring rotating about its centre, while

the first mode shape with K = 1 corresponds to rigid body translation of a free ring.

The main conclusion of this study is that, subject to the assumptions that shear
deformation and rotary inertia are neglected and by modelling the centreline of the
ring only (two-dimensional Euler/Bernoulli beam elements), the results obtained
using the ray tracing method are in excellent agreement with those obtained using

the FE method but with greatly reduced computational effort.

3.5 Conclusion

In this chapter, the ray tracing method has been extended to cope efficiently with
structures that are periodic. The periodicity can be modelled using a recursive
form in which a chain of N sectors is characterised by the transmission and re-
flection characteristics of a chain of (N — 1) sectors. Each sector can itself be the
result of a substructuring method in such a way that a sector may represent several
components coupled together. The chain of identical sectors, with the use of its
transmission and reflection coefficients calculated with the periodicity analysis, can
be inserted into an overall bigger structure that may contain either external bound-
aries or other waveguide components. A cyclic symmetry simplification, based on
the fact that the displacement in one sector is related to the displacement in a neigh-
bouring sector, was also presented and proved to greatly reduce the complexity of

the analysis.

Results for natural frequencies and mode shapes for periodic and cyclically symmet-
ric structures were compared with FE analyses and showed very good agreements.
The ray tracing method and its possible simplifications are then shown to be ex-
act, rapid and efficient methods to model free vibrations of structures composed by

straight and curved beam components.
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Section [3.4.4] presented the free vibration analysis of a ring-based rate sensor by
the ray tracing method. The objective of the thesis is to understand support losses
for structures of this kind. Support loss modelling will be inspected for simple
structures in Chapter 4. The ring-based rate sensor support losses and the influence
of its leg design on the Q-factor will be the subject of Chapter 5. The cyclic
symmetry simplification method presented here will be used thoroughly in Chapter 5
and its assets to simplifying the analysis when studying parameter changes will be

shown.

While the simplest structures transmit vibrational energy by just one type of wave
motion (for example flexural waves), others transmit energy in simultaneous and
particular combinations of longitudinal, torsional and bi-directional flexural waves.
When these different wave types encounter a discontinuity in the structure, they
interact and are converted from one type into another type. This is an important
notion in the wave propagation process of complex structures. In-plane vibrations
consisting of flexural and longitudinal waves have been studied so far and an exten-
sion of the ray tracing method that considers bi-directional flexural and torsional
waves will be the subject of Chapter 6. It will be seen that the simplifications pre-
sented within Chapter 3 for in-plane vibrations can also be applied to out-of-plane

vibrations.
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Figures and tables
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Figure 3.1: Substructuring method showing the different set of wave amplitudes
considered. The system in @ can be simplified to the system in@

Figure 3.2: System showing periodic symmetry properties. A single sector is
added to a chain of (N — 1) similar sectors.
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Class 1. Class 2. Class 3.
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Figure 3.3: Two lowest frequency mode shapes for each class of a thin square

(N = 4) showing the corresponding values of the different parame-
ters.
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Figure 3.4: Cyclic symmetry simplifications. @ involves four sets of wave am-
plitudes, whereas only two sets of wave amplitudes are considered
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Figure 3.5: Cantilever beam with N identical, uniformly-spaced point masses.
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Figure 3.6: Notation used for the study of regular polygons with N sides. Note
that it is not necessarily a hexagon.
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Figure 3.7: Lowest natural frequency calculated with the ray tracing method
of a regular polygon with x = 2 @ or Kk = 3 @ function of
its number of sides N. The dimensions and material properties
of beams composing the polygons are the same as those used in
Table[3.2] ws and ws are the n = 2 and n = 3 natural frequencies for
flexural modes in a perfect ring, see Equation in Chapter 2.
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1.064

(a) (b)

Figure 3.8: @ Ring-based rate sensor with cyclic symmetry and its 45° prin-
cipal sector. @ Actual modelled structure and its dimensions in
mm (with axial thickness = 0.1 mm).

| k=0 k=1 k=2 k=3 k=4 |
| w=18330Hz w=1183 Hz w=14233 Hz w=32133 Hz w = 35646 Hz |

w=40787Hz w=3847T9Hz w=3780Hz w=41100Hz w =255202 Hz |

Figure 3.9: Mode shapes of the ring-based resonator for the two lowest natural
frequencies of each value of k.
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Chapter 3. Model simplifications for symmetric structures

Table 3.4: Natural frequencies (Hz) for the ring-based resonator calculated
with the ray tracing method and a FE model (two-dimensional
Euler/Bernoulli beams elements and Timoshenko (noted “T’nko”)
beams elements, with 0.85 as shear correction factor, of approximate
length 0.01 mm). The ring dimensions are presented in Figure[3.8(b)]
The material properties used are p = 2329 kg/m?, E = 170-10° N/m?
and the Poisson ratio is taken = 0.28.

Ray Tracing

FE analysis

Euler beams

T’nko beams

Difference %
Ray Tr./T'nko beams

18 330 18 330 18 277 0.29
k=0 40 787 40 787 40 725 0.15
67 320 67 320 67 028 0.43
11 853 11 853 11 820 0.28
k=1 38 479 38 479 38 416 0.16
65 971 65 971 65 697 0.42
14 233 14 233 14 217 0.12
k=2 37 850 37 850 37 784 0.17
65 520 65 520 65 253 0.41
32 133 32 133 32 076 0.17
k=3 41 100 41 100 41 001 0.24
66 135 66 135 65 871 0.40
35 646 35 646 35 591 0.15
k=4 25 202 95 202 54 978 0.41
73 110 73 110 72 830 0.38
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Chapter 4

Modelling the support loss for

in-plane vibrations

4.1 Introduction

The coupled resonator-substrate system is modelled to understand the interaction
and energy transmission between them. Owing to the large relative size and shape
complexity of the substrate, it is not possible to model the substrate in its entirety
and some simplifications are made. For example, if finite elements are used, the
domain of analysis needs to be truncated to a manageable size, and the effect of
wave propagation into the remaining substrate is approximated as a propagation
into an infinite domain. Various methods have been used to approximate infinite

domains in previous works. A brief summary of these follows.

4.1.1 Analytical model

The analytical model is an extension of the work carried out by Hao et al. [42],
which is itself based on the fundamental work of Miller and Pursey [90]. Hao et

al. developed a theoretical approach to model the substrate and determined the
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Chapter 4. Modelling the support loss for in-plane vibrations

support losses in cantilevered beams and disc shaped resonators. The response
of the resonant structure for in-plane vibrations was determined either from a fi-
nite element analysis or from analytical mode shape expressions. Fixed boundary
conditions were assumed at the anchors of the structure. The resulting stresses
at the anchors drive the substrate, which was considered to be an infinite elastic
thin plate for the case of cantilever beam resonators. The displacement field in
the substrate was obtained analytically by modelling its behaviour with the classic
two-dimensional dynamic equations for a thin plate, subjected to the above bound-
ary condition as stress sources. The work done by the resonator was calculated by
integrating the product of shear stress at the anchor with the induced displacement
in the substrate, over one cycle of vibration. This gave the loss from the system to
the substrate per cycle. The ratio of total energy of the resonator, i.e. the energy
calculated using the analytical mode shape expression for cantilever beams or using
finite elements analyses for more complex resonators, to the energy lost per cycle,

gave the ()-factor for the device.

This approach has its limitations. It assumes the wavelength of propagating waves
to be much larger than the thickness of the vibrating structure for the two-dimen-
sional theory to be valid. It is also unable to capture the effects of wave reflections
at discontinuities in the substrate, since the substrate is modelled as a perfect semi-
infinite thin plate. However, thanks to the analytical expressions of the anchor
displacement found for different types of stress sources (see Section , calcula-
ting Q-factors for different resonators is quite straightforward. It is a very effective
method in which the substrate model does not change for different resonator designs.
A change of parameter in the resonator would only induce a change of the resonator
model. The substrate model reduces to a simple analytical expression, and its
implementation to calculate ) is numerically very efficient, which is not the case

for the methods presented in subsequent sections.

An extension of this analytical model that considers different stress source condi-
tions is presented in Section [4.2] Other methods that can model infinite domains
are presented in Sections [£.3] and 4.4l The ultimate aim is to validate the use of

the analytical model to calculate Q)-factors by comparing results obtained from the
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different methods. Once the analytical model has been validated, it will be used
for the parametric study on the leg design in the entire ring-based rate sensor (see

Chapter 5).

4.1.2 High-fidelity multiphysics simulations

In the approach by Park and Park [36] 37], the resonator system was partitioned
into three modular subsystems consisting of the substrate, the resonator and its
electrostatic actuators. Each of these was modelled independently and then inte-
grated by matching the interface conditions. Similar to [42], this approach assumes
the substrate to be a semi-infinite elastic medium. However, it is not a thin-plate in
this case. The motion of the substrate was expressed as a superposition of various
modes of wave propagation. The contribution of these various modes to a parti-
cular motion was obtained using a numerical scheme. The resonator response was
calculated from a finite element analysis and a response receptance matrix, relating
the forces and displacements at the anchor and excitation nodes, was constructed.
An electro-mechanical model between the actuator nodes on the substrate and the
corresponding excitation nodes on the resonant structure gave another matrix that
couples two other subsystems. A response matrix relating forces and displacements
corresponding to points on the substrate was constructed. The model assumed
the substrate to be an infinite half-space and the displacements corresponding to
a given load were obtained by adding up contributions from different wave modes.
Combining the three response matrices, the matrix of the entire structure was con-
structed which was used to derive the stiffness and the damping matrices of the

overall system and hence calculate ().

This approach has the disadvantage that a separate response matrix needs to be
calculated for the substrate every time the geometry of the resonator anchor is
changed. Also the calculation of the response matrix for the substrate is computa-

tionally intensive.
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4.1.3 Truncated domain FEA approaches

These finite element based methods truncate the substrate at finite dimensions and
apply various boundary conditions at the edge so as to approximate the effect of
infinite domains and simulate infinite boundaries. The resonator and a “finite” part
of the substrate are modelled with classic finite elements, whereas special boundary

elements are applied to the substrate edge.

The simplest method of infinite domain approximation is the use of damping ele-
ments. It involves placing viscous elements at the edge of the truncated domain.
These elements have higher damping coefficient values than the material of the
truncated domain. The propagating waves are attenuated in these elements due to
higher damping characteristics. However the main drawback with this approach is
that a sudden change in the material impedance induces spurious reflections at the
boundary. Another disadvantage is that they are effective only for the case when
the incoming wave is almost normal to the boundary. Also reflections from the
outer edge are still possible if the domain containing the damping elements is not

sufficiently large.

Two other methods, namely the use of a perfectly matched layer and infinite ele-

ments are possible and are studied in depth in Sections [4.3] and

4.2 Analytical model

4.2.1 Physical modelling and main assumptions

A MEMS resonator must be attached to a foundation (or substrate). This attach-
ment can take different forms but typically the resonator and substrate are etched
in the same plane, from the same silicon wafer. The joint interface between the
resonator and substrate, which is often modelled as a clamped attachment, is sub-

jected to time-harmonic stresses that excite elastic waves in the substrate. These
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waves propagate into the substrate and carry energy away from the resonator. In
this way the support structure absorbs some of the vibration energy from the reso-

nator.

For a simple cantilever beam resonator [42], the support interface is subjected to
time-harmonic stresses due to shear stress only. However, in more complex reso-
nators such as the ring-based rate sensor, the supporting legs produce both shear
and normal stresses simultaneously, see Figure 4.1, In Figure the motion of
the resonator occurs in-plane only (within the plane (z,z)). Out-of-plane motion,

along the y-axis direction, will be studied in Chapter 6.

It has been shown [41] that a MEMS resonator and its substrate can reasonably
be analysed separately. Based on the significant dimensional difference between a
typical resonator and its substrate, it can be assumed that all the energy entering the
support propagates away to large distances and no energy returns to the resonator;
which signifies that the elastic waves in the support will not have a significant effect
on the modes of the resonator. The support is modelled as being semi-infinite, and
ensures that the calculated support loss is an upper bound of the actual support
loss. For the ring-based rate sensor, it is also assumed that the resonator and its
substrate lie in the same plane, and have equal out-of-plane thickness h, such that
all the vibrations occur in plane. Assuming that the thickness of the resonator is
much smaller than the wavelength of the transverse elastic waves propagating in
the support (A7), such that:

A
— 1 4.1
- >>1, (4.1)

the substrate is modelled as a two-dimensional thin plate undergoing plane stress.

A theoretical derivation of the vibrational displacement of the substrate is possible

if the stress source is uniformly distributed across the clamped interface region [90].

The main steps to analyse the support using the analytical model inspired by [42] [90]
and to calculate the ()-factor of any resonator are presented in the following sections.

They are summarised as follows.

e The elastic wave equations that model the behaviour of a thin-plate are ex-
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pressed. They describe the displacements (in two different directions) as a

function of the time and the spatial position in the plate.

e Some new operators, function of the spatial positions x and z, are introduced
in the previous equations. This simplifies the equations and makes them easier

to solve.

e The difficulty is now that the governing equations are still expressed as a
function of z and z. A Fourier transform that removes the x dependency

bypasses this issue. The equations are then solved in the wavenumber domain.

e As they are differential equations, some integration constants appear when
they are solved. These constants are derived by applying appropriate bound-
ary conditions at the anchor point on the edge of the thin-plate. These con-

ditions express the influence of the resonator on its support.

e An inverse Fourier transform is performed to come back in the real domain.
The displacement at any point of the thin-plate, induced by the applied

boundary conditions, can now be found.

e The mean displacement along the x-axis and over the clamped interface region

is derived in order to calculate the amount of energy lost.

e From this mean displacement and using the applied forces at the anchor point,

the energy lost per cycle of vibration is expressed.

e The Q-factor that considers the quantity of energy lost through the support

is finally calculated.

4.2.2 Model of the support structure

This section presents the main steps and main equations of the development of the

analytical support model. A more detailed description can be found in Appendix[A]

The vibration of the resonator causes elastic waves to propagate into the support.

This support, as explained in Section |4.2.1] is considered as a thin-plate with equal
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thickness to that of the resonator, and is modelled using a two-dimensional elastic
wave theory. Starting from the three-dimensional elasticity of an isotropic solid and
assuming than one dimension is much smaller than the other ones (see Appendix,
the equations governing the in-plane displacements of a thin plate can be expressed

as [54]:

Pu L, Pu 0% s oy O%w
o = Chgg gt () g (42)
0w 0w 0w 0*u
g = Cigm g t (¢t —f) 9102’ (43)

where u and w are the displacements in the support along the x- and z-axes, respec-
tively, and ¢y, and ¢y are the propagation velocities for longitudinal and transverse

waves, respectively, given by:

> E
=Ty (4.4)
2 E
= 0T ) (4.5)

In these equations, E is the Young’s modulus, p is the mass density and v is the

Poisson’s ratio of the support material.

It is assumed that these displacements are time-dependent at frequency w (excita-

tion frequency) and have the form u = @ ¢! and w = w e *“'. In order to simplify

Equations (4.2)) and (4.3]), new operators in terms of the cross-derivatives of @ and

w with respect to z and z are introduced:

ou oW
ow  ou
Q _— aix - &. (4.7)

Equations (4.2)) and (4.3]) can be rewritten in terms of these new operators as follows:

. 00 05}
—CL)QU == C%% — C%E, (48)
N 00 02
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The main advantage of using Equations (4.8)) and (4.9) compared to Equations (4.2))
and (4.3)) is that no second derivatives appear. The objective now is to solve the
coupled Equations (4.2) and (4.3)) in terms of © and 2. To do this, they are further

re-organised as:

0’0 9’0

(ax + a) N (410
9*Q  0%*Q

c% (8:102 + 62’2) + wQQ = 0. (4.11)

Equations (4.10) and (4.11)) are independent of each others and are easier to solve.

To remove the double dependency in x and z, a Fourier transform, from the real

domain to the wavenumber domain, is applied to this set of equations.

In the following equations, the subscript F' denotes the Fourier transform and £ is

the variable of this transform, 7.e. the Fourier transform is defined as:

o= e, (4.12)
f@) = [ ol e a (1.13)

Applying Fourier transforms to Equations (4.10)) and (4.11)) gives:

d2e w?

dz2F - <§2 - C%> Op =0, (4.14)
d2Q w2

dz2F - <§2 - C%> Qp = 0. (4.15)

These equations are linear second order differential equations in z and can be solved
easily. The solutions to Equations (4.14)) and (4.15)), which remain finite when z is

large, are:

Op = Ae V17, (4.16)
Qp = Be VT2, (4.17)

with VL = /€2 — ‘;—22 and VT = /&2 — f—; A and B are constants related to

L T
the amplitude of the elastic wave and are considered next by applying boundary
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conditions — related to the appropriate excitation stress sources.

4.2.3 Introducing the boundary conditions

The vibration of the support expressed in Equations (4.2) and (4.3)) is generated
by external stresses (shear stress 7 acting parallel to the z-axis and normal stress

o acting parallel to the z-axis) given by the stress-strain relationships for a thin

plate [54]:
ow  ou
_ 2
T_ch(asc i 82)’ (4.18)
o ou
2 2 2
0= Py + p(cL - QCT) o (4.19)

Using the operators © and € defined in Equations (4.6 and (4.7)) within these stress
expressions, Equations (4.18)) and (4.19) can be rewritten as:

WP 00, 0%

pc4TT 92 92 7 9202 (420)
w? 0%*Q 0%0 0%
p?O' = _263362 — T4 82’2 + (2T2 — 7"4)@. (421)
T

where r is the ratio of wave velocities: r = ¢ /cr.

The solutions for 2 and © derived earlier (Equations and ([4.17)) are in the
wavenumber domain. To make use of these solutions when considering the boundary
conditions, it is necessary to convert Equations and to the wavenumber
domain. Applying the Fourier transformation to Equations and gives:

2

w dQF d@F

—Tp = 2Qp — 2i¢r* —— 4.22
pC% TF dZ2 + g F lgr dZ Y ( )
w? . dQp d*0p
T%UF = —215 Az — T4 d22 — 62(27"2 — T4)@F. (423)

In order to derive the constants A and B in Equations (4.16) and (4.17)), boundary

conditions are applied. These boundary conditions correspond to the stress (shear
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and normal) sources on the edge of the thin plate (at z = 0), see Figure [4.1]
induced by the vibrations of the resonator. For ‘x‘ > b/2, there is no stress source
so 0 = 1 = 0. Over the source region ‘x‘ < b/2, where b is the width of the clamped
resonator, the boundary conditions all depend on the vibration source from the
resonator. In what follows, flexural vibration and longitudinal vibration sources are

considered in turn.

e Flexural vibration source

The shear stress is constant and the normal stress is linearly dependent of the x
value (due to the bending moment). However, as explained in [41] or shown in
Appendix [A] the contribution of the normal stress to the power radiated is small

and can be neglected. Hence the boundary conditions at z = 0 are:

b
T=7 for |z|]<< and 7=0 for |z]>

5 (4.24a)

5;
o=0 forallx. (4.24b)

7 is the constant shear stress at the anchor point induced by flexural vibrations of

the sensor.

In the wavenumber domain, Equations (4.24) give:

TR = 2;sin ({;) , (4.25a)
op = 0. (4.25b)

e Longitudinal vibration source

The shear stress is zero and the normal stress is constant over the source region.

Hence at z = 0:

7=0 forall z; (4.26a)

b b
oc=¢ for |z|< 3 and o=0 for |[z]> 3" (4.26Db)

0 is the constant normal stress at the anchor point induced by longitudinal vibra-

119



Chapter 4. Modelling the support loss for in-plane vibrations

tions of the sensor.

In the wavenumber domain, Equations (4.26) give:

TP =0, (4.27a)
op = 25 sin (fg) . (4.27b)

In the next subsection, Equations (4.25)) and (4.27)) are used to derive the constants

A and B expressed in Equations (4.16|) and (4.17)).

4.2.4 Solution procedure

A system of two equations and two unknowns can be obtained by substituting the
corresponding boundary condition or in Equations and ,
with the solution values of Qr and ©f (given in Equations and (4.17)), and
setting z = 0 (at the thin plate edge). These equations are solved to calculate
the constants A and B. These constants, which depend on the type of incident
vibration, are used in Equations (4.16]) and to give the required longitudinal
and flexural displacements in the support. For example, in the case of longitudinal
vibrations of the resonator, the longitudinal displacement in the support (and in

the wavenumber domain) can be expressed as:

~ 26VLsin (& 2 B B
e = pc%w((gf)((j%_?g)e e f) 429

where

N(§) = (“’22 - 2§2>2 — 4VLVT. (4.29)

T
Similar expressions are found for flexural displacement in the support and for flex-

ural incident vibrations.

The flexural and longitudinal displacements have been found in the wavenumber

domain for two types of incident vibration (normal or shear stresses). The inverse
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Fourier transform is applied to get the solutions in the real domain. Only the case
of longitudinal displacement induced by longitudinal vibrations of the resonator is
presented here. Similar reasoning can be done for the other cases and they can be

found in Appendix [A]

Applying the inverse Fourier transform to Equation (4.28]) gives:

A 4 Oo\/ESin(gg) w? —VLz —VTz | itz
w:w/_oosw(<c%‘252>e e T)eg R

For all of the different cases, the integrand will either be an odd or even function of
¢. This simplifies the integration greatly and the term in €'** becomes either cos(£x)
or sin(éx). In order to further simplify expression (4.30)), the following change of

variable is used:

_ &
v=5 (4.31)

Using Equation (4.31)) in Equation (4.30]) gives:

& — / V7% — 1sin (Ay) (TQ_QWQ) /A
TpCh *”YNO 7)

_w —r w
+27%e oL i 2) cos <73:) dv,
CL

(4.32)

b
where A = 2—w and

CL

No(y) = (272 — 7"2)2 — 472\/72 - 1\/72 —r2 (4.33)

The displacements at any point (z, z) in the support, induced by stresses at its free

edge, can be found using Equation (4.32)) (or similar).

121



Chapter 4. Modelling the support loss for in-plane vibrations

4.2.5 Derivation of the Q-factor

The ultimate aim of the analysis is to determine the Q-factor of a resonator using
the standard equation:
w

where W is the total energy stored by the resonator and AW is the energy loss per
cycle. The quantity W is independent of the support as it represents the strain (or
kinetic) energy of the resonator when the system is vibrating at a natural frequency.
When using the analytical support model to calculate the support losses, the total
energy stored will be derived in a independent study using the ray tracing method
applied to the resonator (see Chapter 2). In this chapter, we are interested in

modelling the energy loss (AW).

The amount of energy lost per cycle from the support can be calculated explicitly
as:

2
AW = gn, (4.35)

where II is the average power transmitted from the resonator to the support. This

average power is usually defined as:
1 s
II= 5 Re (Force - Velocity™) , (4.36)

where Re is the real part and * denotes the complex conjugate. The Force term
represents the internal forces that occur at the anchor point. These forces are found
by assuming that the resonator is clamped and by using the ray tracing method
on the resonator itself (see Chapter 2). The Velocity term represents the mean
velocity induced by the corresponding Force term over the source region (width
of the resonator). This mean velocity is defined as the derivative of the mean

displacement with respect to time.

From Equation (4.32) (or similar), the flexural or longitudinal displacement can be

derived at any point in the support. The mean displacement w,—q over the source
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region is calculated by setting z = 0 and integrating over the resonator width, 7.e.:

b/2
z=U0 — Az 437
Wa=0 = b/b/2w odz. ( )

Substituting Equation (4.32) into Equation (4.37) and considering the parity in x

of the integrand gives:

(4.38)

ek (v | Ay

bra/ \/vi—lsm(flv)] .

The imaginary part of the integrand, which will contribute to support loss (see
Appendix , is non zero only for 0 < v < r. For typical resonator dimensions and

bw

corresponding natural frequencies, the term A~y = 2—7 is relatively small compared
CL

to unity for this range of y-value. This allows Equation (4.38)) to be simplified to:

br26
T (4.39)
TPCT

where

o /oo N )
Y (22— — a1V

(4.40)

A similar expression can be found for the mean flexural displacement induced by
shear stresses:
Uy = —— 0, (4.41)

where

72_7.2

\I]u :/ 3 d
0 (297 —1?)" =4V — IVy? =2

(4.42)

Using Equations (4.35), ([£.36) and (4.39) (or (4.41)), the energy loss due to longi-

tudinal vibrations AW, is determined to be:

4(1+v)

A —
W= Eh(1 —v)

‘T‘ 0,); (4.43)

and the energy loss due to flexural vibrations AW, is:

4(1+v)

AW, = ——~
Eh(1 —v)

\S\ ), (4.44)
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where T is the normal force producing the normal stress 6 and S is the shear force
producing the shear stress 7. Assuming v = 0.28, Im(¥,,) and Im(¥,) can be

calculated numerically to be:

Im(¥,) =0.22153 and  Im(¥,) = 0.33503. (4.45)

The process to calculate the Q-factor of resonators can be summarised as follows:

e Assume that the resonator is clamped and use the ray tracing approach (see

Chapter 2) to calculate its natural frequencies and associated mode shapes.

e From the mode shape, calculate the total energy stored W and the forces T'
and S at the clamped end. For example, on a simple cantilever beam resonator

of length L, width b, height h and mass density p:

pbh L [ Ou 2 ow\’
_ poh % (Ou gw 4.4
V=" <8t o) = (4.46)
Eb*h 93w
T 0 40
7= on 2 . (4.48)

aZ Z=Zboundary

e Use Equations (4.43) and (4.44) to get the energy loss due to the forces 7" and

S, and then sum the losses arising from flexural and longitudinal vibrations.

e Use Equation (4.34)) to calculate the Q-factor.

4.3 Perfectly matched layer

4.3.1 Indroduction

Another approach to modelling the vibration of the resonator is to use finite element

methods. The infinite boundary is modelled by adding a non-physical “sponge
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layer” to dissipate waves before they reach the artificial boundary. Waves passing
through the sponge layer are damped on the way to the artificial boundary, and
are further damped when they are reflected back, so that most of the vibration and
energy entering the layer are absorbed. To be effective, the layer must be designed
so that there is no impedance mismatch to reflect waves back from the interface
between the layer and the rest of the domain. A Perfectly Matched Layer (PML) is
the refinement of a sponge layer. Bérenger [50] invented the perfectly matched layer
for problems in electromagnetic wave propagation, and it was later re-interpreted as
a complex-valued change of coordinates which could be applied to any linear wave
equation. Not only do these layers rapidly attenuate waves, they also “perfectly
match” the rest of the domain. As a consequence, there are no spurious reflections

at the interface due to perfect impedance matching.

Bindel [38] extended this approach and implemented it in a finite element code
called HIQLAB [91]. HIQLAB is an open-source finite element program capable
of studying damping in micro-resonators. Though the program is designed with
resonant MEMS in mind, the architecture is general, and can handle other types
of problems. HIQLAB has two user interfaces: one working with MATLAB and
another one standalone. The MATLAB interface offers access to the full range of
MATLAB’s numerical solvers and graphics routines. The main way to represent
devices in HIQLAB is to write a mesh input using the LUA programming language.
The program supports elements of different kinds: linear, quadratic, cubic and brick
elements for elastic problems and coupled thermoelastic problems in plane strain,
plane stress, axisymmetry or three dimensions. The code also supports particular
perfectly matched layer absorbing boundaries to mimic the effect of infinite domains.
Modal analysis of simple structures with anchor loss and thermoelastic damping are

implemented and allow energy losses to be calculated.

When a PML is used to model infinite boundaries in a finite element code, complex
stiffness and mass matrices are obtained. Complex eigenvalues w are obtained for

the system of equations and the Q-factor is calculated using [38]:
|w]

) (4.49)
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where w is the natural frequency and Im its imaginary part.

4.3.2 Definition of the PML for a one-dimensional case

The elements in a PML use complex stretching of the coordinate axes to intro-
duce artificial damping to the wave. This is illustrated in the following case for a
one-dimensional wave propagation. Consider a longitudinal wave propagating in a
homogeneous, semi-infinite rod with axial coordinate z. If the wave travels with
speed ¢, the one-dimensional wave equation that describes this system is [54]:

w1 0%w

o o Y (4.50)

where w(z,t) is the displacement. Assuming a solution of the form w(z,t) =

A

W(2) e“*, the following equation is obtained:

e
d—;ﬁ + R =0, (4.51)

where k = w/c is the wavenumber. This equation has a solution of the form:

W(2) = our €% 4 azp, €, (4.52)

where a,,; is the magnitude of the outgoing wave travelling from the origin towards
infinity, and a;, is the magnitude of the incoming wave travelling from infinity

towards the origin.

In the PML region, the coordinate axes are stretched and the new coordinate Z,

5= / ") ds, (4.53)
0
is used.

By definition, z and Z are differentially related:

dz d 1 d
d—i = \(2) and = —. (4.54)
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Now suppose that the stretched coordinate Z is used as the independent variable in

Equation (4.51]), then Equation (4.51)) becomes

d%w 9 A
N + k0 =0, (4.55)
or in terms of z:
1d /1dw 2~

If X\ is defined as A = 1 —io(s)/k, where the choice of the PML function o(s) is

discussed later, the new coordinate becomes:
Z=z—— [ o(s)ds. (4.57)
The solution to Equation (4.55)) is therefore:

W = Goyt e_ik(z_i Jg o(s)ds) + ain eik<z_% Jo o(® ds),

D = Aoyt € fOZ o(s)ds e—ikz + a;, efoz o(s)ds 6ikz' (458)

Consider the case when o is defined to be zero on [0, L] and o(s) = (s — L) on
(L, L], with L, the length of the PML domain. o corresponds here to a linear
attenuation function with end magnitude (L, — L); see Figure 4.2l Then for
z > L, the outgoing wave amplitude is @,y e—Pl—L)?/2 (that decreases when z
increases), and the incoming wave amplitude is a;, e?¢~9?/2 (that decreases when
z decreases). When o is chosen such that it is zero at the boundary with the finite
medium, the solution is the same for both media and hence the wave enters the
PML without any reflection at the boundary. When o > 0, the wave decays in
the direction of travel. Since the outgoing wave and the incoming wave travel in
opposite directions, the outgoing wave amplitude decays with increasing z, while

the incoming wave amplitude decays with decreasing z.

Because waves decay so rapidly as they travel through the PML region, a good
approximation to the infinite domain is obtained even if the condition @(L,) = 0 is

forced for a finite length L, > L. For example, with a general absorbing function
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o(s) such that o(s) = 0on [0, L] and o(s) > 0 on [L, L,], suppose the displacement
to satisfy @(0) = 1 and @(L,) = 0. Then the boundary conditions become:

(0 1 1 Qou 1
O _ . | | = (4.59)
UA}(LP) 6—(77+11<:Lp) entHikLy i 0
with
Lp
n :/ o(s)ds. (4.60)
L

In the particular case of the linear function shown in Figure , n=p0(L,— L)? /2.
Solving Equation (4.59)), the amplitudes become

1 q — e~ 2(n+ikLy)
a = - an a;
out 1 — @_2(77+1kLp) in

(4.61)

T 1 — e—2ntikLy)

To mimic the infinite domain boundary condition, one desires a;, = 0, such that

there is no incoming wave. The ratio

o Qin
Tend = a
out

=e 2 (4.62)

is a measure of the quality of the boundary condition. This quantity r.,q called
the end termination coefficient [30] is the reflection that arises from a finite end

termination of the PML and should be as small as possible.

From Equation , it can be seen that the end reflection coeflicient is a function
of the end parameter (3, the wavenumber k£ and the length (L, — L) of the PML
region. Even for small end coefficient (3, the bounded-domain is a good approxima-
tion to the infinite domain solution. Increasing (5 decreases the reflection coefficient
in the continuous case. However, in the discrete equation used in the finite element
method, 8 must be chosen carefully. If § is too large, the wave entering the PML
will decay rapidly, effectively creating a boundary layer, but if the discretisation is
too coarse to resolve this decay, the numerical solution will be polluted by spurious
reflections. This illustrates the complexity of finding the proper choice of PML

parameters.
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4.3.3 Difficulties with the convergence

To apply the method of PML for numerical approximation of the infinite boundary
conditions, one must select parameters for the PML such as its length and absorbing
function o. Unless these parameters are selected properly, the performance of the
PML can degrade, and the desired accuracy cannot be obtained. The main difficulty
in the proper selection of PML parameters arises from the numerical discretisation
of the problem. When one applies the PML method to a continuous problem defined
on a finitely truncated domain, the selection of PML parameters is not too difficult,
since one only has to treat the wave reflections arising from the finite termination
of the PML. This is the case presented in Section . From Equation (4.62), it
can be seen that a large n value would reduce at zero the end reflection. This n
value is directly proportional to the parameter 3 that is set when defining the PML.
However, when the PML is discretised, additional wave reflection can occur at the
PML interface, leading to less accurate results. The accuracy of the method will

also depend of the PML discretisation refinement.

The main objective of the PML is to minimise the incoming waves on the infinite
boundary. It should theoretically completely absorb these waves and no reflection
should occur. Due to the particular discretisation of the problem, some energy is
reflected back. A precise analysis of the reflection was presented by Bindel [3§]
and Koyama [30], where the total reflection due to the PML is separated into:
the end termination reflection, introduced by a finite termination of the PML; the
interface reflection, introduced by the discretised PML at the PML interface; and

the computed reflection, due to round-off errors in computing calculations.

Figure presents the different domains and the mesh used when a simple beam
resonator is studied. The absorbing function ¢ in the PML region is shown with

gradually changed colour. The outside boundary of the PML region is clamped.

The different parameters that will have an effect on the Q)-factor and can be modified

are:

e Geometrical parameters:
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— the dimension of the PML region: Lpy/;, and hpyg, see Figure |4.3;

— the dimension of the “finite” support region meshed with usual finite

elements: (Lsypport — Lparz) and (Rsupport — 2hparr), see Figure ;
e Meshing parameters:

— the number of elements in the PML region;

— the interpolation order of the elements in the PML (linear, quadratic,

cubic);
e PML function properties:

— the end value parameter ( of the PML absorbing function o;

— the polynomial order of the PML absorbing function o.

The works in [38] and [30] enable one to select PML parameters in a rational
way. These results were used to start simulations in a sensible range of potentially
good parameters. Several simulations that use different parameters values presented
above are performed to check the convergence. The difficulty associated with finding
the converged result makes the process quite time-consuming to obtain a single
“correct” @-value. All the results presented in Section are obtained after the

convergence study has been completed.

It is shown here that the PML method is time-consuming and the obtained results
are not “exact” Q-values. Too many hypotheses and parameters have to be taken
into account when calculating the ). To complete the validation of the support
model, another finite element method that uses infinite elements has been investi-

gated, and is discussed next.
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4.4 Infinite elements

4.4.1 Introduction

Infinite boundaries can be modelled using the finite element method using specific
“infinite elements”. First- and second-order infinite elements based on the work
of Zienkiewicz et al. [92] for static response and of Lysmer and Kuhlemeyer [93]
for dynamic response are implemented in ABAQUS™ to model infinite boundaries.
These infinite elements are defined over semi-infinite domains with particular decay
functions that eliminate artificial wave reflections from the truncated domain of
the model. These elements are used in conjunction with standard finite elements,
which model the area around the resonator, with the infinite elements modelling
the far-field region. Since they are semi-infinite, propagating energy is lost in these

particular elements.

In this method, a steady state response is computed over a range of frequencies
near the resonance. The ()-factor is then calculated from the resulting amplitude-

frequency curve and defined as:

_ wo
Q_Aw’

(4.63)
where wy is the natural frequency of interest and Aw is the half-power bandwidth at
—3dB of the maximum amplitude, see Section in Chapter 1. Aw can also be
interpreted as the frequency width at the points where half the maximum energy

is stored in the resonator. This is the common method used in experiments to

calculate Q)-factors.

4.4.2 Infinite element characteristics

The infinite elements provide a theoretically non reflective boundary to the model
by using special shape functions. Regular shape functions are used to model the
displacement variables u while growing shape functions are used for position vari-

ables r [04].
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A one-dimensional case is illustrated in Figure 4.4, The infinite element contains
three nodes. The first node (node 1) is at the interface between the finite and
infinite domains. Its nodal parameter is s = —1, and it is at a distance r, = a
from the “pole” that represents the source of propagating waves. The second node
(node 2) is at a distance 7 = 2a from the pole and has a nodal parameter s = 0.
The third node has a nodal parameter s = 1 and its position approaches infinity.

The shape function is chosen such that:

—2s 1+ s
r= r To. 4.64
1—-s' 1-5° ( )
This particular function gives
r=r at s=—1,
=Ty at s =0,
r — 00 as s — 1.

Hence the position coordinate approaches infinity at the outer edge of the infinite

element.

The behaviour of infinite elements is based on modelling the displacement u with
respect to the spatial distance r measured from the pole, such that v — 0 when
r — 00, and u — oo when r — 0. With standard quadratic interpolation of u
with respect to s, written in terms of its values u; at node 1 and us at node 2, the

displacement is expressed as:
1 2
u= 53(3 — Duy + (1 — s%)us. (4.65)

This particular displacement gives the required:

U= Uy at s=—1,
U = Us at s =0,
u—0 as s—1 (when r— 00).

Hence the displacement of the propagating wave decreases to zero as it approaches
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the outer edge of the infinite element.

These elements are provided in ABAQUS™ for two-dimensional, three-dimensional
and axisymmetric analyses. They are shown to work well for static and dynamic
analyses. In any case, it is assumed that the response adjacent to the boundary of
the infinite elements is of sufficiently small amplitude that the medium responds in
a linear elastic manner. The infinite elements have to be placed sufficiently “far”
from the pole. They also have to be arranged so that the dominant direction of

wave propagation is orthogonal to the boundary.

4.4.3 Convergence analysis

A simple cantilever beam vibrating in-plane has been studied. Figure [4.5 shows
the particular mesh applied in ABAQUS™. The beam is meshed using classical
two-dimensional quadratic plane stress elements. The support is divided in two
different sections: a bounded domain meshed with standard finite elements, and an

infinite domain meshed using the infinite elements described in Section [4.4.2]

The infinite elements have to be numbered in a particular order in the ABAQUS™
input file. These elements can not be defined using the user interface and it makes
the process time-consuming if ones wants to modify the mesh refinement or ge-
ometrical parameters. If one decides to mesh the model automatically using the
ABAQUS™ user interface, then the input file has to be edited and the infinite el-
ements node numbering changed before being inputted back into ABAQUS™. Tt
is much simpler to directly create the mesh using a MATLAB program that defines
node coordinates and node numbering in the different elements, using appropriate

numbering for the particular infinite elements.

The drawback of creating a mesh manually is that it is very difficult to obtain the
node coordinates of a perfectly “circular” mesh that performs better when using
infinite elements. Instead, a more “rectangular” mesh is used here, see Figure [4.5
The beam width is meshed using four elements, and the element size in the support

gradually increases to fill the entire bounded domain. The outer ends of the infinite
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elements are placed at an approximate distance 2R from the pole (origin of the
propagating waves — that is the beam attachment point). In order to better satisfy
the fact that the propagating waves should impinge normally to the infinite ele-
ments boundary, the external edge of the support has been forced to be not totally
rectangular. A polynomial interpolation is applied when defining the coordinate of
the external nodes. This allows the infinite elements to have boundaries that are
closer to those of a perfect circle. A perfect circle could not have been used as all
the infinite elements would have shown too large distortion in size and angle. This
particular polynomial approximation provides the best compromise between a circle
with normally impinging waves and a model that do not contain significant mesh

distortion.

The support is supposed to be infinite and a variation in the bounded domain length
R (see Figure should theoretically not influence the results for the natural
frequency and )-factor of the resonator. However, it has been found that the
calculated Q-factor is actually dependent of R. It is expected that this dependency
is also a function of the transverse wavelength A\ of the propagating shear waves in

the support. A is defined as:

E

N -
w\ 2p(l1+v)

(4.66)

where w is the frequency in rad/s, E the Young’s modulus, p the mass density and

v the Poisson ratio.

For different values of R, a steady state analysis is performed in the vicinity of
the expected first natural frequency. The Q-factor is then calculated using the
amplitude-frequency response curve and the half-power bandwidth method pre-

sented in Section K.4.1].

Figure4.6/shows the calculated Q)-factor for different mesh refinements and different
values of R. With a very coarse mesh, the Q-value quickly diverges as R becomes
large. This is probably due to the difference in size between the bounded domain and
the resonator itself. It is important to notice that, for example, when R/A = 10,

the bounded domain is approximately 3000 times bigger than the beam width.
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It is understandable that a coarse mesh struggles to correctly model the energy
propagation and dissipation arising from a relatively small resonator. With a fine
mesh, the Q-value first shows a maximum around R/A & 1.75, then seems to
stabilise between 3 < R/ < 5, and finally oscillates for R/\ > 6. This simple
convergence test shows the complexity of calculating (). @ is found to be highly
dependent on the mesh density and on the support dimensions. However this study
shows that a range of approximate ()-values can still be obtained using the infinite
elements in ABAQUS™. It seems sensible to use as a maximum ()-value, the value
obtained when R/A ~ 1.75 and as an appropriate minimum @-value, the value
obtained when R/\ ~ 4. These two particular values of R/\ have been used in a

parametric study presented Section [4.5.1]

4.5 Results for some simple test cases

Due to the complexity of creating meshes in the HIQLAB program and directly from
MATLAB for the use of infinite elements, the difficulty to obtain a rapid converged
result, and the computing cost of simulation with finite elements methods, the
methods presented in Sections and have not been applied to the entire ring-
based resonator. However, they have been applied to simple test cases in order to

validate the analytical model presented in Section [4.2]

4.5.1 Cantilever beam

A simple cantilever beam (Figures and |4.5) vibrating in its fundamental mode
was studied first. For a fixed beam width, the calculated @Q-factor is plotted as
a function of the length/width ratio of the beam in Figure [£.7. This graph com-
pares the results obtained using the PML method in HIQLAB, infinite elements in

ABAQUS™, and the analytical model.

When applying the infinite element method, the entire mesh and its node coordi-

nates are created using MATLAB, for each beam length. At this point, an arbitrary
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value of R is used. Then, a simple frequency analysis with ABAQUS™ is performed
to get the first natural frequency of the system. With this frequency, appropriate
R values are calculated such that R/\ ~ 1.75 or R/ ~ 4. Using these R values,
the MATLAB program is re-run and a new model created. A steady state analysis
is then performed in ABAQUS™ for both models (R/\ ~ 1.75 and R/\ ~ 4). This
provides a sensible range of calculated (Q-factors. The results obtained from these

simulations are shown in Figure [4.7]

All of the curves show the same trend. It can be shown that the results display
a cubic character (explained by Hao et al. in [42]) when the beam is made longer
and/or thinner. Even though the infinite element method gives a “range” of poten-
tially correct (Q-values, it is shown that they are all in agreement. The calculated
natural frequency is also presented for the analytical and PML methods in Fig-
ure [£.8] When the beam is long and thin (high length/width ratio), both methods
agree perfectly for the natural frequency. This can be explained by the fact that the
ray tracing method is based on thin beam theory meaning it will always be a better
model for thin beams. Also, when the beam is longer, the effects that occur at the
boundary beam /support become negligible compared to the beam overall vibration
and a rigid-attachment is a good boundary approximation. For short beams, it is
difficult to understand exactly the coupling at the beam /support boundary and the

presence of high stress also degrades the finite element approximation.

In conclusion, the three methods show good agreement for @)-factor and natural
frequency for a simple cantilever beam resonator. Bearing in mind that the objective
is to use the analytical model to calculate the @) of the entire ring-based rate sensor,
it is important to notice that the leg attached to the support will undergo flexural
and longitudinal vibrations simultaneously when the ring is vibrating in its 260 mode.
This coupling between flexural and longitudinal vibrations provides a complication
as the analytical model of the support uses two different expressions for shear and
normal stress sources. In order to validate the model when flexural and longitudinal
vibrations occur simultaneously, another test case has been studied. Again, due to
the complexity of meshing and computing cost for the finite element methods, a

simple model is evaluated that demonstrates coupled shear/normal stresses at its
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boundary. This is considered in the next section.

4.5.2 Two-beam system

The two-beam system considered is shown in Figure [£.9] It consists of two beams
at right angles to each other. Beam ‘1’ is attached to the infinite support; beam ‘2’

is free. The @Q-factor corresponding to the first mode of vibration is studied.

For a fixed beams width, the length L, of beam ‘2’ is changed. The ray tracing
method is used to calculate the natural frequency of the first mode, its corresponding
mode shape and shear/normal force ratio at the clamped boundary. This calculated
ratio is plotted as a function of the length/width ratio of free beam ‘2" in Figure[4.10]
This graph shows that when beam ‘2" is short (small length/width ratio), the shear
forces are predominant at the clamped boundary. This phenomenon can easily be
explained by the fact that when beam ‘2’ is almost negligible (really short compared
to the length L; of the attached beam ‘1), the first mode of vibration of the system is
similar to the fundamental mode of a cantilever beam that induces flexural vibration
and shear stresses only, see Figure . In other words, at the shortest limit
of Lo, the system behaves like a simple cantilever beam of length L; and only
shear stresses are present in the first vibrational mode. On the other hand, when
beam ‘2’ is very long (high length/width ratio), the vibrations of the system are
mainly due to beam ‘2’ vibrating in flexure, see Figure As beam ‘2’ has
most influence on the overall vibration, it will induce beam ‘1’ to have longitudinal
motion. Consequently, normal forces due to the longitudinal vibration of beam ‘1’
become predominant at the attached end and the shear/normal force ratio tends to

Zero.

For the modes of interest for the entire gyroscope, it will be shown (in Chapter 5)
that the shear/normal force ratio that occurs at the clamped boundary is approxi-

mately 1.5.

The lowest natural frequency calculated with the analytical model and the PML
method in HIQLAB is presented in Figure 4.12] As in the previous case, when the
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length /width ratio is high (thin beam), the ray tracing and PML method agree very
well for the calculated natural frequency. This is mainly due to the same reason
explained before: the ray tracing method is based on thin beam theory and only

models the centreline of the beams.

The associated Q)-factor calculated is presented in Figure [4.13. For the infinite
element method, the maximum @Q-value, obtained when R/\ ~ 1.75, has been
used. Again, all the curves show a similar trend. However, it appears in this
case, which is not true for the simple cantilever beam study, that the relative @)
difference increases when the length /width ratio of beam ‘2’ is higher. In the high
length /width range, normal forces are predominant at the attachment point. Thus,
a possible explanation is that the analytical model does not properly quantify the
loss occurring when normal stresses are predominant. An alternative explanation
could be that the ray tracing method struggles to correctly model the beam joint
when it is under high stresses. The thin beam theory used in the ray tracing does
not consider high stress concentrations at the corner of the beam joint, as only
its centreline is modelled. The complexity of a real joint could be not properly

modelled with the thin beam theory.

However, a simple study has ruled out this hypothesis. The same system has
been modelled in ABAQUS™ using quadratic elements, similar to the ones used
in HIQLAB. A modal analysis in ABAQUS™ gives the modal strain energy of the
entire system and forces at the clamped boundary for the first mode of vibration.
These clamped forces and strain energy are inputted into the analytical model
of the support presented in Section 4.2 and the Q-factor is calculated. These
results are illustrated in Figure [4.13| This study represents a combination between
the analytical model of the support and a finite element analysis of the vibrating
structure. The excellent agreement achieved indicates that the ray tracing method
correctly models the vibrations, and that the difference between analytical and PML

methods is only due to the support model.

In conclusion, Figure indicates that the three different support models give the

same range of @-values and same trend when the length/width (or shear/normal
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forces at the boundary) ratio is changed.

4.6 Conclusion

The objective of this chapter was to find an appropriate model for the analysis of
support loss. It was intended that this model should produce accurate results in
a fast and effective way such that resonator parameters can be modified without

major difficulties in the support modelling.

One of the main analyses performed during the research project was to develop
a ray tracing method that models vibrations of complex-shaped resonators (see
Chapter 2). The support model should thus easily be adapted and coupled with this
ray tracing method in order to calculate support losses. As the ray tracing method
was implemented and programmed into MATLAB, a support model that fits easily
into MATLAB was developed. This corresponds to the “analytical support model”
presented in this chapter. The ultimate aim of this chapter was thus to validate this
analytical model by using other possible methods. The other investigated methods
that approximate infinite domains were the PML method and the use of infinite

elements in ABAQUs™.

It has been found that the three different methods (namely the analytical model,
the PML method and the use of infinite elements) give @-values in the same range
of magnitude and exhibit similar trends when a parameter is varied. This has been
shown for simple (Section and for more complex (Section resonator

vibrations.

However, the results obtained for the Q-factor, Figures [4.7] and [£.13], show that the
analytical model tends to overestimate @, or underestimate the quantity of energy
lost; even though the support is considered as semi-infinite. The most plausible
reason for this is in the way the resonator itself is modelled. The presence of a
clamped boundary in the ray tracing method ensures that the vibrational energy

stays within the resonator and is maximised. In contrast, the PML and the infinite
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element methods model the resonator and its attachment. The support is therefore
taken into account properly when analysing the resonator vibration. The energy
that stays within the resonator and is stored is expected to be smaller. The main
reason why the Q-factor is overestimated with the analytical method is therefore
thought to be because the quantity of stored energy is over-evaluated. It is also very
difficult to predict and model the real effect of the attachment on the resonator.
Even a finite element analysis makes an important approximation in this region of

high stress concentration.

It is useful to notice that finding an “exact” )-value is not really important, but
parameter trends are much more interesting. Indeed, the Q)-factor is so sensitive to
many factors that exact values are difficult to find. The main factors that can affect
Q for support loss include: the vibration of the resonator itself, the attachment on
the support, and the way the energy is supposed to leave the support. The Q-factor
for typical MEMS resonator is very high, and the values obtained from experimental
studies are even more approximated. External factors can affect significantly the
obtained Q-factor as the quantity of energy lost through the support is very small
and difficult to measure. As result, an exact value is not so relevant. On the other
hand, a trend that shows the influence of some parameters on the Q-factor can
be used to design more efficient resonators. It would be interesting to prove that

changing a particular parameter can greatly affect the -factor.

From the different analyses performed in this chapter, it has been concluded that the
three models all exhibit similar trends. The analytical model can thus be validated.
Furthermore, it is interesting to note with this model that it is quicker to run; there
are no convergence issues on its results; and, it is easy to modify some parameters
in the resonator design, as the resonator and support are modelled independently.
This will be the model used to calculate Q-factors of the ring-based rate sensor (see

Chapter 5).
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Figure 4.1: Support modelled as a semi-infinite thin plate. Excitation sources:
Shear stress, [(b)| Normal stress.
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dimensional wave.
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Figure 4.11: Two-beam case. Lowest frequency mode shape for the shortest l@]
and longest [@I beam ‘2’ studied.
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Chapter 5

Influence of leg design on the

QQ-factor

5.1 Introduction

Chapter 4 presented different methods for calculating the support losses in a re-
sonator. Simple systems were investigated as it was found to be impractical to study
complex-shaped resonators and their support using finite element methods. It was
shown that the proposed analytical model provided a fast and efficient method to
calculate support losses. Better understanding of support losses in a MEMS ring-
based rate sensor is the principal aim of the thesis. Calculations of these support

losses for different designs are presented in this chapter.

The main component of the ring-based resonator is a vibrating ring. It is supported
on eight identical, uniformly spaced legs, see Figure [5.1] Devices like these are
based on the vibration of axi-symmetric structures and are more complex than the
simpler cantilever beam resonators considered previously. Their symmetric form
makes them relatively immune to external vibrations. Indeed, knowing that the
lowest order mode of the ring-based rate sensor, which is a translational whole
ring motion with respect to the support (illustrated in Figure in Chapter 3),

occurs at a frequency superior to 5 kHz, the resonator is insensitive to environmental
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vibration inputs normally experienced in aerospace and automotive applications,
which usually only contain components up to about 2kHz. Another advantage of a
ring resonator is that it is possible to make use of the nodal structure of the vibration
pattern to support the ring in such a way that it does not interact strongly with the
support on which it is mounted. These are the main reasons why the resonator was
designed with cyclic symmetry properties. The legs are designed to be as flexible as
possible within the available space between the ring and its support. Engineering
intuition suggests that legs composed of longer sections and smaller angles between
them will be more flexible. Section [5.2 presents the calculation of support losses for
the resonator with its original design and dimensions, whereas a numerical study

on the leg design is presented in Section |5.3]

Another possible solution to reduce the energy lost through the support is the
addition of blocking masses. Cremer et al. [55] gave the theoretical description of
a single blocking mass for bending waves. Weisbord [95] suggested the addition
of a blocking mass in a beam resonator, which compensates the moment and the
force at the clamping end in a flexural mode. In a recent work, Haueis et al. [96]
extended Weisbord’s idea and described the behaviour of a beam clamped between
two blocking masses. The full dynamic interaction with the clamped end was taken
into consideration. Their model of a resonant beam with blocking masses was
developed analytically and solved numerically using the finite element method. It
was shown that the two masses reduce the vibration transmitted to the boundaries
for a specific mode. In Section [5.4] blocking masses are added to a ring-based
resonator. The objective is to investigate their influence on the clamping forces
and the associated @Q-factor variations. It is important to notice that in [96], the Q-
factors are not actually calculated. The effect of the blocking masses is analysed only
in terms of the clamping forces and transmission coefficients through the masses.
The addition of masses also changes the energy stored in the system and this can
influence the Q-factors. As a more complete study, forces, energy distributions and

Q-factor variations are considered in Section |5.4

For the ring-based resonator, the fundamental modes of interest are the 260 modes,

occurring at an angle of 45° to each other. If the resonator is perfectly cyclically
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symmetric, both modes have identical frequencies. This is impossible to achieve
in practice because dimensional variations and material non-uniformity may be
present, and frequency splitting occurs. For improved sensor performance, it is
necessary to minimise the split. The crystal symmetry of silicon helps here as this
particular material does not contribute to frequency splitting. The greatest issue
whilst manufacturing a product with almost no imperfections is from manufacturing

tolerances, but these are minimised by the micro-machining technology used [1].

Any additional trimming requirement is satisfied by using a laser ablation to remove
mass from the ring at a particular location. The subtraction from the resonator
of a small mass alters both the position of the nodal points in the ring vibration
and the natural frequencies. By changing the location at which the mass is re-
moved, it is possible to adjust the position of the vibration pattern relative to the
excitation force and pick-off positions so that one or other of the modes can be
excited independently. It is often necessary to reduce the frequency split to the
order of 0.01% to maintain strong resonant coupling between a pair of given modes.
By introducing the concept of the “equivalent imperfection mass”, Fox [88] showed
that it is possible to consider the inverse trimming problem. His work consisted
in determining the size and location of the single mass that needs to be added (or
removed) from an initially imperfect ring to make the frequencies of a particular
pair of modes the same. This work was later extended by Rourke et al. [89] who
considered the problem of simultaneously trimming a number of pairs of modes of
an imperfect ring. The influence of different types of random mass imperfection
on the statistical distribution of the natural frequency splits was also investigated

in [10].

Section analyses support losses for imperfect ring-based resonators. Some pa-
rameters in the design of a single leg are varied so that the cyclic symmetry prop-

erties are lost. Splits in natural frequencies and associated )-factors are presented.
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5.2 Original study

5.2.1 Main steps for calculating @

The method used throughout this chapter to calculate () refers to the “analytical

model” presented in Chapter 4. The main steps are summarised below.

e The vibrations of the system are analysed using the ray tracing method pre-
sented in Chapter 2. It is assumed that the resonator is clamped at the leg
ends, and the modelling takes into account the cyclic symmetry properties of
the structure (see Figure and Chapter 3). As a consequence, only one leg
(three beam portions) and one ring/beam joint transmission are modelled. To
obtain the natural frequencies of the resonator, five different analyses (cyclic
mode number k = 0, 1, 2, 3, 4, see Chapter 3) are performed. For each &, the

following fundamental equation:
II-TD| =0, (5.1)

derived from the ray tracing method (see Section in Chapter 2), is solved

to calculate the natural frequencies of the resonator.

e The mode shapes of the principal sector are calculated using the ray tracing
method with cyclic symmetry simplification. As explained in Chapter 3, the
mode shapes for all sectors can be obtained from the principal sector. The
mode shapes of the complete resonator are then constructed. The calculated
mode shapes are used to calculate the total energy stored W and the ten-
sile forces T" and shear forces S at the clamped ends of the resonator. These
quantities are then used to calculate the Q)-factor, see Chapter 4. To calculate
the mode shape, MATLAB actually solves an eigenvector problem and scales
the calculated eigenvectors by default such that their norm is equal to ‘1’ In
order to objectively compare results obtained for different leg configurations

(see Section [5.3)), it is important to find a logical way to scale the mode shape
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so that all analyses use the same process. To have a better graphic visualisa-
tion, it was chosen that the maximum flexural displacement in the ring should
be set equal to 0.2 mm, that corresponds to approximately a 1/10%" of the ring
radius. It is important to note that the values in the eigenvector solution are
“wave amplitudes” and not displacements. From the default MATLAB solu-
tion, the actual displacements (longitudinal and flexural) at any point in the
resonator are first calculated. The value of maximum displacement is used.
By dividing the solution vector by this value and re-constructing the actual
displacements, the maximum displacement now becomes equal to 1 m. Then
this mode shape is divided by 5000 (1/5000 = 0.2-1073m) and one can get the
maximum displacement equal to 0.2mm. The same scaling procedure is un-
dergone for each mode shape presented later in this chapter so that objective

results can be compared.

e The energy lost per cycle of vibration AW is defined as the sum of AW, and
AW, the energy losses from induced normal and shear stresses respectively at
the clamped ends, see Chapter 4. From the axial and shear forces T and S at
the clamped ends, the energy loss quantities AW, and AW, due respectively
to longitudinal vibration (normal stress) and flexural vibration (shear stress)
are derived (see Chapter 4 for a full explanation) for each particular mode.
Some useful parameters are recorded during the solution analysis such as the
clamped forces and the energy in each portion of the resonator in order to

have a better understanding of eventual ()-variations.

e The Q-factor arising from support losses is calculated using:

W
=2r——. 5.2
Q=21 (52)
In order to have a maximum confidence in the MATLAB program, a few tests are
run once the mode shape and energies are calculated. One example is that at a

natural frequency, the total kinetic energy must be equal to the total strain energy.

The symmetry properties of the transmission coefficients are also controlled.
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5.2.2 Results from the original analysis

The actual dimensions of the ring-based rate sensor are presented in Table [5.1] the
notation used is defined in Figure |5.2l The mode shape of the lowest modes for
k= 0,1, 2, 3, 4 are illustrated in Chapter 3, Figure [3.91 The natural frequencies
and associated Q)-factor of the ten lowest modes are calculated using the method

summarised above and are given in Table [5.2]

It can be seen that the Q-factor of the lowest 20 mode (lowest mode with x = 2) is
significantly (5-10 times) higher than the other modes. For convenient comparison
with results that will be presented in later sections, the deformations of the resonator
for the 260 mode are shown in Figure 5.3l The Q-factor is a measure of the energy
efficiency of the resonator for particular modes. Amongst the modes considered
in Table [5.2], it appears that the 20 mode is relatively more efficient with respect
to support loss; more of the energy stays within the resonator and less propagates

away to the support.

To better understand this phenomenon, it is interesting to look at the strain energy
contained in the different portions of the resonator for different modes. For example,
in the kK = 2 mode, approximately 25% of the strain energy is contained in the legs
(and 75% in the ring); whereas for the lowest £ = 1 mode, approximately 98% of
the strain energy is contained in the legs, and for the lowest x = 0 mode 99% of
the energy is in the legs. It might be argued that modes for which the legs contain
more of the energy will lose more energy through support loss because the legs are
attached directly to the support. The main reason for these different energy ratio
characteristics is whereas the x = 2 mode is mainly a “ring mode” where the ring is
the dominant deformation; the x = 0 and kK = 1 modes are respectively a rotation
of the ring about its centre and a rigid body translation of the ring, see Figure 3.9
The deformation of the ring is relatively small in these two latter mode shapes and
consequently the @Q-factor due to support loss is relatively small. Although this
ratio of strain energy in the legs over strain energy in the ring can explain the Q-
factor differences, it is also important to consider the quantity of energy loss, which

is a function of the stresses at the clamped end.
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The Q-factors for the 260 and 30 modes calculated with the developed models are
approximately 1.5-10% and 8.1-10%, respectively, see Table . These results can be
compared with Wong’s experiments and predictions [2] for thermoelastic damping in
similar resonators, see Table In his work, he measured experimentally Q)-factors
of approximately 9.5-10% and 1.2-10*, and predicted Q-factors due to thermoelastic
damping of 1.2 - 10* and 1.8 - 10%, for the 20 and 36 modes, respectively. The
measured overall Q)-factor considers all damping mechanisms and is defined as in
Equation . It is interesting to notice that the energy lost predicted (inverse of
the @Q-factor) for support loss is smaller than the difference between the energy lost
by thermoelastic damping predicted by Wong and the total energy lost measured.
There is therefore no inconsistency between the support loss predictions and Wong’s
predictions and measurements, which gives confidence in the models developed and

used here.

In applications, the excited and sensed modes are usually the 20 mode and its or-
thogonal companion. For clarity, only results relating to the 260 mode are presented

in the following sections as it is of primary interest.

5.3 Influence of leg dimension

In order to see the influence of different leg dimensions on the Q)-factor, various
parameters are varied with respect to the supporting legs. In this section, the leg
dimensions are modified for all the legs so that the cyclic symmetry is maintained.
The resonator is composed of eight identical sectors, each of which contains a leg
(three beam portions) and a 45° ring portion. Using the cyclic symmetry simplifi-

cation, only one sector is modelled in the ray tracing method.

5.3.1 Change of the leg geometry

In this section, the geometry of the leg is modified. The leg width is maintained at

the original width but the beam lengths and angles between the beams that compose
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the leg are changed. The beams are numbered as follows: beam ‘1’ (length L) is
attached to the ring, beam ‘2’ (length Ls) connects beams ‘1” and ‘3’, and beam
‘3" (length Lj) is clamped to the support. The angles between the beams are «
between beams ‘1’ and ‘2’, and ¢ between beams ‘2’ and ‘3’ The notation used is

summarised in Figure 5.2l The original dimensions used in the previous analysis

(Section [p.2.2)) are shown in Table [5.1]

There are five variable parameters that define the leg geometry: Ly, Lo, L3, o and

¢. The geometry is constrained in the following way:

e Beam ‘1’ and beam ‘3’ are oriented radially (i.e. their centrelines pass through

the centre of the ring).

e The total angle subtended by the leg, angle between beam ‘1" and beam ‘3’ is
equal to 40°. This ensures that the ring contains eight legs with a 5° angular

separation between each.

e The point of attachment to the support is a fixed point. This means that the
distance between the clamped end and the centre of the ring is constant. The
reason for this is that the modifications on the legs designs are not intended to
change the dimension of the silicon wafer on which the resonators are etched

nor their position on the wafer.

These above constraints couple the five variable parameters together. It was decided
to vary the lengths L; and L3 of beams ‘1" and ‘3. When one of these lengths varies,
the other parameters (e.g. angles between them), vary accordingly. Appendix
shows how the geometric parameters have been derived from the known original

dimensions. The coupling between the parameters due to the imposed constraints

is also described in Appendix [B]

In the models presented later, L; and L3 are varied between four extreme cases,
shown in Figure [5.4 For each of these extremes, and for a few values between

them, the other geometric parameters needed for the ray tracing application are
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calculated, see Appendix [B], and the natural frequency and Q-factor are calculated

following the procedure explained in Section [5.2.1

Results for the natural frequencies for different values of L; are presented in Fig-
ure 5.5l They are shown as a function of L3. The associated Q-factors are presented
in Figure 5.6 Note that on these figures, the five coloured rectangles represent the
four extreme cases (whose geometries are illustrated in Figure and the origi-
nal case (see Figure |5.2)). The colour of each rectangle corresponds to the design

illustrated with the same colour.

From Figure [5.6, it can be seen that leg designs with a longer beam ‘1’ generally
have a larger )-factor resulting in improved performance. If at the same time, beam
‘37 is shortened, then the largest ()-factor is obtained. From this particular design
(blue rectangle in Figures and , and blue design in Figure , the Q-factor
is approximately three times larger than for the original design. The associated
mode shape is presented in Figure The main reason for the improved Q-
factor is that the leg is more flexible when beam ‘1’ is long, i.e. the clamped end
has less influence on the ring vibration. It can clearly be seen from the mode
shape that the ring contributes in an important way to the overall energy of the
resonator. It is important to recall that the @)-factor is a function of the total
energy stored and the amount of energy loss. Hence a larger ()-value is obtained
for designs in which the total energy stored is larger. At the same time, the natural
frequencies do not change much for the variations considered. It can be seen that
there is a difference of approximately 350 Hz, which is small compared to the original
frequency of operation (&~ 14000 Hz). It is important to control the associated

change in frequency because a large variation will modify the thermoelastic loss [2].

The design with a short beam ‘1’ and a short beam ‘3’ (whose extreme is represented
by a green rectangle in Figures [5.5] and [p.6] and green design in Figure is inef-
ficient compared to the original design. The )-factor in this case is approximately
100 times smaller than the original one. Furthermore, the frequency is greatly in-
creased with this kind of design. The mode shape of this extreme case is shown in

Figure 5.8 It can be seen that for this design, the influence of the legs on the ring
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vibration is significant. The ring vibration has changed significantly compared to
the original case. This extreme case corresponds to the design where the legs are as
straight as possible with the applied constraints. Their flexibility is greatly reduced
and their participation in the overall resonator deformation is increased. From the
mode shape, it is clear that the ring deformation is less important compared to the
legs in the beam portion ‘2. This indicates that most of the energy is contained

within the legs, increasing the support losses and reducing the Q-factor.

5.3.2 Change of leg width

In this section, the geometry of the leg is maintained at the original design (see
Figure and Table . However, the in-plane width of the leg is modified.
The original leg and ring widths are equal to 0.061 mm and 0.121 mm respectively.
The leg width takes values between 0.03 mm and 0.105 mm. The ring width is not
changed as it is intended to have a frequency of operation very close to the original
20 frequency; and of course, changes in the ring width (the ring being the principal
vibrating structure in the 260 mode under investigation) will greatly influence the

260 natural frequency.

Results for natural frequencies and associated Q)-factors as a function of leg width
are shown in Figure 5.9 From this graph, it can be seen that the 26 frequency
increases when the leg width increases, whilst the )-factor decreases when the leg
width increases. This is mainly because thin legs are more flexible in bending and
constrain the ring less. This ensures that the vibration of the ring is closer to that
of a ring without support, maximising the energy stored. In contrast, wide legs
have a strong influence on the ring vibration and restrain its amplitude. When the
width of the leg is half the original value, the Q-factor is almost 20 times larger
than the original Q)-factor.

To better understand the effect of these modifications, it is interesting to consider
the energy distribution within the resonator as a function of the leg width. Fig-

ure shows the percentage of energies (strain and kinetic) contained in the
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different parts of the structure. The legs are divided into three beam portions,
numbered from the ring to the support, as shown in Section [5.3.1, The energy
corresponding to a specific portion of a leg is combined with the energies for the
same portion of all other legs. This means, for instance, that the energy of beam
‘1’ corresponds in fact to the sum of the energy of the beam portions numbered ‘1’
for each leg. All of these energies are then divided by the total energy stored and

shown as a percentage.

From Figure [5.10J(a)} which depicts the kinetic energy percentage for the different
portions, it is clear that the ring moves less when the leg is wider. One can see that
the vibrations, that are mainly present within the ring for very thin legs (approx-
imately 75% of the kinetic energy is contained in the ring) are shifted to the legs
themselves when the leg width is increased: the energy within the ring decreases
by approximately 55% for the widest leg modelled. The kinetic energy percentage
of beam ‘3’ remains close to zero, as expected because beam ‘3’ is “clamped” at
its end. The fact that the percentage of kinetic energy contained within the ring

decreases when the leg width increases shows that the total energy stored decreases.

It can be seen in Figure |5.10(b)| which shows the strain energy percentage of the
different portions, that the strain energy of the ring decreases when the leg width
increases. The ring does not deform as much as for the case when the leg width is
very thin. The strain energies in the leg portions increase, which can be explained
because they have a larger width and also show a greater deformation. It is inter-
esting to look at the energy of the third beam portion. As this one increases (up to
25%), it is expected that the forces at the clamped end will also increase, meaning
an increase in the amount of energy lost. These explain the ()-factor decrease shown

in Figure 5.9

In the above study, the widths of all the beam portions that form the leg were
modified together such that the entire leg had the same width. However, it may
be interesting to investigate the consequence of independently changing the width
of each beam portion. This changes the transmission coefficients at the corner of

each joint. Within a beam corner, the incident and created waves do not travel in
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beams of equal cross-section any more. By changing the width of the three beam
portions independently, the same main conclusions discussed above are found. Legs
consisting of thinner beams are more flexible, restrain the ring less and result in
a higher Q)-factor. On the other hand, wider beams in the legs constrain the ring
vibration, contain a larger relative amount of energy (kinetic and strain) and are

responsible for more energy being lost and a lower Q)-factor.

In the next section, masses are added along the length of the legs, and their influence

on blocking the energy flow out from the resonator studied.

5.4 Addition of blocking masses

In this whole section, masses are added to the eight legs simultaneously such that
the cyclic symmetry of the ring-based resonator is maintained. Analyses of natural
frequencies and mode shapes are performed using the ray tracing method, making
use of cyclic symmetry simplification. From the mode shapes, the Q-factors are
then calculated. The objective here is to study the influence of added masses on
the natural frequencies and ()-factors of the 260 mode. The masses are added either
within a beam portion or at a corner. These two studies are discussed in the next

two subsections.

5.4.1 Mass added to a beam portion within the leg

The aim of adding masses is to reduce the energy flow towards the support. It
is expected that reducing the vibration amplitude within the legs may reduce this
energy flow and its induced energy loss. Masses are first added within each of
the three beam portions of the legs, as previously described. For simplicity it is
supposed that the added masses are “point masses” added to the mid-point of each

beam portion and for all legs simultaneously.

For each case (point mass in either beams ‘1’ ‘2’ or ‘3’), the natural frequencies
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and associated Q)-factors are calculated. The results are illustrated in Figure
for the natural frequencies and Figure for the Q-factors. In each of these
graphs, the three lines correspond to masses being added to the different beam
portions. Natural frequencies and Q)-factors are plotted as a function of the amount
of mass added. This quantity is expressed as a percentage of the total mass of the

resonator, M, esonator, defined as:
Mresonator = Moriginal + Madded- (53)

where Myiginal and Muqdea are the original mass of the resonator (without added

masses) and the total amount of added masses. Moyiginal is defined as:
Moriginal =h p(27TR bring + 8 (L1 + LQ + L3) bleg) ) (54)

In Equation (5.4]), h is the axial length of the ring and legs, p is the mass density, R
is the ring radius, L; (i = 1, 2, 3) is the length of the beam portion 4, byng and b,
are the width of the ring and leg respectively. The notation is defined in Figure

The total amount of added mass M,qqeq is simply defined as:
Madded = 8777,, (55)

where m is the value of one point mass added.

The highest mass value considered corresponds to added masses equivalent to ap-
proximately 50% of the total mass of the resonator. This is an unrealistically large
value, which was only included to get a better idea of the natural frequency and

Q-factor trends, and is unlikely to be implemented practically.

From Figure[5.11j(a)], it can be seen that in each case, adding mass reduces the nat-
ural frequency, as expected (the resonator has now a bigger mass but the stiffness is
unchanged). Furthermore, if the masses are added closer to the clamped boundary,
then the reduction in natural frequency is less than if the masses are added closer
to the ring. Thus adding point masses to beam ‘1’ will have a more significant effect

than adding masses to beam ‘3. Adding a point mass in beams ‘3’ will not change
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the natural frequency so much because beams ‘3’ are clamped at one end and the
magnitude of motion is significantly less than that of the ring in the vibration mode

of interest.

Figure shows @-factors as a function of the added mass for different added
mass positions. From this figure, it can be seen that adding a point mass to beams
‘17 increases the Q-factor whereas Q-factor decreases if masses are added to beams
‘2" or ‘3. When point masses are added to the middle of beams ‘3’, the Q-factor
decreases by approximately 30%. This can be understood on the basis that adding
point masses closer to the clamped boundary will induce further vibrations in this
part of the resonator. Hence, the energy within the resonator is shifted towards the

clamped boundary and more energy will tend to leave through the support.

This can be further illustrated by investigating the forces at the clamped end.
Firstly, it is important to note that, with the given resonator dimensions, the energy
dissipated per leg at the clamped boundary by shear stresses is approximately 10
times larger than the energy dissipated by normal stresses. Therefore, the shear
force has a much more dominant influence than the normal force on the ()-factor.
Figure [5.12] shows the shear force at the clamped end as a function of the added
mass for different added mass positions. All three analyses were scaled in the same
way, such that the maximum flexural displacement of the ring is equal to 0.2 mm.
It is then possible to compare “objective” values of shear forces. From Figure |5.12
it can be seen that when masses are added to beams ‘2’ or ‘3’, the shear force at
the clamped end increases. On the other hand, when masses are added to beams
‘1", it reduces the shear force. This can be directly related to Figure p.1(b)] An
increase in the shear force tends to reduce the ()-factor whereas a decrease in the

force increases ().

Thus it can be concluded that adding a point mass to beams ‘1’ increases the Q-
factor. However, an increase in () of approximately 8% results in an approximate
25% decrease in the natural frequency. A large variation in natural frequency is not

desirable as it induces thermoelastic loss issues [2].
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5.4.2 Mass added to a corner of the leg

Another possible location where masses can be added is at the leg corners. Each
leg has three “corners”. The first one, referred to as the ring joint, corresponds to
the attachment between the ring and the leg. The second corner, referred to as the
a joint, is between beam ‘1’ and beam ‘2’ The third and last corner is the ¢ joint

between beam ‘2’ and beam ‘3.

As in the previous section, masses are added to all legs simultaneously and the
ray tracing method using the cyclic symmetry simplification is used to calculate
the natural frequencies and mode shapes. The mode shapes are used subsequently
to calculate the associated )-factors. In contrast to the model in Section [5.4.1
adding masses at corners does not change the number of unknowns in the ray
tracing analysis. The same wave amplitude unknowns are used as in the original
analysis (Section . The only modifications in the model are the transmission

coeflicients calculated at the corners.

Derivation of the transmission coefficients for a ring/beam transmission and an
abrupt change in direction in beams were described in Chapter 2. They were demon-
strated by using a “rigid” joint at the discontinuity. For simplification purposes,
it is first assumed that the rigid joint is actually a point mass, providing the same
simplifications as those used in Section [5.4.1} In the second part of this section of

the thesis, the addition of real masses will be modelled.

Adding point masses

Point masses were added at the three different corners and their influence on the

natural frequencies and Q)-factor were studied.

Figure |5.13(a)| illustrates the obtained natural frequencies of the 26 mode and Fig-
ure [0.13(b)| presents the associated ()-factors. Results are shown as a function of

the added masses, which take the same values as discussed in Section and are
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expressed as a percentage of the resonator total mass. Both of these figures show

results for the different positions of added masses.

It can be seen on Figure that the natural frequencies decrease when point
masses are added. The closer to the ring these masses are added, the greater the
reduction in natural frequencies is. This is the same result that was obtained in
Section [5.4.1] Adding masses further from the ring and closer to the clamped
boundary has a weaker influence on the resonator frequencies than if the masses

are added to the ring.

From Figure |5.13(b)} it can be seen that the @Q-factors increase when masses are
added to the « joints but decrease when the masses are added to the ¢ joints. Using
the same argument presented in Section |5.4.1] it can be understood that if a mass is
added closer to the clamped boundary, it will induce higher forces at the interface
with the support and therefore reduce the Q)-factor. On the other hand, if masses
are added closer to the ring (at the « joints here), the energy will be confined to the
vibrating ring and little energy will propagate along the leg. This creates an increase
in Q-factor. However, it is difficult to understand at this point why adding masses
at the ring joints (junctions ring/leg) does not affect the @Q-factor greatly, or why
() does not increase significantly. An investigation to understand this phenomenon

is to consider the distribution of energy along the leg. This is considered later.

Figure [5.14] shows the strain energy in the different portions of the leg as a function
of the added masses. Figure illustrates the strain energy in beam portion
‘1", Figure in beam ‘2’, and Figure in beam ‘3’ Results are given
for the different possible positions (either ring, a or ¢ joint) of added masses. As in
Section [5.4.1] the numerical values are such that the maximum flexural displacement
of the ring is equal to 0.2 mm. Firstly, it can be noticed that for the original design
(no added masses), the strain energy contained in beam ‘3’ is much higher than
in beam ‘1’ or ‘2’ (almost double their value). Secondly, concerning the trends for
each added masses positions, it is interesting to see that adding masses at the o or
¢ joints has the opposite effect. The energy increases in beam ‘1’ and decreases in

beams ‘2’ and ‘3’ with masses added at the « joints, whereas the energy decreases
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in beam ‘1’ and increases in beams ‘2’ and ‘3’ with masses added at the ¢ joints.

From this analysis, it can be concluded that with masses added at the « joints,
the strain energy is kept within the ring and beam ‘1’, and the amount of strain
energy in beams ‘2" and ‘3’ and thus its impact on the clamped boundary is reduced.
On the other hand, masses added at the ¢ joints increase the energy towards the
clamped end (in beams ‘2’ and ‘3’). This can be related to variations in the Q-
factors, illustrated in Figure . Increased strain energy close to the clamped

boundary results in increased energy loss from the resonator and a lower )-factor.

However, adding masses at the ring joints does not influence much the energy
distribution. In this case, the strain energy for beams ‘1’, ‘2" and ‘3’ are insensitive
to the added masses. This indicates that the vibration characteristics of the ring
does not change significantly, which furthermore explains the insensitivity of @)

when masses are added in the ring joints shown in Figure [5.13(b)|

Adding real rigid masses

In all of the previous studies in Section[5.4] the masses considered were point masses.
These are theoretical masses that are not physically realisable. In the following
study, “real” rigid masses are added instead of point masses. These real masses
have non-zero rotational inertia and non-zero size and are modelled as cylindrical
rigid joints of mass m; such that:

qu?

where ¢; is the diameter of the masses, h the out-of-plane depth and p the mass

density.

Small masses are added to the different corners of the legs. Table [5.4] shows the nat-
ural frequencies and associated @Q-factors calculated for the different added masses.
In Table[5.4] the diameter of the joint modelling the mass is represented as an abso-
lute value (in mm) and as a percentage of the leg width by, (defined in Table [5.1).
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The corresponding mass is also presented as an absolute value (in mg) and as a

percentage of the total mass of the resonator (see Equation (j5.3)).

The most noteworthy result compared to the previous section is that when real
masses are added to the ring joints, the natural frequencies are increased. This can
be explained by the fact that the added masses are rigid and that the length of the
ring which is actually vibrating is reduced. The flexing part of the ring gets smaller
but the ring radius is maintained. This has the effect of increasing the natural
frequency. For information, the mode shape obtained with the largest added mass
modelled (¢; = 0.121 mm) in the ring joint is presented in Figure m Figure m
shows the deformed shape (with a blue dashed line) of the resonator and a closer
view around one ring/leg transmission. The real masses are shown with a black line
for the un-deformed shape and with a red line for the deformed shape. One can
see from Figure that the displacement continuity, imposed in the transmission

coefficients calculations, is respected around the rigid joint.

Another interesting result is that in this study, the Q-factor corresponding to masses
added at the « joints decreases rapidly. It is difficult to explain this phenomenon
but it is probably due to the fact that the addition of real masses changes the
energy distribution from one part of the leg to the other part. Seeing the influence
on the Q-factor, it is thought that more energy is transmitted through this corner,
increasing the energy that propagates away from the ring. This idea can be justified
by investigating the energies within the ring and beam ‘1’, which are found to
decrease. In the same way, the forces (tensile and shear) at the clamped end are

found to increase with the addition of masses at the « joints.

In the previous subsections, the modifications in leg design, achieved by changing
their dimensions or by adding masses, were performed for all legs simultaneously.
An understanding of these effects would allow design modifications to be introduced
at an early stage. It is also interesting to investigate the frequency and associated
Q-factor splits induced by manufacturing imperfections because these splits can
have significant effect on sensor performance [97]. This topic is considered in the

next subsection.
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5.5 Sensitivity study by modifying one leg only

The presence of an imperfection in the resonator destroys its cyclic symmetry and
this is known to create a frequency and @Q-factor splits [5]. In this section, design
parameters are varied in a single leg only in order to model this asymmetry and
study the induced splits. To model a resonator that is not perfectly symmetric using

the ray tracing method, the entire structure (without symmetry simplification) must

be modelled.

In this study, one parameter was changed at a time in the range of £5% of the
original value. For each of the analyses, the natural frequencies of the 20 mode are
calculated (two frequencies each time there is a split). The Q-factors corresponding
to each frequency are also calculated. Table |5.5| shows the results when the width
of one leg is varied; Table [5.6] shows the results when the length of beam ‘1’ in
one leg is changed; and Table shows results when the mass density of one leg
is changed. When L; (length of beam ‘1’) varies, it has been chosen to keep Ls
fixed and to modify the angles o, ¢ and the length L, according to the constraints
applied in Section [5.3.1] (see also Appendix [B]).

From Table [5.5] it can be seen that if one leg is wider, both 26 natural frequencies
increase. This was also the case when all the legs were made wider at the same
time, see Section and Figure In the same way as in Section the
associated (Q-factors decrease when the leg is wider. It is also very interesting to
note that a small frequency split (approximately 8 Hz for example) induces a split

of approximately 10* in the @Q-factor.

From Table |5.6 it appears that when the leg geometry is modified such that L,
is longer, the calculated natural frequencies decrease. This was also the case when
all leg geometries were changed simultaneously, see Section and Figure [5.5]
In Figure , it is clear that for a fixed value of L3 (here imposed equal to the
original dimension), the frequencies increase when L; increases. Concerning the
@-factor variation, while @) increases with L; in Section here, when only one

leg geometry is changed, () either increases or decreases. As explained earlier, there
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is a split in the 260 mode frequency when the resonator is not cyclically symmetric.
For each frequency, an associated Q)-factor is calculated. It appears that the @
associated with one frequency (named 1°* in Table decreases whereas the @)
associated with the other frequency (named 2°9) increases. Table shows a larger
split in the natural frequencies than Table [5.5, but a smaller split in the Q-factors.

In Table 5.7 the results illustrate the influence of a small variation in the mass
density. When the mass density increases, the natural frequencies decrease, as
expected. Concerning the associated Q-factors, their split is quite small (split of
less than 200 in @ for a frequency split of approximately 25 Hz) and the obtained

@-factors do not vary greatly from their original value.

Increasing one leg width by 5% or one beam portion length within one leg has
much more effect on the Q-factor than increasing the mass density by 5%. It shows
that the geometry of the leg has more influence on ) than the material from which
it is made. On the other hand, the material has more influence on the natural

frequencies than the geometry.

5.6 Conclusion

The aim of this chapter was to quantify the support losses for the original ring-
based resonator and for different leg designs. The results given in this chapter
focused on the operating mode of the device — the 260 mode, which shows the
highest Q-factor due to support losses. Different possible designs were studied
and their influence on the calculated Q-factors of the 20 mode was analysed. It has
been shown that changing the leg design can dramatically affect the associated -
factors. Legs composed of a longer beam ‘1’ and a shorter beam ‘3’ show a Q-factor
approximately three times higher than the original design, for a natural frequency
difference that is relatively small. Thinner legs can also improve the @)-factor but
in this case the change to the natural frequency is more important. The addition
of masses to the ring joints, the middle of beams ‘1’ or at the a joints increases

the Q-factor, whereas () decreases when masses are added to the middle of beam
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‘2" or ‘3" and at the ¢ joints. This clearly shows that it is better to add masses
closer to the ring. This can be explained by the fact that adding masses around
the ring increases the stored energy. On the other hand, adding masses closer to
the clamped boundary has the opposite effect and the energy distribution is shifted

towards the support.

It is well known that the presence of an imperfection in the resonator induces fre-
quency splits. The frequency splits and associated splits in Q)-factors cause practical
problems in manufactured sensors. A few parameters were varied in one leg only to
simulate a possible imperfection. It was seen that, in general, geometric parameter
asymmetry induces greater splits than material property asymmetry. From the es-
tablished support loss model, it was also shown that it is straightforward to study
any possible modification in the design or the addition of imperfections at random

places in the resonator.

For each analysis, different methods were used to understand the )-variations.
These included investigating the forces at the clamped end, the kinetic or strain
energy distribution in the system, and the mode shape. It was sometimes impossible
to explain all of the obtained results but as a general comment, it was shown that
the @Q-factors are a function of the clamped forces (mainly the shear force at the
clamped ends for the original design) but also of the energy distribution in the
resonator. It is therefore not sufficient to just minimise the clamped forces. Instead,
it is necessary to consider simultaneously both clamped forces and energy contained
in the resonator. The energy contained in the ring, or in the first beam portion of
the leg, must be maximised, whilst the energy that propagates in the second and
third beam portions of the leg must be minimised as they proved to have a strong

influence on the clamped forces.

The @Q-factor of the 20 mode calculated for the original design is approximately
1.5 - 10°. This should be compared with Q-factors arising from other energy loss
mechanisms. It is well known for the current MEMS design that the main source of
energy loss is thermoelastic damping. Thermoelastic damping in ring-based reso-

nators has been analysed by Wong [2]. He predicted and experimentally measured
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Q-factors of approximately 10* for a similar ring-based resonator to the one pre-
sented as the original design in this chapter. The predicted Q-factor for support
loss is more than ten times higher than the Q-factor due to thermoelastic damp-
ing. This clearly shows that for the current design, support loss can be neglected.
However, in possible future designs or by using other materials, it may be possi-
ble to minimise the energy lost by thermoelastic damping so that it becomes less

significant than support loss.
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Figures and tables

Figure 5.1: Ring-based rate sensor with cyclic symmetry and its 45° principal
sector. Only this sector is actually modelled in the ray tracing
analysis when the cyclic symmetry simplification is used.
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Figure 5.2: Original leg design showing the different geometric parameters that
can be changed (except the radius R).

Figure 5.3: Deformed shape of the 20 mode for the original leg design. The
associated natural frequency and @Q-factor are shown with a black

rectangle in Figures and
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Figure 5.4: Extreme cases modelled of possible leg design. L; and L3 varies
between these four different cases in the analysis.
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Figure 5.5: Natural frequencies (Hz) of the 20 mode for different values of L;
and L3 (length of beam ‘1’ and beam ‘3’).
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Figure 5.6: Q-factors of the 26 mode for different values of Ly and L3 (length
of beam ‘1’ and beam ‘3’).

Figure 5.7: Deformed shape of the 20 mode for a long beam ‘1’ and a short
beam ‘3’. This design corresponds to the ‘blue’ one on Figure [5.4]
The associated natural frequency and @-factor are shown with a

blue rectangle in Figures and
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Figure 5.8: Deformed shape of the 26 mode for a short beam ‘1’ and a short
beam ‘3. This design corresponds to the ‘green’ one on Figure [5.4]
The associated natural frequency and @-factor are shown with a
green rectangle in Figures [5.5 and [5.6]
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Figure 5.9: 20 frequencies (Hz) and the associated @Q-factors function of the leg
width.
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Figure 5.10: Kinetic energy @ and strain energy percentages in the dif-
ferent portions of the ring-based resonator, for the 20 mode, as a
function of the leg width.
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Figure 5.11: Natural frequencies @ and the associated @-factors @ of the 260
mode, as a function of the added masses. Masses are added in

either beams ‘1’, ‘2’ or ‘3’
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Figure 5.12: Absolute value of the shear force at a clamped end for the 26

mode, as a function of the added masses. Masses are added in
either beams ‘1’, ‘2’ or ‘3"
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Figure 5.13: Natural frequencies @ and the associated Q-factors @ of the
260 mode, as a function of the added masses. Masses are added

either in the joints between the ring and the attached legs (“Ring
joints”), at the first corner within the legs (“« joints”), or at the
second corner within the legs (“¢ joints”).
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Figure 5.14: Strain energy for the 260 mode in the beam sections ‘1’ @ ‘2’ @
and ‘3’ as a function of the added masses. The masses are
added in the corners of the leg (either Ring, a or ¢ joint).
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Figure 5.15: Deformed shape of the 260 mode and zoom around one ring/leg
transmission, with a rigid mass of diameter ¢; = 0.121 mm added
in the ring joints.
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Table 5.1:

Table 5.2:

Original dimensions of the ring-based rate sensor in mm (with axial
thickness = 0.1 mm). bying and bieg are the ring and leg widths; see
Figure [5.2] for the other notations. The original material properties
used are p = 2329kg/m?, E = 170 - 10° N/m? and v = 0.28.

L, 1.064
L,  2.582
Ly 1.060
a  545°
¢ 945
R 294

brng  0.121
beg  0.061

Natural frequencies (Hz) and the associated Q-factors for the ring-
based rate sensor calculated using the ray tracing method and the
analytical support model. The sensor dimensions and material prop-
erties are presented in Table

Frequency (Hz) | k | Q-factor

11 853 12282101

260 mode = 14 233 2 | 1.476 - 10°
18 330 0| 1.740 - 10*

30 mode = 32 133 3 | 8.066 - 10%
35 646 4 | 4.528-10*

37 850 2 | 4.681-10*

38 479 1| 5.655-10%

40 787 01]9.612-10%

41 100 3| 7.744 - 10%

55 202 4 | 4.340 - 10*
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Table 5.3: Q-factors for the 20 and 360 modes. Comparison between support
loss predictions, thermoelastic damping predictions [2] and measure-
ments [2].

Damping predictions
Support loss | Thermoelastic [2]
20 mode 147600 11731 9455
360 mode 80660 17783 12434

Measurements [2]
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Chapter 5. Influence of leg design on the @Q-factor

Table 5.5: Natural frequencies (Hz) and the associated @Q-factors of the 26
mode, as a function of the change in leg width.

Leg width bjes (mm) Frequency (Hz) Q-factor

% change | real value 15t 2nd 1 Split 1t ond Split
-5 0.058 14 212 | 14 217 5 154 343 | 147 571 | 6 772
-4 0.0586 14 216 | 14 220 4 153 309 | 147 569 | 5 740
-3 0.0592 14 220 | 14 223 3 152 117 | 147 569 | 4 547
-2 0.0598 14 224 | 14 226 2 150 765 | 147 571 | 3 194
-1 0.0604 14 228 | 14 229 1 149 251 | 147 573 | 1 678
0 0.061 14 233 0 147 575 0
1 0.0616 14 237 | 14 236 1 145 736 | 147 575 | 1 839
2 0.0622 14 242 | 14 239 3 143 738 | 147 574 | 3 836
3 0.0628 14 247 | 14 243 4 141 583 | 147 570 | 5 986
4 0.0634 14253 | 14247 | 6 139 277 | 147 563 | 8 286
5 0.0641 14 258 | 14 250 8 136 827 | 147 554 | 10 727

Table 5.6: Natural frequencies (Hz) and the associated @Q-factors of the 26
mode, as a function of the change in beam ‘1’ length.

Length beam ‘1’ Ly (mm) Frequency (Hz) Q-factor

% change real value 15t 2nd [ Split 18 ond Split
-5 1.011 14 240 | 14 257 | 17 148 313 | 142 737 | 5 576
-4 1.022 14 238 | 14 252 | 14 148 170 | 143 795 | 4 375
-3 1.032 14 237 | 14 247 | 10 148 025 | 144 807 | 3 218
-2 1.043 14 235 | 14 242 7 147 877 | 145 773 | 2 105
-1 1.054 14 234 | 14 237 3 147 727 | 146 695 | 1 032
0 1.064 14 233 0 147 575 0
1 1.075 14 231 | 14 227 3 147 420 | 148 413 | 993
2 1.086 14 230 | 14 223 7 147 264 | 149 212 | 1 949
3 1.096 14 228 | 14 218 | 10 147 106 | 149 974 | 2 868
4 1.107 14 227 | 14 214 | 13 146 946 | 150 698 | 3 752
) 1.118 14 226 | 14 209 | 16 146 785 | 151 387 | 4 602
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Chapter 5. Influence of leg design on the @Q-factor

Table 5.7: Natural frequencies (Hz) and the associated @Q-factors of the 26
mode, as a function of the change in mass density.

Mass density p (kg/m?) Frequency (Hz) Q-factor

% change | real value 18t 2nd 1 Split 18t ond Split
-5 2213 14 234 | 14 259 | 25 147 640 | 147 718 | 78
-4 2 236 14 233 | 14 254 | 20 147 627 | 147698 | 71
-3 2 259 14 233 | 14 248 | 15 147 614 | 147 674 | 59
-2 2 282 14 233 | 14 243 | 10 147 601 | 147 645 | 44
-1 2 306 14 233 | 14 238 5 147 588 | 147 612 | 24
0 2 329 14 233 0 147 575 0
1 2 352 14 232 | 14 227 5 147 561 | 147 533 | 28
2 2 376 14 232 | 14 222 | 10 147 547 | 147 486 | 61
3 2 399 14 232 | 14 217 | 15 147 534 | 147 436 | 98
4 2422 14 232 | 14 212 | 20 147 520 | 147 381 | 139
) 2 445 14 231 | 14 206 | 25 147 506 | 147 321 | 184
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Chapter 6

Support loss prediction for

out-of-plane vibrations

6.1 Introduction

In Chapter 2, a wave approach was developed to study in-plane vibrations of planar
structures composed of straight and curved beams. Some possible simplifications,
when the structure presents symmetric aspects, were derived in Chapter 3. An ana-
lytical support model was developed in Chapter 4 and used to calculate the Q-factor
for different types of resonators. The models allow support losses to be analysed
efficiently for different resonator designs, see Chapter 5. All studies presented so far
in this thesis considered in-plane vibrations only. This chapter will apply similar

approaches for considering out-of-plane vibrations.

The single-axis rate sensors, analysed in the previous chapter, are often used in
clusters of two or three to provide a multi-axis capability that many applications
demand. Recent work has considered multi-axis sensors inducing in-plane and out-
of-plane vibrations of the ring resonator to measure rate along two or three orthogo-
nal axes [6, 08]. The flexural out-of-plane vibration modes of a perfect circular ring
with uniform cross-section occur in degenerate pairs, with equal natural frequen-

cies and arbitrary location [99]. Dimensional imperfections or material anisotropy
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Chapter 6. Support loss prediction for out-of-plane vibrations

may result in a loss of degeneracy due to disturbance of the symmetry [100]. For
successful operation as a rate gyroscope, the associated frequency splits must be
reduced to acceptable levels using an advance form of frequency trimming [88), [89)].
The single-axis sensor studied so far in this thesis relies on coupling between two
in-plane modes. To achieve three-axis measurements, the coupling of in-plane vi-
bration modes and out-of-plane vibrations mode is used [§]. This coupling arises
as a direct consequence of Coriolis forces created by an external applied rate. In
a freely vibrating perfect ring, with uniform cross-section and material properties
distribution, the in-plane and out-of-plane motions decouple [I0I]. In order to
study vibration analysis of multi-axis rate sensors, both in-plane and out-of-plane
vibrations need to be considered. The ring-based resonator studied in this thesis is
supposed to be perfectly symmetric, such that in-plane and out-of-plane modes do

not interact and can be analysed separately.

The ray tracing method, based on a wave approach, presented in Chapter 2 ap-
plies exact solutions to model in-plane vibrations of structural networks. When
an exact solution for a structural element is used, then the solution is valid for all
frequencies and no model refinements are required as those required in the finite
element method. To model vibrations in complex three-dimensional frames, each
beam (straight or curved) is modelled as a single “element” and a general method
for combining the individual elements is needed. Several approaches have been
developed which use exact solutions; these includes the dynamic stiffness method
(whose basics can be found in [67] or [66]) and the wave approach. Langley [102]
has used the dynamic stiffness method to analyse power flow in general frames.
Expressions for axial, torsional and flexural stiffnesses, and the associated power
flow are given. Banerjee and Williams [103] have reviewed various dynamic stiffness
methods. Dynamic analysis of three-dimensional frames using a wave approach has
been studied by several authors. Cai and Lin [104], Young and Lin [105], and Beale
and Accorsi [69] have presented a wave scattering procedure for dynamic analysis
of frames and truss-type structures. Beale and Accorsi [69] developed a matrix
method which includes multiple wave modes (axial, torsional and flexural) in order
to calculate power flow in frame structures. The ray tracing method presented in

Chapter 2 is a similar approach as it also considers the scattering and propagation
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Chapter 6. Support loss prediction for out-of-plane vibrations

of waves. However, the ray tracing method seems more concise and easier to ap-
ply. An extension of the ray tracing method (presented in Chapter 2) to cope with

out-of-plane vibration will therefore be presented in Section [6.2]

Several studies have been developed to investigate support losses of resonators,
where various configurations of resonator with respect to its substrate may exist.
The first one, whose modelling has been studied in depth in Chapter 4, is when the
resonator is located within a substrate (usually thin) and the resonator vibrates in-
plane, creating stress sources within the substrate depth, see [42]. A second possible
configuration is when the resonator sits on top of a substrate, the resonator vibrates
out-of-plane and stress sources act on the surface of the substrate, see [36] [39, [43].
These two configurations have been considered in a recent study [106]. A third
possible configuration is when the resonator and substrate are etched from the
same silicon wafer (as in the first case) but the resonator is designed to vibrate
out-of-plane. Support losses for this kind of structure have previously been the
subject of very little investigation. An extension of the work done by Judge et
al. [45] who investigated the support losses of resonators for thin support structures
is presented in Section [6.3] This represents a possible method to model the support
losses occurring from out-of-plane motion of resonators such as the ring-based rate

Sensor.

By applying the method developed in Sections and [6.3], results for the natural
frequencies, mode shapes, and the associated Q)-factors of the ring-based resonator

vibrating out-of-plane are presented in Section 6.4}
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6.2 The ray tracing method applied to out-of-

plane vibrations

6.2.1 Wave propagation in straight and curved beams

This section introduces the fundamental governing equations of out-of-plane motion
of curved beams with constant radius, neglecting shear deformation and rotary
inertia. Torsion and out-of-plane (axial) flexure are considered. As in the case of
in-plane vibrations (Chapter 2, Section[2.2)), harmonic wave solution is assumed and
the derivation of the corresponding wavenumbers is presented. The same approach
is applied here: the governing equations of curved beams are first presented, from
which one can derive the wavenumbers, and they are then simplified to the governing
equations of out-of-plane vibrations of straight beams. The equations obtained are

well known [65] and are used extensively in the ray tracing method presented later.

Consider a curved beam in the plane (z, z) of constant radius of curvature as shown
in Figure [6.1. The curved beam is vibrating out-of-plane, in the axial y-direction.
The curved beam is characterised by the radius of curvature R; the cross-sectional
area A; the flexural rigidity £, in a normal plane; the torsional rigidity G.J (where
G is the shear modulus and J is often called the torsion constant [9] [107]); and the
polar moment of inertia I... I,, and J are identical for circular cross-section, but
for other shapes, J must be determined by other means [65], [107]. In Figure
P is the out-of-plane shear force (along the y-axis), M, is the out-of-plane bending
moment (rotation around z), and My is the twisting moment (rotation around
z). v is the displacement along the y-axis, and  is the angular rotation of the
cross-section of the beam due to torsion. The circumferential coordinate along the

centreline is denoted by s.

The internal force and bending moments governing out-of-plane motion of a curved
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beam are related to the displacements by the relations [65]:

Q 0%
M, = EI, (R - 852)’ (6.1)
0 v
Mr = — | Q4+ = 2
T GJaS( + R)’ (6.2)
oMy My
pP— =T .
s + 7 (6.3)

For curved beams, the out-of-plane equations of motion can be expressed as [65]:

GJ 0? v ? (Q % 0%v

Rasz(f”}z) *Efwasa(;z - a) =P A (64)
0? v EL.[Q 0% 9*Q)

GJaSz(Q+R)‘ R (R‘asz)—f’fwatz‘ (6:5)

Equations ([6.1)-(6.5) that express out-of-plane vibrations of curved beams can be
simplified to vibrations of straight beams by letting R — oo. The circumferential

coordinate s is changed to z for a straight linear coordinate along the beam. Thus,

for a straight beam, Equations (/6.1))-(6.5)) become:

M, = —E[xgzg, (6.6)
My = ngg, (6.7)

P = aé‘j?, (6.8)
—Elmg;j = pA?;t;}, (6.9)
GJ%Z? = p[zza;?. (6.10)

In these equations, the out-of-plane flexural and angular displacements are uncou-

pled — in contrast to curved beam vibration.

The axial and angular displacements in straight and curved beams, satisfying Equa-

tions (6.4)), (6.5)), and (6.10) are assumed to be time-harmonic waves. Using

the same approach as presented in Chapter 2 concerning radial and tangential dis-
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placements, it can be found that the characteristic equation for the wavenumber

for out-of-plane vibrations in a curved beam is:

(ELR'GJ)KS — ELR*(R*pw’ L. + 2GJ )k}
_ GJ(pR2w2<AR2 +I) - E1z> K2+ ApRw?(pR%’ L. — EL) = (.

(6.11)

In contrast, the dispersion relation for the straight beam case can be factorised and

(k§ - (w gi)j (/cg - <w ’gj)Q) = 0. (6.12)

The subscript “0” relates to out-of-plane vibrations. Similar to the characteris-

written as:

tic equation (Equation ) for the wavenumber for in-plane vibration, Equa-
tion has six complex roots +ko; (i = 1, 2, 3) at any given frequency. Similar
rules are applied to choose the appropriate wavenumbers among the six complex
roots of Equation (6.11): Im(ky) < 0 and Re(k,) > 0. Straight and curved
beams have a common limit for the wavenumbers as R — oo or w — oo. Similar
to in-plane vibrations, this provides a convenient way to characterise the resulting

wavenumbers, 7.e.

e The root which tends to kr when R — oo or w — o0, is related to predomi-
nantly torsional waves and is denoted here by ky;. kr is the wavenumber of

torsional waves in a straight beam and is defined from Equation (6.12)) as:

pl..
GJ

kr =w (6.13)
e The roots which tend to kg, and —ikp, when R — oo or w — oo are related to
predominantly out-of-plane propagating far-field flexural waves and decaying
near-field waves respectively. These roots will be denoted here by k. and

k.3 respectively. kg, is the wavenumber of out-of-plane flexural waves in a
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straight beam and is defined from Equation (6.12) as:

pA

kp., =

(6.14)

In any curved beam section, the axial and angular displacements can be expressed

as a sum of waves propagating and decaying in the right and left directions, i.e.:

v = Z (@;; e koS 4 eikOi(s’L)) et (6.15a)
=1
3
Q=3 (0d e hort 4 o e =) et (6.15b)
i=1

In these expressions, 9; and o6, are the complex amplitudes of the out-of-plane
flexural and torsional waves travelling in the positive s direction; while 0_; and
0,; are the complex amplitudes of the out-of-plane flexural and torsional waves
travelling in the negative s direction. As in Chapter 2, the waves travelling in the
positive s direction (97, 6%;) originate from the location s = 0, whilst the waves

~A— A—

travelling in the negative s direction (0,;, d,;) originate from the location s = L. In
applications, it is convenient to choose s = 0 and s = L to be located at either end

of the curved beam section.

The coupling between radial and tangential displacements for in-plane vibration was
expressed with the characteristic ratio X; in Chapter 2, Equation (2.12)). For out-of-
plane vibration, a similar coupling exists between axial and torsional displacement,

and it is expressed by the ratio X,; such that:

Xoi=F=-2= : (6.16)
+
Ooi  Ooi  pR2AL? — (E[xRQkﬁi + GJkgi)

The ratio X,; relates to the ratio of the out-of-plane flexural to torsional wave am-
plitudes of waves travelling in the same direction that have the same wavenumber.
In the same way as for in-plane vibration, non-zero values of X,; indicate that an
out-of-plane flexural wave of magnitude 97; (9.; respectively) is accompanied by a

torsional wave of magnitude X ;0% (X0, respectively). Thus for the wave ampli-
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+ A+

tude pair (97}, 65;) it is only necessary to determine one of the amplitudes, as the

other is known implicitly from knowledge of the ratio X,;. From the twelve wave

i+ Ooi)

amplitudes [0 modelling out-of-plane motion in Equations , only six are
independent. As the amplitudes with subscript ¢ = 1 are related to waves which are
predominantly torsional, and those with subscript ¢« = 2 and ¢ = 3 to waves which
are predominantly out-of-plane flexural (propagating and decaying respectively),
the six wave amplitudes taken as primary unknowns for out-of-plane vibration are

At A oAt A= A— oA
[0171)271)37017”272}3}'

In any straight beam section, the equations governing the angular 2 and out-
of-plane flexural v displacements are uncoupled. The ratios expressed in Equa-
tion become X,; = 0 and X,» = X,3 = oo. The displacements can be
described as a sum of waves travelling in the positive and negative z directions,

such that [54]:

N —ikp, At —kpe A ikpg(z—L A kpe(2—L iwt
v = <v;‘26 kraz 4 gt ekre? 4 g, elbra(a=D) 4 = ekra(z )>e“’, (6.17a)

Q= (65{1 e k7 4 6 eikT(ZL)> et (6.17b)

In these expressions, 91, and 9, are the complex amplitudes of the out-of-plane
flexural purely propagating waves in the positive and negative z directions respec-
tively; 913 and 9,3 are the complex amplitudes of the out-of-plane flexural purely
decaying (near field) waves in the positive and negative z directions, respectively;
and, 60, and 0,; are the complex amplitudes of the torsional waves propagating in

the positive and negative z directions, respectively.

Similar to in-plane vibrations, in curved or straight beams, the axial and angular
displacements are defined with six unknown wave amplitudes: three travelling in

the positive direction and three in the negative direction.
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6.2.2 Development of the ray tracing method for out-of-

plane vibrations

The fundamentals of the ray tracing method are identical to those presented in
Chapter 2. They can be summarised and extended to out-of-plane vibrations as

follows.

The displacements in each component of the structure are defined as a sum of
waves, see Section [6.2.1] As the waves travel from one end of a component ()
to the other, the propagating waves change phase and the decaying waves change
amplitude. These effects are governed by the wavenumbers of each wave and are
expressed in a diagonal matrix D called the dispersion matrix whose i'" diagonal

ik L) : . .
kLY where k; is the wavenumber associated with

element is defined as D;; = €
wave i and LY) is the corresponding (curved or straight) beam length. The scatter-
ing of waves at discontinuities is expressed with the matrix T that contains complex
wave amplitude transmission/reflection coeflicients, such that T;; is the transmis-
sion/reflection coefficient from a wave of amplitude j to a wave of amplitude 7.
With six waves considered per element (torsional, out-of-plane propagating flexural

and out-of-plane decaying near field waves, in each direction), the dimension of the

matrices T and D is [6n x 6n], where n is the total number of elements.

If the structure is vibrating freely in an undamped mode, the ray tracing method [58]
(or wave train closure principle [55]) stipulates that the wave amplitudes defining the
displacement of the complete structure are the same as the wave amplitudes after
the waves have performed one ray trace (i.e. propagated across each component

and transmitted across a joint to a neighbouring element), ¢.e.:
a = TDa, (6.18)

where a is a wave amplitude vector of size 6n that contains all the wave amplitudes
considered in the system. The natural frequencies of the system can be calculated
by solving:

I — TD| =0, (6.19)
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where I is the [6n x 6n] identity matrix.

The only modification when considering out-of-plane vibrations is that the overall
wave amplitude vector a contains here amplitudes corresponding to torsional, out-

of-plane flexural and out-of-plane decaying waves. It is now defined as:

T
a = u(I)+ u(I)_ u(II)+ u(H)_ u(n)+ u(n)_ 5 (620)
with
u(j)i: 6(1j)i @éj)i @éj)i . (621)

Both in-plane and out-of-plane vibrations can be analysed simultaneously if the
wave amplitudes defining in-plane and out-of-plane vibrations are both present in
the vector a. Consequently, the matrices T and D must also take account of the
in-plane and out-of-plane propagation and scattering of waves. In this case, the
dimension of the matrices becomes [12n x 12n|. Solving Equation (6.19)) with those
particular matrices gives the natural frequencies of the system for both in-plane

and out-of-plane vibrations.

6.2.3 Transmission coefficients

As seen in Section [6.2.2|or in Chapter 2, the ray tracing method requires knowledge
of the transmission coefficients. They are expressed in the matrix T in Equa-
tions and . In general, these transmission coefficients are calculated
by considering the continuity and force equilibrium equations at each joint, with
the joint being taken in isolation from the rest of the structure. It is necessary to
calculate the transmission coefficients arising from each wave type impinging on a
junction to all wave types in all neighbouring components. For a joint having n
attached components, the force and moment equilibrium as well as displacement
and slope continuity equations provide a total of 3n equations in terms of 3n un-
known transmission coefficients. Solving these equations yields the transmission

coefficients, which are then placed in the overall transmission matrix T.
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For common MEMS structures, such as the ring-based resonator presented exten-
sively in the previous chapters, it is necessary to consider several discontinuities
such as the transmission between a ring and an attached beam, the transmission at
an abrupt change in direction (or “abrupt angle”) and the reflection at boundaries.

Those are studied next.

Ring/beam transmission

As the most general case, the transmission of out-of-plane vibrations between a ring
and a straight beam contained in the same plane is investigated. The configuration
considered is shown in Figure[6.2] As in the case of in-plane vibrations, the discon-
tinuity is modelled as a rigid cylindrical mass. This analysis is an extension of the

in-plane analysis performed in Chapter 2, Section [2.4.1

Each set of wave amplitudes, incident or created, consists of a principal torsional
wave, a principal out-of-plane flexural propagating wave, and a principal out-of-
plane decaying wave:

ufﬂj)bi _ 6(13')ﬂE @éj)i pDE| (6.22)

3

)

The following phenomenon appears when a wave impinges on the discontinuity.
The presence of the joint ensures that part of the wave is reflected back along the
same portion and the remainder is transmitted into the other portions. This partial
reflection /transmission is also accompanied by mode conversion, so that the incident
wave can generate out-of-plane flexural propagating, decaying and torsional wave

components in each of the three portions.

The number of components considered is such that n = 3 (two ring portions and one
beam portion). The assembly of equilibrium and continuity expressions at the joint
yields a system of nine equations that can be solved simultaneously to provide the

nine required transmission /reflection coefficients for each wave type. By suppressing

the temporal terms in Equations (6.15) and (6.17), the axial displacements vV,

v and vém); the angular displacements QM QD and QIEHI) at the ring portion

(I) (left), the ring portion (II) (right) and the beam portion (III), respectively, can
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be expressed in terms of wave amplitudes. The ratio @;/4; of any wave amplitude
over any other wave amplitude corresponds to the required transmission coefficient

from an incident wave 1, to a reflected or transmitted wave ;. These ratios can be

obtained by solving the following Equations (/6.23])-(6.31)).

Assuming that the joint is located at s = 0 (or z = 0), displacement and slope

continuity for out-of-plane vibrations ensures that:

o0 4 ‘;fa;’f) _ ‘;fagi v (6.23)
agiﬂ - agi I), (6.24)

Qb =, (6.25)

o 4 céj@;il) _ Ul()III) _ c;]@zcggjl), (6.26)
6;? = 81;5:” cosar + O™ sin a, (6.27)
QO = QM cosa — Blgiﬂ) sin a, (6.28)

where d; is the diameter of the cylindrical rigid joint. The shear forces PO pin
and Pb(m), the bending moments MZ(P, MQ(?) and MQ(ZEH) , and the twisting moments
Mg), M%I) and M%H) of the ring portion (I) (left), the ring portion (II) (right) and
the beam portion (III), respectively, evaluated at the joint at s = 0 (or x = 0) are

related by the equations:

2 9D
I I (I 0 I d; Ov,
—pW 4 p) 4 p _mjw(v£>+2 o ) (6.29)

— Mz(i) + MQ(?) + Mgn) cos o — Mgﬂ) sin «v

d .
~ o (p P 4 ) -

g oo (630
g s
9?Q(

ot? '

(I11)

—Mg) + M:(FITD + My, " cosa+ MZ(II;H) sina = I (6.31)

where m; is the mass of the rigid joint, and I, and ., are the moments of inertia
of the rigid joint along the radial (z-) and tangential (z-) axes respectively. In

Figure the forces and moments presented are those acting on the joint.
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Similar to the case of in-plane vibrations, solving Equations ([6.23))-(6.31]) for all
of the possible types of incident waves gives a [9 x 9] matrix that contains all of
the required transmission coefficients for out-of-plane vibrations. This particular
matrix models the scattering of waves for the ring/beam discontinuity and will be

used in the assembly process of the ray tracing method.

Simplification for transmission at an abrupt change in direction

To obtain the transmission coefficients for two beams joined at an angle a without
using a rigid joint mass element (see Figure, a simplification of Equations —
(6.31) can be used. Note that the angles o in Figures and are defined
in the opposite direction. The number of components coupled together by this
discontinuity is such that n = 2. Therefore, six equations modelling force and
displacement continuity can be solved simultaneously to derive the transmission
coefficients from any incident wave type to any reflected/transmitted wave type.

These six equations are as follows:

UZSI) = UéH), (6.32)
o I o (II)
gi = gl; cos o — Q,()H) sin a, (6.33)
o (IT)
QIEI) = Qén) cosa+ 22 gin a, (6.34)
2
pV = pm. (6.35)
Mz(ll)) = Q(E) cosa + M%I) sin «, (6.36)
M%) = M%I) cos o — Mg(il) sin av, (6.37)
T
By considering an incident set of waves Aincident gy = ul()I)+ uém} containing

a torsional wave, an out-of-plane propagating flexural wave and an out-of-plane
decaying wave travelling in the positive z direction of (I) and negative z direc-

T
tion of (II), and a transmitted /reflected set of waves Acreatedigy 1] = [ul()HH ul()l)_} ,

the equations that give the transmission coefficients matrix Taprupt angle Such that
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Acreated = Labrupt angle Qincident fOr OUt-of-plane vibrations can be expressed as:

0 -1 —1 0 1 1
sina/kp, icosa  cosa 0o i 1

—cosa/kp, isina  sina  1/kgp, 0 O
' Tabrupt angle

0 i —1 0 i —1
dsin o —Ccosa  COS« 0 1 -1
dcosa sihae —sina ) 0 O
- _ N . (6.38)
0 -1 -1 0 1 1
0 i 1 —sina/kp, icosa  cosa

—1/kp, 0 0 cosa/kp, isina sina

0 i -1 0 i —1
0 -1 1 0 sin o cosa —Ccosq
1) 0 0 d cos —sina  sin«

GJI.. . . .
with 6 =1 BT From the above Equation (6.38)), the matrix Taprupt angle, Which

contains the transmission coefficients of an abrupt angle « in straight beams for

out-of-plane vibrations, can be calculated.

Wave reflection at common boundaries

For external boundaries, the number of components considered is simply n = 1 and
the reflection coefficients are obtained by solving three equations. These equations
usually model an imposed displacement, slope, or external force or torque at the

boundary. For out-of-plane vibrations, if an incident set of waves with amplitudes

T
Qincidens = |0 ©F 07| impinges on a boundary, it produces a set of reflected

T

Waves Areflected — 51_ @2_ @3_ such that Qreflected — Tboundary Qincident - The ma-

trices for common boundary conditions: Teamped (for clamped boundary), T pinned
(for pinned boundary) and T, (for free boundary) are found to be identical to
those presented for in-plane vibrations (see Chapter 2, Section [2.4.3). One of the
reasons for this is that these matrices are not functions of the wavenumbers or geo-

metrical dimensions. Therefore, in-plane and out-of-plane flexural vibrations have
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identical reflection coefficients. Concerning torsional vibration, its governing equa-
tions ((6.10) and (6.17b])) are similar to those of longitudinal vibrations and the
constraint conditions at common boundary are identical, giving the same reflection

coefficients for torsional and longitudinal waves.

6.2.4 Possible simplifications

It was shown in Chapter 3 that in-plane vibrations of a periodic structure could be
modelled easily with the ray tracing method. The development presented in Sec-
tion [3.2] is a general development that explains how to calculate the transmission
and reflection coefficients of a chain of N sectors as a function of the transmis-
sion and reflection coefficients of one sector only. Therefore, if the coefficients of
one sector account for out-of-plane vibrations, then the same method and equa-
tions (see Equations and ) can be applied to calculate the out-of-plane

transmission and reflection coefficients of the entire chain.

Thomas [86] developed a simplification for cyclically (or rotationally) symmetric
structures, 360° structures that consist of N repetitive sectors, and his approach can
be applied to the ray tracing method. In Chapter 3, Section [3.3] the development
is explained for in-plane vibrations but similar reasoning can be applied for out-of-
plane vibrations. The basic idea is that the displacements for any sector can be
related to the displacements of just one particular sector by a phase angle ¢. The
sectors are numbered sequentially (j) (with j =1, ..., N), with j increasing in the

positive direction of propagation.

In the context of the wave approach, the wave amplitudes a¥) for the j* sector and

the wave amplitudes aU+Y for the (j + 1) sector are related as follows:
alUth) = ¢Wql) (6.39)

where ¢ = 27k /N and k is the cyclic mode number, see Chapter 3. This equation
presents a phase change of ¢ (or —1)) between one end of a sector and its other

end. k can take the following values [86]: x = 0, 1, ..., N/2 (N even) or k =
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0,1,..., (N —=1)/2 (N odd). Each value corresponds to a r-fold symmetric mode
and each mode must be examined independently. For out-of-plane vibrations, the
wave amplitude vector a contains a torsional wave, an out-of-plane flexural wave

and an out-of-plane decaying wave.

In the ray tracing method, only a principal sector is modelled. The phase change
is represented as a particular “transmission coefficient” from one end of the sector to
the other, see Section [3.3.2in Chapter 3. If the complex displacement at the left end
of a sector is v, then the displacement at its right end will be v €. Correspondingly,
if its displacement is v at its right end, then it will be v e at its left end. Thus,
the waves incident on one end and the waves transmitted to the other end will have
an amplitude ratio of e (or €¥). As explained in Chapter 3, this phenomenon

can be expressed directly by the D matrix; such that with a set of wave amplitude
T

a= [u(l)_ u+| . D becomes:
ALYt 0
D=| " , (6.40)
0 ALOT’
where
6i<i2ﬁ”nfk01Lo) 0 0
AL, Y = 0 o (25t 0 : (6.41)
0 0 €i<i%’rnfk03Lo)

and Ly represents the distance travelled along the waveguide from one sector to
its neighbour. For instance, if the cyclic symmetry simplification is applied to the
ring-based rate sensor, Lg is the distance along the ring between two attached legs

(Lo = TR/4).

To obtain the natural frequencies of the entire structure, Equation ([6.19) must be
solved. For periodic or cyclically symmetric structures, the modelling and knowl-

edge of transmission /reflection coefficients of a single sector are most important.

In summary, out-of-plane vibration analysis using the wave approach is similar to
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that used for in-plane vibration. Once the governing equations, the appropriate
wavenumbers and the coupling between angular and axial displacements have been
defined, the approach presented in Chapter 2 can be applied to out-of-plane vibra-
tions. The transmission coefficients rely on different equations but their derivation
depends on similar principles. The simplification for periodic or cyclically symmet-
ric structures, developed in a general way in Chapter 3, can also be extended to
analyse out-of-plane vibrations. However, a direct extension of the in-plane support
model presented in Chapter 4 to cope with out-of-plane vibration is not possible
as the fundamental equations governing the support assumed in-plane motion and

plane stresses only.

6.3 Modelling the support losses for out-of-plane

vibrations

6.3.1 Introduction

The different approaches presented in Chapter 4, namely the analytical model, and
the use of perfectly matched layers (PML) or infinite elements within FE analyses,
were applied to in-plane vibration only and assumed the problem to be in a plane
stress configuration. In all previous studies, it was assumed that the support can
be modelled as a thin plate with thickness equal to the (axial) thickness of the
resonator. Knowing that the stiffness of the support in its plane is much greater
than along an axis normal to its plane, it can be understood that during in-plane
motion the plate constrains more the vibration of the resonator than for out-of-
plane motion. It is therefore expected that the out-of-plane vibrations may induce
greater support losses, and modelling these is of great interest for the design of more

accurate and efficient multi-axis resonators.

When calculating support losses, knowledge of power flow from the resonator to the
support is fundamental. This power flow is a direct function of the displacement

of the attachment point induced by the vibrational motion of the resonator, see
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Chapter 4. The admittance that links velocity and applied forces for out-of-plane
vibrations, at the edge of a semi-infinite plate was first formulated by Eichler [108§].
The harmonic response of the plate was analysed using Fourier transforms, which
lead to explicit expressions for the plate response in integral forms. Kauffmann [109]
extended Eichler’s work and derived closed form integral expressions for the input
power delivered by arbitrary force and moment distributions along the edge. He
made a number of conjectures that were checked later by Su and Moorhouse [110].
Su and Moorhouse also solved the integrals given in [109] and offered closed form
expressions that can be easily evaluated numerically with a quadrature integration
method. This approach was recently used in [44] [45] to model attachment losses
of a resonator in a support of finite thickness. The same method will be applied
to calculate the support losses of a ring-based resonator. The main assumptions of
the support model are that it must be semi-infinite in length and that the support
thickness is supposed to be much smaller than the wavelength of the propagative
transverse waves. It is worth mentioning at this stage that the semi-infinite thin
plate model may not be realistic of actual hardware. Nevertheless, it is the best
available starting point to illustrate the procedure of support loss modelling. This

will be discussed in more details later. The basics of this approach are explained in

Sections|6.3.2/and |6.3.3] and calculated results for the support losses for an example

structure are presented in Section [6.4.2]

6.3.2 Admittance of the support

Consider a thin elastic plate of constant thickness h,, illustrated in Figure
vibrating freely at an circular frequency w. The transverse (out-of-plane) motion v

satisfies the following differential equation [74]:

2 _
oxt + 012022 + 0z4

4 4 4
D (8 o O 0 U) — phyw®v = 0, (6.42)

where p is the mass density of the plate and D is its bending stiffness such that:

Eh3

D=——"P¢ _
12(1 — 12)’

(6.43)
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with v the material Poisson’s ratio. If the plate is excited along its z = constant edge
by an externally applied bending moment per unit length m(z) and an externally
applied force per unit length f(x), the boundary conditions can be expressed as [74]

108§]:

0% 0%v
—D (822 + V@ﬂ) = m(z), (6.44a)
o [0%v 0%

Let us consider that the plate is excited by a transverse force P, a twisting moment
M7 normal to its edge and a bending moment M, tangential to its edge, induced
from the vibrations of the resonator, see Figure [6.4(a)] It is assumed that the
coupling between resonator and support takes place at a single point only, i.e. the
point of application of these forces and moments. Also, the support is considered to
be semi-infinite with excitation forces on a single point of its edge only. There are no
boundaries that can reflect vibrations back to the support edge. The point mobilities
from the plate at x = 0 and z = 0 (point of attachment between the resonator and
support) are of interest and can be obtained by setting f(z) = Pdé(z) — Mpd'(z)
and m(x) = My6(x), where § is the Dirac function. Equations can be solved
at x = 0 and 2z = 0, and the following expression that links the normal angular
velocity €2,, the tangential angular velocity Q7 and the transverse linear velocity

Vy of the attachment point to the applied loads, can be found [110]:

Q, Q My
Qt = jw —81}/82 =Y M| . (645)
V;,, v P

Y is the point mobility matrix and is expressed as:

yqu 0 0
0 yaok? yxsk|, (6.46)

0 Yok Y33
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where k is the wavenumber of transverse motion in a plate defined as:

(6.47)

The elements of the matrix Y are given as closed-form integrals in [110]. For the
derivation of support losses, or power radiated into the plate, only the imaginary
part of the displacements are needed (similar to the case of support loss for in-plane
vibration studied in Chapter 4, Section or in Appendix [A)). Therefore, only the
real parts of the velocities are required and only the real parts of the components
of Y need to be calculated. Using the expressions given in [I10] and for v = 0.28,

one can find the coeflicients:

Re(ygg) = Re(ygg) = —028546, (649)
Re(yss) = 0.45735. (6.50)

Note that Judge et al. [45] used the corresponding numerical values of these coeffi-

cients for v = 0.3, which were calculated in [I10].

Equation ([6.45]) will be used to calculated the power flow into the support. This is
considered in Section [6.3.3

6.3.3 Power flow and support loss

Similar to the case of support loss for in-plane vibrations studied in Chapter 4,

Section [4.2] the Q-factor can be defined as:

Q:27rK

AT (6.51)

where W is the total energy stored by the resonator and AW is the energy lost per
cycle. AW is linked to the power radiated in the support by:

2
AW = 111, (6.52)

w
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where II is the average power transmitted to the support. It is assumed that the
support is large enough compared to the resonator dimensions such that all the
energy entering the support is lost and does not come back into the resonator. The
power flow is a function of the forces linking the resonator with its support and is

defined as (see Chapter 4, Equation (4.36])):
1 s
1= 5 Re (Force - Velocity™) , (6.53)

where Re is the real part and * denotes the complex conjugate. In Equation ((6.53))
the forces are multiplied by linear velocities, while the moments are multiplied by

angular velocities, giving consistent units for power. Re-arranging Equations ((6.51])

and (6.52)) gives:
wW
= —. 6.54
Q= (6.54)
From Equation ((6.54)), the support losses can be calculated once the total energy

stored and the power flow are known. The derivation of those is considered next.

The resonator is modelled using a wave approach assuming that its attachment to
its support is clamped. The ray tracing method, applied to out-of-plane vibrations,
see Section [6.2] is used to calculate the natural frequencies, mode shapes, and forces
and moments at the clamped end. From the mode shapes, the total energy stored
W can be derived. W is the sum of the kinetic energies of each element composing
the entire structure. For instance, in a straight beam of length L, illustrated in
Figure the kinetic energy created by out-of-plane flexure and torsion is
defined as:

o (22 b(ov)
Wbeam_2(lzz/0 (m) dz+bh/0 o) dz ] (6.55)

The power radiated into the plate can be found using Equations (6.45]) and (6.53)).
The powers radiated IIp due to the shear force P, 11z, due to the twisting moment

My, and I, due to the bending moment Ms, when each load is taken in isolation,
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are found to be:

P2
Mp = /3 (1 — 12)ys3———1, 6.56
P ( ) 33hg\/E—p ( )
B ) wM?
sy =6 (1 =) v (6.57)
B 9 wM?
My, =6 (1= 02) oo WE (6.58)

When both bending moment Ms and shear force P are present, the off-diagonal
terms of Y result in an additional contribution such that the total power I1p s,

from flexural vibration is:

VoM,P

3/4
— .2
HP+M2 = Hp + HM2 + (12 <]_ 14 ) ) Y23 p1/4h2/2E’3/4

(6.59)

For in-plane vibrations, it was shown that the contribution of the bending moment
to the support loss is negligible compared to the influence of the shear force, see
Appendix [A] However, for out-of-plane vibrations, the cross terms can not be ne-
glected as for a sufficiently thin plate, the contribution to power flow from all three

terms in Equation (6.59)) are of similar order [45].

Substituting the values calculated by Equations ((6.55)) (or similar for curved beam
elements) and (/6.56)-(6.59) into Equation (6.54]), the Q-factor can be derived for
any resonator geometry. The predictions of support losses found, using this method

for a cantilever beam and for a ring-based resonator, are presented in Section |6.4.2

6.4 Applications

The ray tracing method presented in Section [6.2 is applied to different structures
to obtain natural frequencies and mode shapes in the following Section [6.4.1] From
this wave approach and the analysis developed in Section support losses for
out-of-plane vibrations can be calculated. The cases of a cantilever beam and a

ring-based resonator are studied in Section [6.4.2
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6.4.1 Natural frequencies and mode shapes
Free response of a perfect ring

As for in-plane vibrations, it is straightforward to obtain an analytical expression for
the out-of-plane natural frequencies of a perfect ring using the ray tracing method.
In Equation , six wave amplitudes are considered (predominantly torsional
wave, predominantly flexural wave and predominantly decaying wave, travelling in
each direction). The transmission matrix T is set equal to the identity matrix as
waves are free to travel around the ring without interruption, and the diagonal
dispersion matrix D contains terms e~k (; = 1, 2, 3). Solving Equation
analytically gives wavenumber solutions of the form k., = %, withn =0, 1, ....
By substituting the £, values into the dispersion relation and solving it, it

can be shown that the natural frequencies for out-of-plane vibration are given by;

Wy (6.60)

with:
®(n) = ELL.n" + GJ (I.. + AR*) n* + ELAR?, (6.61)
U(n) = 4ELL.GIAR™ (n* — 1)’ (6.62)

For each value of n, there are two natural frequencies. At w; frequencies, the ring
is essentially vibrating in torsion, analogous to the pure torsional vibration of a
straight beam. At the w, frequencies, axial deflections dominate, analogous to
the out-of-plane bending vibration in a straight beam. With the assumption that
the radial and axial thicknesses of the ring are much smaller than the radius of

the centreline, Equation can be simplified to the standard expressions for
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torsional and out-of-plane flexural natural frequencies in a ring:

| BT, + GJn?
i = ol | [Z T +pR2 n (6.63)

EIn? (n? —1)°

El ’
pAR (G +n?)

— _ flexural __
w, = w, =

(6.64)

For a circular cross-section, these expressions can be further simplified using J =
I.. = 2I, to obtain the standard expressions for torsional and flexural natural

frequencies in rings with a circular cross-section [9, 75l ©99].

Ring-based resonator

This section presents results for the out-of-plane natural frequencies and mode
shapes of a ring-based resonator consisting of a ring supported on eight legs, as
studied in the previous chapters. The approach used here is the same as that used

in Chapter 3, except that out-of-plane vibrations are considered instead.

The ring-based resonator is modelled using the cyclic symmetry simplification. Only
a single leg (three beam portions) is modelled. The ring is taken into account
using the analysis presented in Section [6.2.4, i.e. waves impinging and leaving
the discontinuity ring/leg are considered. It is assumed that the leg and ring are
connected at a single point (only the centreline is modelled). The transmission
coefficients for the ring/leg joint are calculated using the analyses presented in
Section [6.2.3] The cross-sections of the ring and legs are supposed to be uniform,
and the material also shows uniform distribution properties. These imply that in-
plane and out-of-plane modes of the resonator are uncoupled and can be analysed
separately. There is no interaction between the modes and the ray tracing method

is here used to study out-of-plane motion only.

The out-of-plane motion of the resonator implies a rotation of the cross-section.
Structures with non-circular cross-section will generally warp under torsion. To de-

scribe the relationship between twisting moment and rotation of the cross-section
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(which is rectangular), the torsional constant J is required. This constant is calcu-

lated using the expression [65], T11]:

b3h 1920 & 1 h
J=—|1—-—F-— — tanh (im— ] |, 6.65

3 ™ h i:1;5 L - (W b) ] 16:69)
where b and h (h > b) are the dimensions of the cross-section. The rotation of
the cross-section predicted using the torsional constant is more accurate when the

dimensions of the cross-section are close to being circular or square [101].

The ring-based resonator with original dimensions (see Figure is first anal-
ysed. Different methods are considered: the ray tracing approach, and FE models
using two-dimensional Euler/Bernoulli beam elements or two-dimensional Timo-
shenko beam elements. The calculated frequencies are presented in Table [6.1] The

mode shapes obtained with the ray tracing method for the lowest natural frequency

with £ = 0, 1, 2, 3 and 4 are shown in Figures [6.5] [6.q(a)] and [6.4(a)] As for in-

plane vibrations, the FE model meshed with Euler/Bernoulli beam elements gives
excellent agreement for the natural frequencies (up to five significant figures) with
the ray tracing method. With Timoshenko elements, the percentage differences,
mainly due to the shear deformation being neglected in the ray tracing approach,
are less than 0.4%. As the torsion of a rectangular cross-section is more difficult to
predict than circular cross-section, another model has been developed. In this sec-
ond model, the ring and legs have circular cross-sections. The other dimensions and
material properties do not change. Again, the natural frequencies are calculated
using the ray tracing method, a FE model with two-dimensional Euler/Bernoulli
beam elements and another FE model with two-dimensional Timoshenko beam el-
ements. Results are presented in Table The percentage differences on the
natural frequencies between the FE model using Timoshenko elements and the ray
tracing model are slightly smaller than the ones obtained in the first analysis, with
a maximum difference less than 0.25%. The most plausible reason is certainly that
the analytical model for torsion of beam/ring structures with circular cross-section
is more exact than the one for rectangular cross-section where warping occurs. In
any case, the mode shapes obtained using the ray tracing method were similar to

those given by the FE analyses.
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In a practical situation, the angles that connect the straight beam elements in the
legs are rounded, see Figure[l.2in Chapter 1. So far in this thesis, it was assumed for
simplicity that the beams were connected at an abrupt change in direction within
the legs. A more realistic analysis is therefore performed using a more detailed
finite element model. In the new FE model, a more accurate representation is
used. There are curved segments connecting each straight beam component in the
legs, and each attachment between the legs and the ring is also filleted to avoid
stress concentrations. Also, instead of two-dimensional beam elements with two
or three nodes, the structure is now meshed with twenty-noded three-dimensional
brick elements. Results for the in-plane and out-of-plane natural frequencies for
the 260 and 30 modes are shown in Table 6.3l The 20 mode, 360 mode respectively,
corresponds to the lowest mode with k = 2, kK = 3 respectively. They are the
modes used in practical applications and are of particular interest. The out-of-
plane mode shape of the 26 and 36 modes obtained using this FE model and the
ray tracing method are presented in Figures and It can be seen that mode
shapes obtained using the two methods are in good agreement concerning the ring
vibrations. Small differences occur for the deformation of the legs. In-plane mode

shapes of the ring-based resonator were illustrated in Chapter 3, Figure [3.9]

The results for the natural frequencies, comparing the ray tracing method and the
realistic FE model, show good agreement with differences less than 4%. Wong [2]
realised the same kind of study and presented the differences obtained between his
model and a comparable FE analysis. These differences are also shown in Table|6.3]
The resonator studied in [2] did not have exactly the same dimensions and material
properties, but they were similar. It is especially clear that for out-of-plane vibra-
tions, the ray tracing method is a significantly more accurate analytical /numerical
model than the one developed by Wong. He used Rayleigh’s quotients and an energy
approach to derive an analytical model for out-of-plane vibrations of a ring-based
resonator. It was an extension of the work carried out in [I1] where in-plane vibra-
tions were studied. The leg model used to estimate the out-of-plane strain energy
and kinetic energy is based on the assumption that the displacement of each leg
at the point of attachment to the ring is identical to that of a free ring. He also

assumed that the presence of the legs does not significantly affect the mode shape
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of the ring. The strain energy is calculated based on the static bending moment in
the legs due to the displacement of the ring while the kinetic energy of the leg is
calculated based on the static displacement shape of the leg. As can be seen in Ta-
ble [6.3] his model was able to predict in-plane natural frequencies with good levels
of agreement when compared against FE results. However, the agreement between
out-of-plane natural frequencies predicted by FE models and those calculated ana-
lytically with its energy approach is not as good. Furthermore his assumptions are
better for low modes of vibration (260 modes) for which the legs of the resonator do
not flex severely. In contrast, the ray tracing method is an exact solution, based
only on the assumption that ring and leg can be modelled as a one-dimensional

waveguide, and shows much better agreement with the FE model.

However, small differences still occur because the wave approach presented here ne-
glects shear deformation and rotary inertia effects. Also, in the ray tracing method,
it is assumed that the beams are connected at abrupt angle within the legs and that
each leg is connected at a single point with the ring. This is expected to have only
a little influence on the natural frequencies, but it may have a stronger influence on

the mode shapes, and especially on the leg deformation.

6.4.2 Support loss

The method presented in Section is applied to predict support losses for different
systems. A cantilever beam resonator is studied first and then results for the support

losses induced by out-of-plane vibration of a ring-based resonator are presented.

Cantilever beam

Consider a cantilever beam of length L, cross-section area bh = A and flexural
rigidity E'I,, that vibrates in an out-of-plane flexural motion, see Figure [6.4(b)!

The beam is clamped at z = 0 and free at z = L. The n'" mode shape can be
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expressed as [65]:

v(z) = (cos kyz — cosh k,z) — (3, (sink,z — sinh &, 2) , (6.66)
where k,, is determined from cosh k,,L cos k,, L = —1 and
cos k, L + cosh k, L
On = sin k,, L + sinh k,, L (6.67)

Values of k,, are well known and can be found in any vibration textbook, such as [17,

65, [75]. For indication, k,L = (1.8751, 4.6941, ...) and k, is related to the resonator

frequency by w, = k2\/EI,/pA. Substituting the mode shape definition into
Equations and (6.§)), and for z = 0, one gets the bending moment and shear

force at the clamped end:

M,, = 2E1.k2, (6.68)
P, = 2EL,B,k?. (6.69)

Substituting Equation into Equation ([6.55)) gives the kinetic energy W,, cre-

ated by flexural vibration of the beam in its n'" mode such that:

1
W, = pAL;. (6.70)

The power radiated into the support by flexural vibration of a cantilever beam is
calculated by substituting Equations and into Equation ((6.59)). The
Q-factor is then derived using Equation (6.70) in Equation (6.54). The quality
factor Q,, for the n'* mode is found to be such that:

h 2 <h>5/2 <h>3
ap | — + ap My | 7 —f-CYMZ - y (671)
(i) o (i) e (G

1 b

@Qn L
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where ap, apiy, and oy, are functions of v and are defined as:

ap = 4V1 — 1232 ya3, (6.72)
3/4

2) B Yos, (6.73)

Aprpy = 4 (]_ - V2) Y22. (674)

APy M, :8(1—V

The values of ys2, 723 and ys3 were given in Section for v = 0.28; these
can be re-calculated for any v-value using the expressions derived in [I10]. In
Equation , the first term is due only to the shear force P at the cantilever
attachment, the third term is due only to the bending moment M5, and the second
term arises from the off-diagonal elements of the Y matrix. These coefficients can
be calculated for any value of ¥ and mode number n. For the fundamental flexural
mode of a cantilever beam (n = 1), and for v = 0.28, Equations (6.72)-(6.74) give:
a, = 0.946, apyp, = —1.577 and oy, = 0.817.

The coeflicients o, apyar, and apy, named respectively A;, Ay and A in [45] were
given for v = 0.3, such that: A; = 0.95, A, = —0.65 and A3 = 0.24. However, there
seems to be a mistake in the numerical values of Ay and Aj calculated in [45] as
they do not correspond to Equations and which give apyy, = —1.59
and ayy, = 0.79 for v = 0.3. No explanation has been found on how the coefficients

from [45] are different, even though they were derived from equations similar to

Equations (6.66))-(6.71).

Q-factors for the fundamental out-of-plane flexural mode of vibration of a can-
tilever beam are calculated for beams with varying dimensions. The results can
be obtained either using the analytical expression , or with a more numeri-
cal method that involves the ray tracing approach to model beam vibrations and
Equations ([6.54)), and to calculate ). As expected, and illustrated
in Table [6.4 both methods agree very well as the wave approach is based on ex-
act functions. The ratio length/width (L/b) of the beam and the ratio support
thickness over resonator thickness (h,/h) are varied. Results for @) are illustrated
for v = 0.28 in Figure as a function of L/b. One can see that the Q-factor is
linearly proportional to the ratio L/b, as predicted in [41]. Also, it is important to
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remark that ) is highly dependent of the support thickness. If the support becomes
thicker, the ) factor increases rapidly as the support is less flexible with regards
to the out-of-plane vibrations. When the flexibility of the support increases, more

energy is lost by propagation of vibration, and the @Q-factor decreases.

In-plane vibrations of the same cantilever beam structure were studied in Chapter 4.
For in-plane vibration, the support was modelled as a thin plate with equal thickness
to the resonator thickness and it was found, see Figure [4.7] that the Q-factors vary
in a cubic form (as predicted in [41], 42]) approximately between 600 and 30000
for the same L/b range (6.7 < L/b < 26.7). Here, when out-of-plane vibrations
are considered and with h,/h = 1, Q-factors vary linearly between approximately
35 and 150. One can see that the losses by propagation of in-plane vibrations
into a thin plate are much smaller than the losses by propagation of out-of-plane

vibrations.

Ring-based resonator

The free out-of-plane vibration analysis of a ring-based resonator was performed
in Section [6.4.1, From this analysis, natural frequencies and mode shapes were
obtained. To calculate the support losses using the procedure explained in Sec-
tion [6.3.3] the kinetic energy, and the forces and moments at the clamped ends are

required.

As cyclic symmetry simplifications are used (method explained in Section [6.2.4)),
the mode shapes are obtained for one single sector only. The mode shapes of all
sectors are related by a change of phase, which is a function of the cyclic mode
number. The corresponding displacements in each sector are complex and their
absolute value is the same for all sectors. Therefore, the kinetic energy is also equal
in all sectors. To calculate the clamped forces and moments, it is also possible to use
the absolute value of the clamped beam displacements such that these forces and
moments are equal in all sectors. The total energy lost is therefore eight (number
of sectors) times the energy lost through one clamped end, and the total energy

stored is also eight times the energy stored in one sector only (45° ring portion and
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one entire leg). Finally, one can note that the mode shape of only one sector is
actually needed to calculate support losses in a cyclic symmetric structure such as

a ring-based resonator. This was also the case for in-plane vibrations.

Results for the Q-factors for the tenth lowest natural frequencies of out-of-plane
vibrations are presented in Table [6.50 They were calculated with the assumption
that the support and the resonator have the same axial thickness (h,/h = 1), for
consistency with the in-plane analysis performed in Chapter 4. It is interesting to
note that these Q)-factors are much smaller than those found for in-plane vibrations,
see Chapter 5. This could perhaps have been expected for reasons that will be
discussed in the following paragraphs. The lowest ()-factor is found for the mode
with lowest natural frequency with x = 0. This mode corresponds to translational
motion of the ring along its axial direction and is illustrated in Figure[6.5(a)] Most
of the deformation occurs in the legs and very little deformation occurs in the ring
in this mode. The energy stored is therefore relatively small, while the reactions at
the boundary, which drive the substrate response, are still significant. This may at
least partly explain the small () predicted. The next smallest predicted -factor
occurs for the lowest frequency with £ = 1. In this mode, presented in Figure|6.5(b)]
the ring rotates about an axis contained in the plane of the resonator. Again, little
deformation occurs in the ring as it effectively undergoes rigid body rotation only.
The above line of argument suggests that in order to obtain larger Q)-factors, the
deformation of the ring relative to that of the legs, and therefore the proportion of
energy stored in the ring, should be maximised. This situation occurs for the “ring”
20 and 30 modes where the resonator deforms as shown in Figures[6.6/and [6.7], and it
is clear from Table [6.5{ that the predicted Q-factors for these modes are significantly
higher.

Wong [2] made experimental measurements of Q)-factors for out-of-plane vibrations
of resonators with similar dimensions and material properties. He found that @) =~
11 - 103 for the 20 mode, and Q ~ 13 - 10 for the 36 mode. These values are
experimental and take account of all possible energy losses, including thermoelastic
damping which was known to be the principal loss mechanism in the experimental

structures. Therefore, the ()-factors due to support loss alone should be even greater
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than the measured @Q-factors. However, as seen in Table[6.5], the results found using
the method presented in Section are far from the measured values. A number of

factors may contribute to the explanation of these discrepancies, as discussed next.

Possibly the most important factors relate to the basic assumption in the theoreti-
cal development that the actual physical support can be realistically modelled as a
semi-infinite thin plate with thickness equal to that of the resonator. To examine
the validity of this assumption, first see Figure [1.2| which shows a photograph and
SEM photograph of a resonator structure that is essentially the same as that tested
by Wong [2]. The dimensions of the silicon plate to which the resonator is directly
attached are actually of the same order as the dimensions of the resonator itself
(in the millimetre range). Furthermore, the plate is bonded rigidly to a pedestal
glass, which is itself attached to a metal base. Hence, the support structure is
finite with external boundaries that would in practice reflect some energy back
into the resonator, reducing the possibility for energy to propagate away from the
resonator. The assumption of semi-infinite support stipulates that the wavelength
of the bending waves should be much greater than the actual size of the support.
At the frequencies of the 20 and 36 modes, these wavelengths, in a support with
thickness equal to that of the resonator, are approximately 12mm and 8 mm, re-
spectively. Therefore the chip is smaller than these bending wavelengths, which
implies that the approximation of a semi-infinite support plate is inappropriate for
the structures tested by Wong. This is clearly an issue that shows that further work

is needed in the future to better model the boundary conditions.

Moreover, the out-of-plane stiffness of the real support is much greater than that
of a semi-infinite plate. Indeed, as the support is of finite size, its actual end
boundaries may have an important effect on the motion of the resonator/support
attachment point. This effect is expected to be different for the case of out-of-plane
vibration than for in-plane vibration. Because the in-plane stiffness of the plate
is relatively very high, the assumption of a semi-infinite support is relatively less
significant. This is because the waves attenuate “quickly” in the support and, even
if the support is “short”, reflections that significantly influence the attachment point

motion are less likely. However, for out-of-plane vibrations, for the case where there
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is relatively less stiffness in the support that constrains the vibrations, the actual
dimensions of the support and the fact that it is not semi-infinite are likely to be

more relevant.

Support for the general validity of the discussion given in the previous paragraph
is provided by the cantilever example presented in the first part of Section [6.4.2]
Reference to Figure highlights that the predicted @Q-factor depends strongly
on the thickness of the support relative to that of the beam. In the cantilever
example, the predicted Q)-factor increases by a factor of 35, see Table when the
support/cantilever thickness ratio is increased from 1 to 10. It seems reasonable
to assume that a similar trend would apply in the case of the ring resonator. The
precise numerical values would of course be different, but it is interesting to note
that the measured [2] and predicted (Table Q-factors are Q ~ 11 - 10% and
320 respectively for the 20. The ratio of these values is approximately 34, which
is commensurate with the ratio of )-factors for the cantilever when the support

thickness was increased by a factor of ten.

In the ring resonator device shown in Figure|l.2] the axial thickness of the resonator
silicon is of the order of 0.1 mm compared to thicknesses of approximately 2.5 mm
for the supporting glass and approximately 1.5 mm for the metal base. Thus, the
ratio of the thickness of the support compared to resonator is significantly greater
than ten. It is therefore not unreasonable to suggest that the predicted Q)-factors
would be significantly higher if the support were modelled in a way that more
accurately accounted for its out-of-plane stiffness characteristics. This is confirmed
in Figure [6.9, which shows the Q-factors for the 20 and 36 modes of the ring-
based resonators as a function of the support/resonator thickness. Results for the
range of support thickness between 0.1 mm and 2mm are presented. As expected,
larger (Q-factors are obtained if the support is considered thicker, and the values
of -calculated here correspond to a more plausible range. However, the thicker
the support is, the less the assumption of thin structure is valid. This assumption
stipulates that the transverse wavelength must be much greater than the support
thickness. For a frequency corresponding to the 26 frequency, this wavelength is

approximately 0.5 mm. Another support model that considers the propagation of
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energy into a half-space (infinitely thick support) was presented in [45], based on
the work from Miller and Pursey [90]. Given sufficient time, it would be interesting
to investigate if this second model is more appropriate that the one used in this

chapter. This is clearly an issue deserving further work in the future.

Another issue in the model is the rigid-attachment assumption between the res-
onator and its support. In the resonator vibration analysis, clamped ends are as-
sumed with boundary conditions such that v = 0, dv/0z = 0 and 2 = 0. However,
as mentioned earlier, the relatively smaller stiffness of the (thin) support with regard
to out-of-plane motion does not constrain the resonator as a clamped end would do.
Therefore the conditions of zero displacement and rotation at the boundary should
be replaced by a relationship between v, dv/dz, 0*v/02%, and 93v/dz3 determined
by considering the second and third row of Equation (6.45)). For torsional vibra-
tions, the condition of zero rotation of the cross-section should be replaced by a
relationship between Q and 9Q/9z obtained with the first row of Equation (6.45)).
In Equation , the displacements of the attachment point are coupled to the
excitation forces. For instance, instead of imposing () = 0 as a boundary condition,
one could use:

1
Q= 7y11]€2MT, (675)

iw\/@

which links 2 with 0Q2/0z. This was performed for flexural vibration of a cantilever
beam by Judge et al. [45]. They predicted that when the beam and support have
the same thickness, an error of approximately a factor two is introduced with the
rigid-attachment assumptions. This error decreases when the support thickness
increases. The thicker is the support, the more it constrains the vibrations, and
the closer the attachment is to being completely rigid. When the plate thickness is

twice that of the cantilever beam, the error is less than 10% [45].

If one wants to apply these more realistic boundary conditions to the ring-based
resonator, the reflection coefficients of waves at the boundary used in the ray trac-
ing method need to be redefined using the new conditions obtained from Equa-
tion (6.45)). Instead of imposing a rigid-attachment, a more flexible attachment

could be used, which would be expected to change the @-factor. Indeed, for a
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support modelled as a thin-plate (thickness equal to the resonator thickness for
instance), if the support becomes more flexible, the forces and moments at the at-
tachment point will decrease significantly. The mode shapes of a simple cantilever
beam resonator will also change significantly as they are directly linked with the
boundary conditions. The energy contained in the beam is expected to decrease as
this one will now deform less. The fact that energy and clamped forces decrease
simultaneously explains why the QQ-factor is expected to change “only” by a factor
of two for the cantilever beam case. However, for the ring-based resonator case,
the energy stored in the resonator in the 26 and 36 modes is mainly contained in
the ring. Changing the boundary conditions will not affect the ring deformation so
much and it is expected that the stored energy will not change too much either.
But, on the other hand, the clamped forces and moments will still decrease due
to the introduction of flexibility to the support. A decrease in the clamped forces
will decrease the power flow into the support and therefore increase the Q)-factor.
The error in @ introduced by the rigid-attachment conditions for the ring-based
resonator is difficult to predict. Only a numerical solution of the problem can give
an approximate value of this error, but it is expected that the rigid-attachment

condition tends to underestimate the ()-factors of ring-based resonators.

6.5 Conclusion

In this chapter, an extension of the ray tracing method has been developed to
deal with out-of-plane vibrations, using the wave approach adopted for in-plane
vibrations (see Chapters 2 and 3). The extension relies on the knowledge of out-
of-plane governing equations of motion, which were derived here for curved and
straight beams. Transmission coefficients, also needed in the ray tracing process,
were presented for discontinuities commonly encountered in MEMS resonators. Fur-
thermore, the previously developed simplifications for symmetrical structures were

used.

Results for natural frequencies and mode shapes were presented that show very good

agreement with FE models. A three-dimensional FE analysis with more realistically
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modelled radiused joints between straight leg sections has also been developed for
comparison. This showed that the assumptions made in the ray tracing method
correctly predict the 260 and 36 out-of-plane modes of the resonator. Small dis-
crepancies appear in the model of leg vibrations for these modes, mainly due to
the assumption of modelling only the beam centreline in the ray tracing method.
Shear deformation, rotary inertia, and stress concentration at several junctions in

the resonator are neglected with the wave approach.

A possible model of support loss for out-of-plane vibrations was also presented,
established on the assumption that the support can be represented as a semi-infinite
thin plate with thickness equal to that of the resonator. Based on this model, the
predicted Q-factors for ring-based resonators were found to be significantly smaller
than experimental measurements. A number of factors that could contribute to
this discrepancy were identified and discussed. These include the assumptions that
the support is semi-infinite and thin. In the practical situation, the resonator and
support are mounted on a chip whose dimensions, compared to the wavelengths of
propagating waves, are not sufficiently large to be considered as infinite. Despite
the fact that this assumption was found to be inappropriate, the method presented
here offers a fundamental approach that can be easily re-formulated and refined for
real applications. It is concluded that the semi-infinite thin plate assumption for the
support does not realistically represent the actual tested hardware. Trends noted in
the example of a ring-based resonator mounted on supports of increasing thickness
could provide useful insight into the problem. An improved approach, with more
realistic admittance relationship linking displacements and forces at the attachment
point is required; this may be derived from theoretical analysis or experimental
measurement. The investigation of approaches to model realistic support structures

for the case of out-of-plane vibration is clearly a topic for further research.
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Figures and tables

T

Figure 6.1: Out-of-plane vibration of a curved beam: notation and sign con-
ventions.
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Figure 6.2: Transmission of out-of-plane vibrations between a ring and an at-
tached beam.

2

Figure 6.3: Transmission of out-of-plane vibrations through an abrupt change
in direction in beams.
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AP

Direction of out-of-
plane flexural vibration

(b)

Figure 6.4: Support modelled as a semi-infinite thin plate for out-of-plane vi-
brations. @ shows its excitation shear force P, bending moment
My, twisting moment M7, and also the axes orientation and origin.
@ presents the notation used for the cantilever beam study.
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Figure 6.5: Mode shapes for out-of-plane vibrations of the ring-based resonator
obtained with the ray tracing method. @ corresponds to the lowest
natural frequency with x = 0, [@] with kK = 1, and with k = 4.
The modes relate, respectively, to the natural frequencies 4 803 Hz,
5413 Hz and 29982 Hz given in Table
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(b)

Figure 6.6: 20 mode shape for out-of-plane vibrations of the ring-based res-
onator obtained with the ray tracing method and, a FE

model @
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(b)

Figure 6.7: 30 mode shape for out-of-plane vibrations of the ring-based res-
onator obtained with the ray tracing method and, a FE

model @

228



Chapter 6. Support loss prediction for out-of-plane vibrations

5000 T T T T

—_—— hpfhi']
e hpfh:2
— =4
o hyh=B
5000 |- — hh=8 1
hy/h=10
4000 -
B
3 3000+ -
=]
2000 - -
1000 F -
0 M
5 10 15 20 25 0

LengthMAWidth

Figure 6.8: -factor of the fundamental out-of-plane mode of a cantilever beam,
shown as a function of the length/width ratio for different support
thicknesses.
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Figure 6.9: Q-factor of the 20 and 36 out-of-plane modes of a ring-based res-
onator, shown as a function of the support/resonator thickness ra-
tio (hp/h).
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Table 6.1: Natural frequencies (Hz) for the out-of-plane vibrations of the ring-

based rate sensor calculated with the ray tracing method and a FE
model (two-dimensional Euler/Bernoulli beams elements and Tim-
oshenko (“T’'nko”) beams elements, with 0.85 as shear correction
factor, of approximate length 0.01 mm). The resonator dimensions
are presented in Figure [3.8(b)l The material properties used are
p = 2329kg/m3, E = 170 - 10° Pa and G = E/(2(1 + v)) Pa, with
Poisson ratio v = 0.28.

Ray Tracing FE analysis Difference %
Euler beams | T'nko beams | Ray Tr./T’'nko beams
k=0 4 803 4 803 4 800 0.05
30 105 30 105 30 060 0.15
P 5413 5413 5411 0.05
37 266 37 266 37 193 0.20
.9 10 818 10 818 10 813 0.04
46 279 46 279 46 155 0.27
.3 22 899 22 899 22 873 0.11
52 334 52 334 52 177 0.30
.4 29 982 29 982 29 928 0.18
58 271 58 271 58 077 0.33
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Table 6.2: Natural frequencies (Hz) for the out-of-plane vibrations of the ring-
based rate sensor calculated with the ray tracing method and a FE
model (two-dimensional Euler/Bernoulli beams elements and Timo-
shenko beams elements, with 0.85 as shear correction factor, of ap-
proximate length 0.01 mm). The resonator dimensions are presented
in Figure except that the legs and ring have now circular
cross-sections with radius 71 = 4 - 107 m and Tring = 7 * 10~° m.
The material properties used are those given in Table

Ray Tracing FE analysis Difference %
Euler beams | T'nko beams | Ray Tr./T’nko beams
=0 3 720 3 720 3718 0.04
33 327 33 327 33 273 0.16
o1 4 407 4 407 4 405 0.04
37 120 37 120 37 046 0.20
.9 12 595 12 595 12 589 0.05
39 519 39 519 39 436 0.21
.3 27 822 27 822 27 780 0.15
42 739 42 739 42 658 0.19
.4 32 826 32 826 32 759 0.20
45 962 45 962 45 878 0.18

Table 6.3: Natural frequencies (kHz) for the 20 and 30 modes of vibration of the

ring-based rate sensor calculated with the ray tracing method and a
FE model (three-dimensional brick elements of approximate length
0.04mm). The resonator dimensions are presented in Figure [3.§(b)
The material properties used are those given in Table

Frequency (kHz) Ray tracing | FE model | Diff. % || Diff. % in [2]
In-plane 260 mode 14.2 14.5 2.1 0.7
30 mode 32.1 32.7 1.7 6.6
Out-of-plane 260 mode 10.8 11.2 3.4 13.7
30 mode 22.9 23.6 3.1 27.8

Table 6.4:

Q-factor of the fundamental out-of-plane mode of a cantilever beam,
calculated as a function of the length/width ratio (L/b) and for two
different support thicknesses (h,/h =1 and hy,/h = 10). Numerical
values are calculated either using Equation or with a more
numerical approach that involves the ray tracing method (“Ray Tr.”).

/b hy/h =1 h,/h =10
from Eq. (6.71) | from Ray Tr. | from Eq. (6.71]) | from Ray Tr.
8 42.80 42.80 1511 1511
12 64.20 64.20 2266 2266
16 85.61 85.61 3022 3022
20 107.0 107.0 3777 3777
24 128.4 128.4 4533 4533
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Table 6.5: Natural frequencies (Hz) and associated @Q-factors for the out-of-
plane vibrations of the ring-based rate sensor. The resonator dimen-
sions are presented in Figure and material properties used are
those given in Table

Frequency (Hz) | k | Q-factor
4 803 0 65
5413 1 74
20 mode = 10 818 2 320
30 mode = 22 899 3 691
29 982 4 537
30 105 0 725
37 266 1 629
46 279 2 332
52 334 3 214
58 271 4 139
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Chapter 7

Conclusions and future work

7.1 Introduction

High accuracy sensors based on MEMS resonators are being used increasingly in
different sectors, such as in the military, aerospace and automotive industries. The
performance of such devices can be significantly degraded by energy losses from the
resonator. Support loss is an increasingly important source of damping in MEMS
resonators that has previously been the subject of relatively little research. The
research reported in this thesis contributes to the understanding, modelling and
quantification of this particular damping mechanism. The work presented here is
thought to represent a significant improvement in predictive capability, although
further work is still required. The thesis presents the development of an efficient
approach to model both the transmission of vibration within a structure and quan-
tify the energy lost to its surroundings. This chapter summarises the key models

and findings of the research, and discusses possible relevant future work in this area.
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7.2 Chapter reviews and conclusions

A summary of the research work performed and the detailed conclusions were pre-
sented at the end of each chapter. The main conclusions of each chapter are sum-

marised here as follows:

1. Chapter 1 gave a general overview of the main damping mechanisms relevant
to MEMS resonators, namely air damping, thermoelastic damping, intrinsic
material losses and support losses. Special focus was given to support losses
and support loss models available in the literature. It was shown that most of
the published work uses analytical models for studying the interaction between
the resonator and the support. These models used the displacement of the
resonator at its anchor end to evaluate the support losses, and none of the
models had been developed for complex shaped resonators. In order to create
a model for a generic resonator design, from a simple cantilever beam to a
more elaborate ring-based rate sensor, it was necessary to extend one of the
existing methods. To achieve this, an accurate vibration analysis tool was
required to predict the anchor point vibrations, and the ray tracing method
was identified for this purpose. A typical characteristic of MEMS resonators
is that they are designed to vibrate at specific frequencies. The ray tracing
approach was deemed to be the most appropriate as it relies on exact solutions
and can predict the behaviour of complex waveguide structures at particular
frequencies easily. The chapter concluded with a statement of the aims and

objectives of the research.

2. From the work presented in Chapter 1, it was decided to study and extend
the so-called ray tracing method. Chapter 2 presented the basic method and
showed how it could be applied to analyse the free and forced in-plane vibra-
tions of structures composed of several waveguide components. This method
utilises the properties of wave propagation and transmission between different
components, and the phase closure principle provides a means of calculating

the natural frequencies and mode shapes. Calculation of the transmission
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coefficients at different discontinuities generally encountered in MEMS struc-
tures was also presented. Results for natural frequencies and mode shapes
obtained using ray tracing were compared to conventional FE analyses, and
were found to give perfect agreement when Euler-Bernoulli beam elements
were used. The study showed that the ray tracing method is an accurate and
efficient approach to model the vibrations of complex waveguide structures.
It was also noted that if different structures were to be constructed for a para-
metric study, the ray tracing method would be much more efficient than a FE
analysis which is computationally expensive when different meshes need to be

generated.

. In Chapter 3, the ray tracing approach was employed to model structures
that exhibit symmetry properties. A method based on the ray tracing con-
cept was developed that simplified the modelling when the structure being
studied possessed periodic or cyclic symmetries. This was achieved by model-
ling the relationship between identical sectors and their neighbours. Natural
frequencies and mode shapes of different symmetric structures, such as regular
polygons and ring-based rate sensors, were presented. They showed very good
agreement with FE analyses and/or analytical results found in the literature.
The simplification methods used were shown to be very efficient for reducing
the total number of unknowns in the model, reducing the complexity of the
analysis and the associated computation time. From the techniques deve-
loped in Chapters 2 and 3, a tool for predicting the vibrations of ring-based
resonators was developed, and this was used in subsequent chapters as a basis

for calculating the associated support losses.

. Chapter 4 focused on modelling support loss for in-plane vibrations of a reson-
ator. The coupling between the resonator and substrate was modelled to
understand and evaluate the interaction and energy transmission between
them. Owing to the large relative size and complex shape of the substrate, it
was not possible to model the substrate in its entirety and some simplifications
were made. Different techniques for approximating the support as an infinite
domain were presented. The methodology for the support loss calculation

for each of these techniques was also introduced. A fully analytical method
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was developed that considered separately the resonator and its support. The
support was modelled using classical wave theory in a two-dimensional thin
plate; whereas the resonator was modelled using the ray tracing method, or
standard modal analysis. This model was then compared to two different finite
elements approaches that both modelled the entire system (resonator and
support). In the FE approaches, the infinite size of the support was tackled
using either a Perfectly Match Layer (PML) method or infinite elements.
Convergence issues were discussed for these approaches. Numerical results
for each method were obtained and comparisons made for support losses of
simple structures. It was shown that the results were all in the same order of

magnitude and presented similar trends, validating the analytical model.

. The analytical model for support loss developed in Chapter 4 and the vibration
analysis method presented in Chapters 2 and 3 were applied to commercial
MEMS ring-based resonator designs in Chapter 5. The original design was
studied first and numerical values for Q-factors were obtained. In comparison
to thermoelastic damping, support loss was found to be negligible. However,
it was noted that future designs may significantly reduce the thermoelastic
damping such that support loss may become critical. A parametric study
was performed to gain a better understanding of the factors that influence
support loss. Geometric parameters and material properties were varied and
the associated )-factors calculated. A design with thin, flexible legs was
proposed and the analysis suggested a significant increase in Q)-factors for the
operating modes. The introduction of blocking masses to reduce the energy
propagation away from the resonator, proved to be useful when the masses are
placed in the vicinity of the ring. From the complete study, it was shown that
to minimise the support loss, it is necessary to consider simultaneously both
clamping forces and energy contained in the resonator. The former must be
minimised, whilst the latter must generally be maximised. It was also found
that for a ring-based resonator the energy distribution within the structure is
important. Most of the energy must be contained in the sensor part (the ring)
and not in the supporting legs which are directly attached to the substrate.

This chapter provided useful recommendations for future designs with regard
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to the Q-factors.

6. All of the previous models and analyses focused on in-plane vibrations, ap-
propriate to single-axis MEMS rate sensors. However, there are many ap-
plications when it is necessary to sense rate simultaneously in two or three
directions. At present, multi-axis rate sensing is achieved by using multiple
single-axis rate sensors mounted orthogonally to each other. A new generation
of multi-axis rate sensors is under development based on the in- and out-of-
plane vibrations of rings. Chapter 6 extended the ray tracing method to study
out-of-plane vibrations. A support model was introduced and developed to
analyse the flexural vibrations of a semi-infinite supporting plate. The cou-
pling between the resonator and support was achieved based on admittance
characteristics. Results for the Q-factors of out-of-plane modes of ring reso-
nators were obtained. These were found to be much smaller than expected
compared to experimental measurements, indicating that the model predicted
excessive levels of energy dissipation. The main reason for these discrepancies
was explained, and it was concluded that the proposed model was inappro-
priate for practical situations. Despite this, the model presented in Chapter 6

could easily form the basis for improved modelling in real applications.

In summary, the above findings fulfilled the original aims of the research program,
and the work has strengthened and improved the understanding of support loss
in vibrating MEMS structures. For the first time in the study of ring rate sen-
sors, numerical results for ()-factors that consider support loss were calculated and
analysed to demonstrate its relative importance. Future designs may significantly
improve the quality and performance of resonators by reducing the energy flow.
The vibration transmission and support loss models developed were presented in
a general way so that they can be applied to different designs of resonators. The
research reported in this thesis provides significant insight into support loss mecha-
nisms and it is believed that the development of future generation of MEMS sensors

will benefit from these findings.
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7.3 Suggestions for future work

The findings of this research could be extended in a number of areas. The follow-
ing indicates possible topics for future work in the area of vibration transmission

analysis and support loss models.

7.3.1 Vibration transmission analysis

The ray tracing method developed in this thesis is based on Euler/Bernoulli beams,
and is valid for long, thin beam structures. The effect of rotary inertia and trans-
verse shear deformation could be incorporated in the model. Mei and Mace [60]
presented the basis of wave reflection and transmission in Timoshenko beams. This
work could be extended to curved beams and rings, using the governing equations
of motion given in [65] for instance. The inclusion of rotary inertia and shear defor-
mation in the ray tracing method is expected to change the size and complexity of
the matrices involved but the fundamentals concerning wave transmission and prop-
agation will be similar. The resulting method would be better suited to structures

composed of thicker straight and curved beams.

In the ring-based resonator model, the legs were modelled as three straight beams
linked together at “sharp” cornered intersecting junctions. In practice, “radiused”
corners connect the different beams. A further investigation is needed to incorpo-
rate these “radiused” corners in the analysis, as they may change the vibrational
behaviour of the joint. Also, a cylindrical rigid joint was considered in the trans-
mission coefficient calculations between a ring and an attached beam. It would
be interesting to study the vibration transmission through another type of joint
geometry. Ashby [59] considered other possible models for the joint between two

beams.

In the out-of-plane transmission coefficients calculations, the objective was to derive
the transmission coefficients at discontinuities encountered in common MEMS de-

vices. The ring/beam transmission represented a general case that could be simpli-
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fied easily to others discontinuities. However, it would be interesting to investigate
the transmission between three (or more) non-planar components, the attachment
between three beams in different planes for instance. The ray tracing method could
then be applied to other type of structures, e.g. non-planar structures, and could
then become an easy and efficient way to model transmission of vibration in any
three-dimensional frame structures, commonly found in civil, naval or aerospace en-
gineering structures. The wave transmission through connected structures in three
dimensions has been analysed using the dynamic stiffness method [I12], and ap-
plication of the ray tracing method to this type of problem would be interesting.
Generally, the development of the ray tracing method for non-planar structures
needs further investigation. However, all of the fundamental work is presented in

this thesis.

In several papers published in the literature, such as [64] [73, 113|, [114], one can
see that the transmission of vibration along a structure is generally linked with the
transmitted energy, and the main focus of research actually concerns this energy.
In the work reported in this thesis, no reference was made to the energy and power
transmitted through the different joints. The reason is that the main interest was
centered around the energy transmitted from the resonator, through the support
attachment. As the ray tracing method is based on a travelling wave approach, the
reflected /transmitted power for any discontinuity would be calculated easily. The
energy transmission within the resonator has not been quantified for each particular
joint and could be the focus of future investigations. By looking at each joint in
isolation, it may be possible to design a geometry that is well suited to maximise

the energy in the resonator.

In Chapter 3, periodic structures are modelled using a recursive formalism as a
function of the characteristics of a single sector. Finite structures are considered,
and the external boundaries conditions are applied in the ray tracing analysis. How-
ever, infinite periodic structures have been the subject of many investigations, see
e.g. the review in [85]. A further investigation could use the complex propagation
constant p [85] in the ray tracing method to model infinite structures, in a similar

way to that developed for cyclic symmetric structures.
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7.3.2 Support loss model

In the analytical support loss model for in-plane vibrations, the resonator vibrations
are first predicted using the assumption that the structure is clamped at its support.
This assumption is not always fully consistent with the following step of the analysis
in which the support is modelled as being excited by the applied “clamped” forces.
A possible way to tackle this inconsistency is to incorporate the support model di-
rectly in the ray tracing analysis. When studying the resonator vibration, instead
of being clamped at its support, the resonator could have boundary conditions that
constrain the displacement and introduce energy loss directly. Basically, the stan-
dard clamped boundary could be changed to take into account the complex stiffness
created by the support. The real part would restrain the displacement; whilst the
imaginary part defines the damping. Using this idea, and for longitudinal motion
only, one ends up trying to solve for the real and imaginary parts of Equation (4.38)),
presented in Chapter 4. A similar equation can be derived for flexural motion. The
imaginary part of this equation was provided later in Chapter 4, but the real part
is more difficult to solve, as the integrand is non-continuous. A solution procedure
of this kind of integral has been performed in [90]. Once the complex stiffness
boundary has been defined, the Q)-factor for support loss could be found using a
ray tracing analysis in combination with the half-power bandwidth approach. Fur-
ther investigations are needed to analyse non-clamped and/or practical boundary

conditions.

The same idea of non-rigid attachment boundary conditions was introduced for the
analysis of out-of-plane vibration. In Chapter 6, the resonator was assumed to be
clamped at the support, but for thin supports this assumption is not completely
valid. More sophisticated boundary conditions could be developed and used in the

support model to take account of the flexibility of the support.

In practical situations, the assumed thin-plate theory for the analysis of out-of-plane
vibration transmission in the support is not valid. Indeed, the silicon substrate is
attached to a pedestal glass, which is itself mounted on a metal base. Judge et

al. [45] explained how a thick support could be modelled as a semi-infinite half-

241



Chapter 7. Conclusions and future work

space. It would be interesting to apply this model to the ring-based resonator. But
of course, in practical designs, the support is neither a thin-plate or an infinitely
thick support. Further work is needed to more accurately account for the out-of-
plane stiffness characteristic of the support. Other models, both for in-plane and
out-of-plane vibrations, that could account more precisely for the actual external

boundaries of the support will be needed to make accurate predictions.

Finally, one of the most important areas for future work is to validate the present
models experimentally. It is anticipated that several difficulties would be encoun-
tered. The main one being that it is impossible to measure support loss directly.
Instead it is necessary to measure the overall damping using the half-power band-
width method, taking account of all loss mechanisms [39] [42] [43], [45]. After calcula-
ting all losses, the overall loss can be compared with the experimental measurement.
Several issues can be noted in the application of this method to validate the support
loss model. Firstly, it assumes implicitly that the other damping predictions are
correct, but it may be difficult to be sure that the predictions obtained are accu-
rate and relevant to the specific type of resonator studied. Thermoelastic damping
predictions have been investigated widely for cantilever beam resonators but the
techniques may be not accurate for more complex shaped resonators. Thermo-
elastic damping in ring-based resonators was studied in [2] and this work provides

results that can be applied with confidence.

A second problem with using experimental measurements to predict support loss is
that support loss is generally not the dominant damping mechanism for the designs
currently in manufacture. For instance, for the in-plane 260 mode of the ring-based
resonator, the Q-factor predicted for thermoelastic damping [2] is approximately
ten times smaller than that predicted for support loss. This means that in an
experimental analysis of damping performances, the contribution of support loss is
small and cannot be identified precisely. In other words, it becomes very difficult to
validate the support loss model using experimental results when this loss is not the
dominant source of energy lost. It is suggested for future experimental work to use
a structure where support loss is known to be significant, such as nano-structures

or bulk resonators. To conclude, it is evident that experimental work needs to be
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conducted to test the accuracy of the support loss predictions, but one must first
make sure that the support loss contribution is relatively large compared to the

other damping mechanisms.
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Appendix A

Analytical support model

This annexe explains the detailed derivation of the analytical model presented
in Chapter [4 Section [4.2l The main equations can also be found in Chapter [4]
Section [4.2], while the complete derivation is presented here, starting from three-
dimensional elasticity theory. This derivation is mainly based on the work of Miller
and Pursey [Al1], and Hao et al. [A]2]. Note that it is implicitly assumed in the
following procedure that resonator and support have the same out-of-plane thick-

ness (h).

A.1 Three dimensional model of the support

The three-dimensional elasticity of an isotropic solid is summarised by the relation-

ship between the shear stress tensor T and the strain tensor X [A]3]:

Here © is the dilatation and X the strain such that:

Oou, n Ou, n ou,
oxr Oy 0z’

0= (A.2)
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where u(x) is the displacement vector and A and p are the Lamé constants.

A.2 In-plane reduction

A.2.1 Reduction

For a thin plate of thickness h in the (x,z) plane, linear elasticity theory can be
separated into equations for the normal displacement u,(y) = v(z, z) of the plate
and for the in-plane displacements averaged over the depth u(zx,z) = (u,w) with
u = (uz(x,y, z)}y, and w = (u,(x,y, z))y, all function of just two spatial variables.
This is achieved by assuming that the stresses in the direction normal to the plane,
which must be zero at the nearby stress-free top and bottom surfaces, are zero

everywhere.

For example, setting 7, = 0 in Equation (A.1]) gives:

2 Ju Ov Ow v
(-5 <a ay+az> T2, =0
4 '\ Ov 2 ou  Ow
<A+3“>a+(A_3“>(a az>:0’
ov A— %u ou Ow
=— — 4+ —. A4
dy A+ 3p <8x+8z) (A.4)

In order to find the new two-dimensional relationship between stress and strain,

Equation (A.1)) is simplified using Equation (A.4). From (A.1)),
0 1
T.. = \O + 2 (“’—@) ,
2

2 ou OJv Ow ow
= - = — 4t — 4+ — 20— A.
L <)\ 3“) (836 + dy + 82) * “8,2 (A-5)
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Substituting Equation (A.4)) into (A.5]) gives:

2 A—2p ou Ow ow
T.,.=(A—= 1— 3 — 4+ — 2 —
= (A 3”)( /\+§,u) <8w+8z>+ Koz

C(2uA—3p?\ (Ou | Ow ow
Tw—<x+gu o "oz ) T
p(A+dn) + 203 = 42\ (ou ow Hw
T . =1-— i e A—
& (‘” D or o2 ) T s
3\ [Ou  Ow ow 1 (0u Ow
T.. = —t+— | +2%ul=——=(=+=1]. A.
N+ 3 <8x+8z>+ M(@z 2<8x+82>> (4.6)

The same analysis can be performed for T,,. From Equation (A.6)), the stress-strain

relationship in two dimensions becomes:

72 = 20@s,; 4 2% (A7)

ij

where the indices ¢ and j now only run over z and z. ©® and £ are now the

two-dimensional dilatation and shear strain tensor, defined as:

ou ou
0w = = 2 A8
ox + 0z’ (A-8)
1 /0u; Ou; 1
s _ L(0u 0w Loe, A
K 2 <8xj + 8@) 2@ I ( 9)
and the effective two-dimensional elastic constants are:
- 3\ _
A= ——— d = . A.10
e M ji=pu (A.10)

A.2.2 Wave propagation velocities

The propagation velocity for longitudinal ¢; and transverse ¢y waves are given

by [Al3]:

>
+
=i

: (A.11)

ﬂ[\'}
Il
D =

2 _
g =—— and c

)
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with p the mass density. Alternatively, introducing Young’s modulus E and Pois-

son’s ratio v (with —1 < v < 0.5) we have:

E

=— A12
ATt (A.12)
E
A= ——— A.13
3(1—2v)’ ( )
and the propagation velocity for longitudinal waves becomes:
1 ( A )
2
L= \Noa, TR
PAA 51
2 M (4)\+ §u)
cc=~\~—51-
p\A+3p
AE 2F
& = E (3(1221/) + 3(;5”)) ’
2p(1+v) 30-20) T 3040
=g (=)
CL = y
2p(1+v) \3—-3v
E
2
= —. A.14
L p(l - 1/2) ( )

Similarly, the propagation velocity for transverse waves can be obtained and is given

by:

E
= A.15
T 2p(1+v) ( )

The longitudinal propagation velocity is larger than the transverse velocity, since
v is always less than 0.5. Therefore, the longitudinal wavelength is larger than
the transverse wavelength, and hence the condition for the validity of the two-
dimensional thin-plate analysis for the support region can be expressed mathemat-
ically as:

A
% >> 1, (A.16)

where A7 is the transverse wavelength.
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A.2.3 Elastic wave equation

The elastic waves are governed by the equation of motion [A]3]:

0%u

For direction z, Equation (A.17)) gives:

Pw  OT,, 0T,

p(’?t?_ 0z + ox

Por = oz |"\oz "oz ) TH\*a: " \ox T a2 oz "\ or T oz )|
02w 0 |,~ \ow -\ Ou 0| (Ow Ou

= s | o) G (=) G+ o [ (G + )]

0*w - 0*w Pw - 0%u
— = T ) Al
o (A +1) R (A.18)

0%u 0%u Pu - *w

= (Nt [0 . Al
P = (M) s s A0, (A-19)

Substituting the set of Equation (A.11)) into (A.18) and (A.19), the elastic wave

equations governing the in-plane displacements are given by [A]l3]:

Pu L, Pu 0% s o9y O%w
58 = g gt (- ) g (A-20)
0*w 0*w 0*w 0?u

A.3 Simplification and Fourier transform

A.3.1 Simplification with the introduction of new operators

By assuming that the displacements are time-dependent at frequency w (excitation

frequency) and have the form u = @ e and w = e !, and using the following
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definition:
ot ouw
0=00= a—z + a—f, (A.22)
ow  0u

the main equations obtained earlier can be re-written and simplified. Those are

considered in turn next. Equation (A.20]) becomes:

—w =} 82u gl + @— 0w
L\ 922 8:188 T\ 022 020z)’

2o 200,00

Wil =g - cG— 9 (A.24)
Equation (A.21)) becomes:
S — e 0w 82u L 62710_ 0%u
o 922 oz0z) T\ 022 " Gwoz )
. 5,00 8(2
_W2w = CL a + T a (A25)
From Equation (A.25)):
o0\ 0z
2 _ 24 oz
cL—< w CTazc) 50" (A.26)
, 00\ O0x
c%z( ww—cLa )89' (A.27)
Substituting Equation (A.27) into (A.24)) gives:
— W =c 2 09 —wi — 8@ Oz 0%
Lox Loz ) o9 a2z
_,0u , 0% N 2 00 n , 0?0
Vor g TG g
9’0 9’0 9
<8x2 82>—|—w@—0. (A.28)
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Substituting Equation (A.26)) into (A.24]) gives:

— WU = —wQID—cQ@ %@—CQ@
B Tox ) 00 0xr 1oz
00 Low ,0%Q  ,0%°Q

- = iy g
9?0 0°Q
C% <8x2 + 822> + wQQ =0. (A29)

A.3.2 Introduction of the shear and normal stresses

From the stress-strain relationship (A.7)), the shear stress is expressed as:

_op |l (2%, ou
T\ T )|

ow  0u

and the normal stress is:

A @+@ + i 2@— @+@
or 0z K 0z or 0z ’

g =
-\ Ow - N\ 04U
o= (AJF“)EJF()‘_ )%.
Knowing that:
A+ ji = pca (A.31)
and
A — i = pci — 2pci, (A.32)
the normal stress becomes:
ow ot
_ 2 2 2
0= peL - + p(cL — QCT)%. (A.33)

In order to link the operators © and () with the stresses, the particular values

of & and @ found from Equations (A.24)) and (A.25) are incorporated into Equa-
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tions (|A.30) and (A.33)). Equations (A.24]) and (A.25) can be re-written as:

1,00 L0
u = —E (C % — CT az> (A34)
1,00 00
W= — ( L, + cTa ) (A.35)

(A.36)

Substituting the @ and @ values from Equations (A.34]) and ( into Equa-
tion (|A.30)) gives:

0B (2 PO L0 L PO, 00
w? L&U@ T ox2 L@ 0z To2)’

2P 20, 0%0

pc%T T 022 022 2 0x0z (A.37)

where r is the ratio of wave speeds:

r="L (A.38)

Substituting the @ and @ values from Equations (A.34]) and (A.35) into Equa-
tion (A.33) gives:

ch 82@ e s PQ\  (pcd 2ch 2 9?0, 9°Q
Lo22 T@ 0z w? w? Loa2 T@x@z

w? __482@_ , 0P 826)_ 5 0°Q _2282@+2829

pc4TU ~ 022 T 9202 02 0x0: 7 a2 0x0z

w? 0?Q 9*© 0?0

P _2 4 2 2 .4 Z = A
pc4TU 020z | 922 A >8x2 (A.39)

A.3.3 Fourier Transform of the main equations

Support loss is related to the displacement in the support along the direction of
the stresses. The displacements v and w are governed by two-dimensional in-plane
clastic wave theory (Equations (A.20) and (A.21)). In order to remove the z vari-

able and obtain an explicit expression from this theory, one may apply the Fourier
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transform to Equations (A.24]), (A.25), (A.28)), (A.29), (A.37) and (A.39).

In the following equations, the subscript F' denotes the Fourier transform and & is

the variable of this transform. The Fourier transform, from the real domain to the

wavenumber domain, used is defined as:

o) = [ rwyear,
f@ = [ ale) e a

The following propriety of the Fourier transform will be used:

) e

Equations (A.24), (A.25), (A.28), (A.29), (A.37) and (A.39) become:

N : dQ2
—wWlp = i€t Op — c%d—;,
. dep .
—wWhp = c} sz +1i€cFQp,
- -5 |0r=0

dQQF 2 w2

— —— |Qr=0
d22 (f C% F )
W
pc4TTF o d2?
Qr ,d*Op B

—r
z dz?

d
+ §2QF — 2ifT27@F,
dz

— O0OFf = —215 d

" 1 E(2r* —r")Op.
T

A.4 Solution procedure

A.4.1 Differential equation solution

(A.40)

(A.41)

(A.42)

(A.43)

(A.44)

(A.45)
(A.46)
(A.47)

(A.48)

Equations (A.45)) and (A.46) are linear second order differential Equations in z and
can be solved easily. The solutions for Equations (A.45) and (A.46|) which remain
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finite when z is large are:

Op—=Ae VI (A.49)
Qp=DBe VS 37, (A.50)

A and B are constants related to the amplitude of the elastic wave and will be

determined later by applying boundary conditions at the appropriate excitation
stress sources. In order to simplify the notation, Equations (A.49) and (A.50]) are

expressed as:

2

Op = Ae VL2 with L=¢— % (A51)
L
VT -
Qp = Be VT with T=¢- = (A.52)
T
Differentiating Equations (A.51)) and (A.52) with respect to z, one gets:
doe
: P~ _AVLe vV, (A.53)
z
d2@F —VLz 2 w2 —VLz
12 = ALe =Al¢ —g e , (A.54)
dQ
- L _BVTe VT, (A.55)
z
d2Q 2
o BTe VT =B (-2 ) VT, (A.56)
dz? 4

A.4.2 Derivation of constants

The shear stress 7 acting parallel to the x-axis and the normal stress o acting parallel
to the z-axis are generated by the vibration of the sensor. They are illustrated in
Chapter[d Figure[d.I] When the supposed clamped leg undergoes flexural vibration,
it is firstly assumed that the support loss due to the vibrating moment is negligible
compared to that incurred by the vibrating shear force. A detailed proof of this
assumption is presented in Section [A.8 Therefore, for flexural vibrations, only
shear stresses are considered; and for longitudinal vibration, only normal stresses

are considered.
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To consider the most general case, let op and 77 be the value of the normal and
shear stresses in the wavenumber domain at z = 0. Their particular value will be

determined later.

Substituting Equations (A.53)) and ( into , and setting z = 0, gives:

2 2
:c‘*TF = (fz T> + 2B + 2i¢r* AVL,

T

2
27— 5 \vch

1 2
B = (;‘;4 TF — QigrQA\/E> . (A.57)

Substituting Equations (A.54) and (A.55) into (A.48)), and setting z = 0, gives:

2

%UF:%{B\/T—A(?A(ﬁ 2>+§ <7“ —7’4)),
pe ct

T

A pc4T oF 2i¢BVT

r? (ch — 2§2> B 72 (‘;’2; - 2§2> '

Substituting Equation (A.57)) into (A.58) gives:

(A.58)

;%UF B 21{\/_< TF—21§7“2A\/_>

() G)beg)

w 2 w2 2 w2
Ar? ( —~ 2§2> = — ( — 2 ) oF+ Qifp?TF\/T + 482 AVLVT,
T

ct pcr \ ¢t
w? w? 2 2 : w?
o — o 214 —T1pVT
e (5 2 or + UEaE VT

(‘“T - 252)2 ey (A.59)

Using the notation:

N(¢) = (‘:; - 252> — 48VLVT, (A.60)

T

Equation (A.59) becomes:

w2 (t:; — 252) ) 2i€w?/T
pAANE) T pEAN(E)

TF- (A.61)
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Substituting Equation (A.61)) into (A.57)) gives:

1 2 —2i¢r2w?V/L <‘:22 - 2§2> op + 482w 2Ly Ty
_ T
22 — & | pep pcrci N (€) ’

1 w? 46/ LVT 218 <w - 252) VL
B:7w274 <<1+> TF) - - Oor|
262 — & pcp N(¢) N(¢)

CT

B 21fw2\/_ (252 ;:2;> - (A.62)

PCTN (f ) r PCT N(&

A.4.3 Displacements arising from stress sources

e Longitudinal displacement

By substituting the values of A and B (Equations (A.61)) and (A.62)) into Equa-

tion m, the longitudinal displacement under the stress sources can be found:

Wy = A AVLe V¥ —i¢Be VT,

2 (w2 o¢2
2,4 “ (C% 25 ) \/E e—\/fx 215&)2\/_\/_ \Fz

OF

pc2 N (&) CpAN(E)
S AT igw” (252_?2;) VT
pENE C T T pgNEe © !

Wp = VL (—25) “VLz | 9g2 o VTE |

PCTN(§>
(A.63)
+— = [2VLVTe Vo + ——2§2 e VT .

PCTN( ) ¢t

e Flexural displacement

By substituting the values of A and B (Equations (A.61)) and (A.62)) into Equa-
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tion ([A.43), the flexural displacement under the stress sources can be found:

Wiy = —iéci A e Vle C%B\/Te_ﬁz,

—ifw? (“’2 -2 2)
(.UQQALF — 5 c% 5 e—\/sz_F + 2€2w2ﬁ e—ﬁzTF
pczN(€) pcrN(§)
2 2 w2
| 2i6VIVT . w/T (25 %) VT,
pcrN(§) pcyN(§) ’

P ( ("fj - 2§2> eVl 1 2\/Ex/fe—ﬁ2) or

:PC%’N(S) cr
VT VL g VT
+7pc%N(§) (25 e~ VL +<C;%—2§2> e ﬁ)Tp.

(A.64)

Both displacements wr and @ are found to be a function of the shear and nor-
mal stresses. However, as will be shown in Section [A.7] the so called “indirect”
stress does not have an influence on the mean displacement. The “indirect” stress
corresponds to shear stress for a longitudinal displacement and normal stress for a

flexural displacement.

A.5 Inverse Fourier transform

A.5.1 Inverse Fourier transform of the displacements

The values of the shear 77 and normal stresses o are defined by assuming that
the stresses are constant over the source region (width of the beam) and created
by flexural and longitudinal vibrations of the sensor respectively. The effect of
the bending moment occurring during flexural vibrations is neglected here. This

hypothesis will be validated in Section [A.8 Let us define:

b
r=7 for || <= and =0 for |z|> X (A.65)

b
o=6 for |z|] < 3 and c=0 for |z|> 3 (A.66)
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Therefore, the Fourier transform of 7 and o are:

i
o= QTSIH&(%) (A.67)
o

For the flexural displacement, only shear stresses are considered (the “indirect”

stress source has no effect, see Section . Introducing the particular value of 7p

(Equation (A.67)) into the displacement definition (A.64]) and applying the inverse

Fourier transform gives:

e b
ol [ (2 o) n o) e

WPC% - N(§) CT

For the longitudinal displacement, only normal stresses are considered (the “indi-
rect” stress source has no effect, see Section [A.7)). Introducing the particular value
of op (Equation (A.68)) into the displacement definition (A.63) and applying the

inverse Fourier transform gives:

~ o > \/ESiIl (f%) w? 2 —VLz —/Tz i€x
wzwpc%/ooﬂ\f(f)(<cgﬂ_2€>e +2¢%¢ )e d¢  (A.70)

To simplify the integrals, a change of variable is introduced. By defining:

y=¢E g=42  and  dE= Ty, (A1)
w Cr, Cr,
one can get:

2
VT = {2—%23 v2 —r2, (A.72)

2
VD= Je-2 =2 -1, (A.73)

CL CL
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where r is defined in Equation ({A.38)). Therefore, from Equation (A.60)):

N(§) = (“22 — 7«2) —4EVINVT = C:;No(v), (A.74)

cr

No(y) = (272 - 7“2)2 - 472\/72 — 1y/~? —r2. (A.75)

Using Equations (A.71]) to (A.75)), the flexural displacement (Equation ) can
be simplified to:

/& . 7/\— /OO V 72 — ’]”2 Sin (7%) (7’2 . 2’72> e—%z 72—7"2
mpct J- 2y No(7)
(A.76)
o . oobw
To simplify the notation, the quantity 20, will be denoted as:
cr
bw
= —. AT
A=, (A.77)
The flexural displacement, at z = 0, becomes:
b V —r? i<y
Uy = T / 7" — r°sin (Ay) e’ dry. (A.78)
27 pc, AvNo(7)

Considering the parity of the integrand, it can be shown that it simplifies to:

bT‘T/ VY% —12sin (A

TpcT AvNo(7)

) cos (Civx) d. (A.79)

Using the same approach in the longitudinal displacement (Equation (A.70])), one

can get at z = 0:

A br26 /OO V7?2 — 1sin (A7)

w
o= Yoz dy. A.80
=0 wpcz Jo Ay No(7) o8 (0L7x> 7 ( )
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A.5.2 Derivation of the mean displacement over the source

region

In order to calculate the energy loss and the power transmitted to the support, the
mean displacement over the exciting source region (width of the sensor) is required.

An integral representation for the mean flexural displacement is:

b/2 N
z=0 — z= .81
U = b /b/z Gamo dz, ( )
_ r?¢ b2 V7?2 — r?sin (A7) w
z2=0 — — d dx. A .82
1z=0 Tpck /b/2 [/ A~y No(7) cos (cLWE) T ( )

Considering the parity in z of the integrand (quantity inside the brackets), this

equation can be re-organised as:

2?7 V%2 —r2sin (Ay) [ b2 (w >
Uz—p = o / .A’y No(7) _ /o CcoS . ~yx | dx| d,
0 2r? T/ V7?2 — r?sin (Ay) [ sin (Ay) d
e AYNo(7) Ay |
—3
o= br27 / \/7 r [sm (Av)] d. (A.83)
Tpck Ay

The imaginary part of the integrand of Equation (A.83), which will contribute to
support loss (see Section , is non zero for 0 < v < r. With usual resonator
dimensions and corresponding natural frequencies, the term A~y = 2:7 is relatively
small compared to 1 for this range of y-value, which allows Equation to be
simplified to:

oy = —— 0, (A.84)

with

dr. (A.85)

0 (292 —12)" —dy?E = TR =
Equation (A.84) is the average displacement along the z-axis and over the source

region induced by the stress 7. The same approach can be used to get the average

longitudinal displacement along the z-axis and over the source region induced by
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the stress o:
bré
oo = 2T, (A.86)
TP
with
7 -1

/0 (292 = 12)" = 4y2V/AE = T2 =12

U, = dy. (A.87)

A.6 Energy loss calculation

The quality factor is defined as:

w

Q= 27rm, (A.88)

where AW denotes the energy dissipated per cycle of vibration and W denotes the

maximum vibration energy stored per cycle.

Once the displacement induced by the stresses over the source region has been

determined (using Equation (A.84]) or (A.86))), the amount of energy loss per cycle

from the support can be calculated explicitly as:

NI (A.89)

w

where II is the average power transmitted to the support, and is defined as:
1 .
II= 5 Re (Force - Velocity™) , (A.90)

where Re is the real part and * denotes the complex conjugate. Considering a shear
force source S creating a shear stress 7 and its induced flexural displacement u,—;

and assuming that the force and displacement are time-dependent at frequency w,
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Equation (A.90) becomes:

I, = ;Re (S -iwul_),
I, =

;’<Re(5) Im(@,—o) — Im(S) Re(az_o)) (A.91)

The displacement u,—o was defined previously (in Equation (A.84))). Its real and

imaginary parts are:

2

Reliieco) = 10 (Re(s> Re(T,) — Tm(S) Im(\Ilu)>, (A.92)
Im(t,—o) = h;;c% <Re(S) Im(¥,) + Im(S) Re(lllu)), (A.93)

where 7 = S/bh has been used, h being the resonator and support thicknesses.

Therefore, the energy loss can be defined as (from Equation (A.89)):

AW, = 7 | Re(S) ( W;T <Re(S) Tm(¥,) + Tm(S) Re(m))
~ Im(S) ( — (Re(S) Re(¥,) — Im(S) Im(\Ilu)>> ,
_ h;i% ((Re())" + (1m()) ) (),
AW, = h;C% 5" Im(w,). (A.94)

Using the material properties, Equation (A.94)) can be re-written as:

Aw, — 20+ ”>) S[ tm(w,). (A.95)

T Eh(l-v

using the same approach for the normal force 7" (such that 6 = 7'/bh) and the longi-
tudinal displacement, the energy loss from a normal stress source can be expressed
as:

AW, = m‘ﬂ?lm(\lfw). (A.96)
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Equations (A.95) and (A.96) show that only the imaginary part of the integrals ¥,

and W, are needed to calculate the amount of energy loss.

A.7 Proof 1: The indirect stress has no contribu-

tion to the mean displacement

From Equation (A.64), the flexural displacement in the wavenumber domain pro-

duced by shear and normal stresses at the boundary is expressed as:

ﬁF _15 ( <w — 25 ) —VLz + 2\/5\/T €_ﬁz> OF

N PCTN(f) Cr

\/T 2 Lz
T ENE© PCTN(g) (25 ( T —% ) )TF.

The first term (function of ox) of this equation and the second term (function of

(A.97)

7r) in Equation (A.63) will be called indirect term. The following derivation is
performed for the indirect term of the flexural displacement but the same approach

can be used for the indirect term of the longitudinal displacement.

Let @p i, be the indirect term of the flexural displacement, such that:

B 2
Up in = chjlvf(g) ( (‘:T — 2 ) —VLz L 9VLVT e—ﬁ2> op. (A.983)

Considering that the normal stress ¢ is constant over the source region, such that
o =6 for |x| < b/2 and o = 0 elsewhere (see Section with the effect of the
bending moment taken as negligible, see Section ), its Fourier transform op will
be defined as: R ,

op = 20812@. (A.99)

Substituting this particular value of op into Equation (A.98) and applying the
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inverse Fourier transform gives:

Tpcth J—oo  N(E) ct

= — o /oo isin (53) ( (‘*’2 . 252) o VLz + 2\/fﬁe_ﬁz) piée dé.
(A.100)
Using the change of variable defined in Equation and the definition of Ny(7)
from Equation , Equation becomes:

- mpck S =No(7)

e = o / isin (Ay) ( (r2 _ 272) o/l

(A.101)
+ 2\/72 - 1\/72 —2e i’ VQTQ) e dy.
This displacement at z = 0 is:
T —— o /OO isin (A7) r2—272—|—2\/’y? — 1\/72 — 72| e dy. (A.102)
- Tpcq J—oco = No(7)

Considering the parity of the integrand, Equation (A.102) becomes:

- 26 reosin (Ay) [ 5 2 (W
Uz=0-in = /0 = No() re— 2y 4 2\/72 - 1\/72 — 12| sin (qym) d~.
cr

TTpCca
(A.103)

To calculate the energy loss, the mean displacement over the source region is re-
quired, and this is defined in Equation (A.81]). Here, the mean flexural displacement

due to the indirect normal stress is:

a ._%/b/2 /°°Sin<fw> 22
T brpch Jove [ S0 ENo ()

w
2/% — 1y/42 — 12 | si < )d da.
+ \/7 \/7 r)sm Cva 7] x

(A.104)

The integrand quantity (inside the brackets) is an odd function in x and therefore

the mean displacement evaluates is zero:

’&Z:inn == O (A105)
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The same approach can be used for the longitudinal displacement created by shear

stress and one gets:

ﬁ)zzofin - O (A106)

A.8 Proof 2: The bending moment effect is neg-
ligible

Cross and Lifshitz [A]4] explained that when a resonator is vibrating tangentially to
its support, the contribution of the normal stress due to the oscillating moment to
the power radiated can be neglected compared to the contribution of the shear stress.
This section presents analytical /numerical proofs of their prediction. Stresses due
to the bending moment at the clamped end are added into the model. Flexural
vibrations of the resonator will produce a bending moment in addition to the usual
shear force. This moment induces a normal stress linearly dependent on the z-value
over the width of the resonator. It gives a new boundary condition for the support
model, such that for |z| < b/2:

o=——u, (A.107)

where M is the bending moment at the anchor point induced by flexural vibrations
of the resonator and [ is the second moment of inertia of the resonator. The Fourier

transform of this normal stress o is:
M b b ) b
op = —21E (52 cos <§2> — sin <§2> ) (A.108)

This additional external source will have three different effects:

e it is expected to change the displacement w in the support along the z-axis

as Equation (A.63)) is function of op, see Section [A.8.1}

e it is also expected to change the displacement u in the support along the

z-axis as Equation (A.64)) is also a function of op, see Section |[A.8.2}
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e it is expected to induce another source of energy loss, see Section As
presented earlier, the energy loss is defined as the product of the “force” by
the corresponding “displacement”. The energy loss AWj, created directly by
a bending moment is (similar to Equation (A.89)):

2
AW, = 7TH (A.109)

with IT; = § Re(M - iw%izo). Rearranging gives:

da
AW, = wRe(M -1 3% ) (A.110)
dz z=0

The following three sections will present each case individually and the effect of the

bending moment will be derived in each case.

A.8.1 Change of w due to a bending moment

Substituting the particular value of o (Equation (A.108))) into Equation (A.64)),

setting z = 0 and applying the inverse Fourier transform gives:

—iM b b ;
b2=0 = I;pct /. EN(E (5 COS (52> o <£2>)6@d6 .

Using the parity of the integrand gives:

2M b b
Wy=p = ]WPL:T / N (¢ (f cos <§2> — sin <§2> ) sin (§x) d€ (A.112)

To calculate the energy loss, the mean displacement over the source region is used.

This mean displacement, defined in Equation (A.81)), is zero when applied to the
displacement in the above Equation (A.112)) because the integrand is an odd func-
tion of x. This means that the introduction of a bending moment does not change

the mean longitudinal displacement w,—_g.
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A.8.2 Change of u due to a bending moment

Substituting the particular value of op (Equation (A.108])) into Equation (A.64)

and applying the inverse Fourier transform gives:

N M %o sin (5%) — &5 cos (5%) w? 2) VL=
= 5 / — —2§7 e
Trpcs J-oo EN(E) &
(A.113)
+2VIVT eﬁz) e® dg.
Using the parity of the integrand gives:
J_ oM peesin(€5) —€Goos(€3) (/0P L) o
U= 5 / — —27) e
Impct Jo EN(E) cr
(A.114)

+ 2\/5\/Te_ﬁz> cos ({x) d€.

The change of variable defined in Equation (A.71)) is re-used here and the displace-

ment becomes:

2r2M [ si — _w _
P / sin (Ay) — Ay cos (A7) (1 —292) 7 VAT
Impw? Jo vNo(7)
1202 — 12 — g2V (w )d.
V=12 —r2e e cos {7z | dy

(A.115)

With the definition of the mean displacement as in Equation (A.81)), it is useful to

notice that:

2/_2 oS (7:x> dr = Sm/((;l'y) (A.116)

b
2
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b
where A = 2—w The mean flexural displacement becomes (from Equation (A.115)):
CL

U=

M o (sin (Ay) — Aycos (A)sin(An) [ (3 o oy ey
]7rpw2/o AY2Ny(7) (T nkdl ) €

+2y/7? — Iy e 7HZ) dy.

(A.117)
For z = 0, Equation (A.117)) becomes:
_ 2r2M oo (sin (Avy) — Ay cos (Ay)) sin (AY) [ , 9
Impw? Jo A2 No(7) (A118)

+ 2\/72 - 1\/72 - r2> dy.

The imaginary part of this displacement is very small (approximately 100 times
smaller) compared to the one created by the shear force during flexural vibration.
The change of displacement and therefore energy loss due to the bending moment

in this case can thus be neglected.

A.8.3 Energy loss due to a bending moment

From Equation (A.117)), it is possible to calculate the slope of the mean displacement
at 2 = 0.

du  2r*M /00 (sin (Avy) — Ay cos (Av)) sin (Av)

dza—0  Impw? Av2No ()
w ) 5 w
(— g\/fﬂ -1 (r — 2y ) — QE\/fy? — 7’2\/72 — 1\/72 — 7“2) d~,
da  2r*M /00 (sin (A7) — Ay cos (A7Y)) sin (AY)
dzz—0  Impw? Jo Av2Ny(7)
LW o (2 9.2 2 2
( . ~ 1<r 27y +2<7 r)))d%
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du  2r'M oo (sin (Ay) — Ay cos (Ay))sin (Ay) /-
dzz=0 Impwey, /0 A2 No(7) \/’ﬁd’y. (A.119)

The imaginary part of the integrand of Equation ({A.119), which will contribute to
support loss (see Section , is non zero for 0 < v < r. For typical resonator
. . . . bw .
dimensions and corresponding natural frequencies, the term Ay = 2—7 is rela-
CL
tively small compared to 1 for this range of -value, which allows the following
simplification to be made:
(sin (Ay) — Aycos (A7) sin (Ay) _ (Ay)°

~ ) A12
I 3 (A.120)

using Equation (A.120]) to simplify Equation (A.119]) gives the following value for

the slope:
du M
Ly, (A.121)
dzz=0 wpcrh
Where
A VT
0 (292 =12 =4yt /AE =TV

U, = d. (A.122)

Using Equation (A.110) and the imaginary part of Wy, it can be concluded that
for typical resonator dimensions, the energy loss due to the bending moment is of
the order of 1000 times smaller than due to shear stress. On this basis, it can be

neglected.
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Appendix B

Geometry constraints

The ring-based rate sensor is manufactured in silicon, bonded on a pedestal glass
and then installed on an electronic card. During the design stage, its dimensions
needed for manufacturing have been defined. These dimensions are presented in

Table [B.1] whose notations can be seen in Figure B.I]

On this figure, two simplifications have been done. First, the width of the material
in the leg or in the ring is not present. In reality, these widths are given as:
leg width = 0.061 mm and ring width = 0.121 mm. The angles of each corner
have also been simplified and are considered as “pointed” angles (or abrupt change
in direction). In reality they are rounded angles that come from manufacturing
process. The ray tracing method that has been applied all along this thesis to
model the sensor vibrations neglects these rounded angles and considers an abrupt
change in direction between the beam centreline. It is actually only the beam and

ring centrelines that are illustrated in Figure B.1}

The leg contains three beam portions. Each of them is numbered: beam ‘1’ is the
beam portion attached to the ring, beam ‘3’ is the portion supposed clamped at

the support, and beam ‘2’ is the portion between beam ‘1’ and ‘3"
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B.1 Original dimensions

From the original dimensions given in Table |B.1} all the geometric parameters that
are needed to apply the ray tracing method can be derived. These parameters are
the lengths of each beam portion (L, Ly and L3) and the angle between them («
and ¢).

First, it is quite straightforward to observe, from Figure [B.1] that the angle «

between beam ‘1’ and beam ‘2’ is:

a=90°—(y+0), (B.1)
= 54.5°.

The angle ¢, between beam ‘2’ and beam ‘3’ is:

¢»=0+a, (B.2)
= 94.5°.

With these two angles and from geometry analysis, the lengths of each beam portion

can be derived:

R eam R eam .
L= (H cos 3 + (H sin ﬁ) tan (6 + ’y)) - R

sin(m — @) sin(m — ¢)
= Zﬁj’;z <cosﬁ + sin 3 tan(f + 7)) —R (B.3)
~ 1.064 mm;

Ryeam2 sin 3
sin(m — @)
cos(0 + )
sin 3
sin ¢ cos(f + )’
/2 2.582 mm;

LQI

Y

(B.4)

= Rbeam 2
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Lo — Ranchor i RbeamQ
T cos(B—6) sin(r— )’
Ranchor Rbeam 2
_ _ B.
cos(B—0) sing ’ (B-5)
~ 1.060 mm.

These dimensions are the actual dimensions of the ring-based rate sensor.

B.2 Coupling between parameters

In Chapter 5, it has been decided to change the leg shape in order to see its influence
on the @Q-factor. From the analysis in Section [B.I] it is clear that the parameters

are coupled together. Changing for example the length L; of the beam ‘1’, it will

automatically induce some changes in Ly, a and ¢.

In order to find equations that express this coupling, it was necessary to consider
that some parameters have to remain unchanged. These parameters that are con-
strained are the ring radius R; the total dimension of the sensor (dimension between
the centre of the ring and the clamped end: R,enor); the overall angle [ of the leg
(between beam ‘1" and beam ‘3’) and the fact that beam ‘1" and beam ‘3’ are radi-
ally directed. The value of 6 that was defined for design purpose is also unchanged.

Therefore the values of Ranchor, R, 3 and 6 are seen as given data.

From the five Equations (B.I)-(B.5), if two unknowns are fixed within the seven
parameters (Rpeama, L1, L2, L3, o, ¢, 7v), the other five parameters can be de-
termined. In Chapter 5, it has been chosen to change the values of L; and Ls.
Therefore these two parameters are now seen as chosen and Equations —

have to be re-arranged to find the other five parameters.
By introducing Equation (B.1]) in Equation (B.2), one can easily get:

¢=0B+90°— (y+0). (B.6)
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This new value of ¢ is introduced in Equation (B.5]), and this equation is solved in

respect to Rpeamo. It becomes:

Ricam2 = <cosR(5h_9) - Lg) sin (8 +90° — (v +0)). (B.7)

Equation (B.7) and Equation are substituted in Equation (B.3)). It gives:

— (COSRZE‘% — L3> (cosﬂ + sin 3 tan(6 + ’y)) - R,

Li+R

Ranchor _
cos(8—0) L3

—cos 3 =sin 3 tan(0 + ),

Li+R
Ranchor _ L3

~ = arctan | <=0=%) s —40. (B.8)

—cos 3

Substituting this particular value of v (Equation (B.§)) in Equation (B.7), a nu-
merical value of Rpeam2 can be found. ¢ and « can also then be determined using

respectively Equation and Equation (B.1)). L, is then derived from Equa-
tion (B.4)).

Therefore, by choosing L; and L3 and with the appropriate constraints, Lo, o and ¢
can be derived. These parameters are needed in the ray tracing method application

to find natural frequencies and mode shapes.
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Figures and Tables

Ranchor \

Figure B.1: Notations used on the ring-based resonator to define the different
geometric parameters.
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Table B.1: Actual dimensions the ring-based rate sensor given in the design pro-
cess. bieg and bying are the leg and ring widths. The other notations
are presented in Figure @

Ronchor  4.0005 mm
Rpeama  3.26 mm

R 2.94 mm
16} 40°

0 17.5°

¥ 18°

bleg 0.061 mm
bring 0.121 mm
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