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ABSTRACT

Boundary Conditioning Concept Applied to the Synthesis of Microsystems using
Fuzzy Logic Approach

Muthukumaran Packirisamy, Ph.D
Concordia University, 2000

The burgeoning field of MicroSystems Technology (MST) has a tremendous potential for
sensing and actuation of industrial systems in almost every field of human interest. This
thesis proposes a synthesis of microsystems in order to explore the advantage of
miniaturization by developing a technology suitable for fabricating integrated systems
that consist of sensing, actuating and computing elements at the micro level. The
synthesis involves development of fabrication strategies using industrial CMOS process
and design strategies, in order to manipulate the effect of inherent limitations of
fabrication and other limitations due to structural configuration and environment on

dynamic behavior of microsystems.

Towards the success of fabrication synthesis, micromechanical components are fabricated
through an industrial CMOS process, namely, the Mitel 1.5 um Double-Poly-Double-
Metal process, and by post-releasing with gas phase xenon difluoride etching. The
etching is described along with the details of the setup, the etching procedure and the
effect of etching on end conditions of the fabricated structure. The types of structures

fabricated show that they can be adopted for both piezoresistive and capacitive devices.

The different factors that influence the elastic properties of both macro and micro

systems include variations in structural geometry, process parameters and operational
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environment. A concept of boundary conditioning is proposed in this thesis as a unified
approach for the quantification of the influence of structural geometry, support
conditions, fabrication process and environmental influence on the dynamic behavior of
the system. The influence of all the above parameters is represented by replacing the

elastic influence with the equivalent spring stiffnesses.

The modeling of boundary conditioning is carried out using artificial springs and
boundary characteristic orthogonal polynomials in the Rayleigh-Ritz method. The
eigenvalues are predicted for plate type structures with stiffeners and cutouts using this
approach. The concept of boundary conditioning is applied to structural tuning and
localization of vibrational response. The results obtained for manipulation of harmonic
combinations and vibrational response using artificial springs are useful and interesting.

The bouncary conditioning conceptualizes micro or macro system into equivalent elastic

system.

The equivalent stiffnesses which can be estimated through experiment or other methods
may include uncertainties and vagueness. The fuzzy system identification technique is
applied for modeling such micro or macro systems with fuzziness on input and output
parameters. Automatic fuzzy system identification is carried out using subtractive
clustering method. A higher order fuzzy system identification technique is proposed for
modeling complicated systems with fewer number of rules. The structural tuning of

elastic systems is identified by expert modeling and subtractive clustering.
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The influence of structural variations of microsystems on dynamic behavior is modeled
using the method of artificial springs. The static and dynamic behavior of free standing
microsystems under the influence of electrostatic field and residual stress are also
presented. The comparison between predicted and experimental values of snapping
voltage for capacitive type systems shows a good agreement. The non-classical end
conditions resulting from micromachining processes are modeled using boundary
conditioning technique. The application of fuzzy system identification of the boundary
conditioning of microsystems shows a potential for direct and indirect design of

microsytems for the required dynamic behavior.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Scientific and technological advancements have been driven by creativity and innovation
of the human genius. New discoveries are made by chipping out the boundaries of
knowledge and enlarging the envelope little by little. Simultaneously, the
multidisciplinary advancements are made by interlinking the independent discoveries in
different directions and creating a fine multidisciplinary subspace which poses new

frontiers of knowledge as a challenge to human genius.

Boundary conditioning concept, microsystems and fuzzy logic approach by themselves
are independent technological and scientific facets of our knowledge envelope, but by
interlinking them an exciting new subspace with unlimited potential for fresh directions
are formulated in this thesis. An attempt is made here to chip away the boundary of this

subspace with investigations, both analytical and experimental, in order to understand the

potential and new possibilities.

The burgeoning field of MicroSystems Technology (MST) or MicroElectroMechanical
Systems (MEMS) has elicited a tremendous attention from research community in the

recent times in view of its potential for sensing and actuation of industrial systems in



almost every field of interest to the mankind. The applications of this technology spans
over not only the conventional engineering systems but more recent applications such as
in DNA sequencing, information technology and in communication systems. The
application of MST technology is so diverse that it practically links almost every
specialized scientific field. The sensors fabricated through MST are used for measuring
pressure, acceleration, humidity, temperature and gas flow. MST devices can also be
used to pump fluids, reflect or refract radio or fiber optic waves, make memory devices,
fabricate control actuators etc. Hence, MEMS (MicroElectroMechanical Systems) or
MST (MicroSystems Technology) is not restricted to any specific device, application or
fabrication processes. Rather, the aim of MEMS or MST is to develop the technology to
merge sensing, actuating and computing in order to realize new microsystems with
enhanced level of perception, control and performance. This ability of MEMS to collect
and process information, compute the course of action and thereby manipulate the

environment or a macrosystem makes the MEMS as the product differentiating

technology for the next century.

Sensing and actuation are based on the dynamic behavior of the relevant elements of the
sensors and actuators. This is true whether the systems involved are micro or macro in
size. As in the case of macro sensors and actuators, microsystems also possess certain
elastic and mass properties. They are subjected to vibration excitation from other sources
or the external environment during their operation and their performance depends on the

dynamic behavior of the sensing or the actuating elements. Hence, the manipulation of



the dynamic behavior is extremely important in order to modify the system properties.
The manipulation of dynamic behavior may consist of

1. Contro! of vibrational response for a given disturbance with the help of external

sources.

o

Design of a structural system in order to obtain a required performance. This may be
effected through manipulation of natural frequencies and mode shapes by changes in

the structural configurations or environment.

Both types of manipulation are applicable to micro and macro systems. Macrosystem

structures are of 'mm' to ‘m' dimensions while microsystems are of 'um' dimensions.

The elastic behavior of macro and micro dynamic systems depends on the structural
geometry configuration, material property condition determined by the methods of
manufacture of the system, and the elastic interaction from the environment. The system
consists of both structural and environmental parts. Every system coexists with the
environment and reaches an operating position depending on the severity of the influence
or interaction of the environment. Whenever the environmental conditions change,
system reaches a new operating point. Boundary conditioning is a useful and unified

concept for quantifying and manipulating the interactive elastic behavior of the system.

In general, there is no knowledge in the world that is so absolutely certain, especially in
the case of understanding of physical systems. Engineering systems suffer from

quantification uncertainties, vagueness in the description of the problem, imprecise



objectives, imprecise knowledge about the system, etc. Manipulation of such systems
cannot be accomplished by operators that obey strictly by either/or conditions and the law
of excluded middle. They need mathematical operators, that can absorb impreciseness of
the system, that obey the “‘either and or” conditions and cover the middle ground also.
This requirement is close to the way the human thinks, by attaching degree to everything.
Understanding of such systems needs multivalued approximate reasoning. Fuzzy logic
approach comes as a very powerful tool to deal with such systems as it applies
approximate reasoning mechanism on appropriately coded knowledge very similar to that

of human mind.

1.2 INTRODUCTION TO MICROSYSTEMS

Microsystems Technology is a burgeoning area with applications in diverse engineering
and scientific disciplines. Over the past two decades, several microsystems have been
designed and fabricated and have been accepted widely. This is confirmed by the
projected growth of world wide MEMS market shown in Figure.1.1. As anticipated by
Feynman, 1992, [62], the possible areas of MEMS applications include 1) fluid sensing,
control and transport, 2) mass data storage, 3) optics and imaging [116, 46], 4) inertial
measurements [195], 5) sensor and actuator [56, 59], 6) radio frequency components and
communications [109, 125], and 7) biomedicine [110]. The vastness of MEMS

applications can also be seen from Figure.1.2 [Fujita, 1998, 65].



Projected Growth of Worldwide MEMS Market
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' Figure 1.1: Projected wordwide MEMS market. Adopted from [ Darpa,
142]
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The MEMS, to date, have largely evolved from the processes used in semi-conductor
industries. However, the MEMS processes also include surface and bulk
micromachining, LIGA (lithography and galvo or electroplating), HARMST (high aspect
ratio microsystems technology), wafer bonding etc. The overview of MEMS devices and
technologies shown in Figure.1.3 [Fujita, 1998, 65] shows the vastness of MEMS
potential. The technological capabilities coupled with limitations, the ever growing need
for sensing, computing and acting at the device level for effective interaction between the
information systems and physical world, drives the development of MEMS [Gabriel,
1998, 69]. On consolidation, MEMS or MST is a collective system of approach to
develop microsystems with the advantage of miniaturization, multiplicity and
microelectronics and with a tremendous potential for sensing and actuation in almost
every field of interest to mankind from DNA sequencing to boundary layer control on

aircraft wings.

Although both micromechanical and microelectronics components of MEMS devices are
of the order of microns in geometrical domain they are big in property domain [DARPA
Report, 142]. In macrosystems the mass related phenomena are comparable with that of
energy related phenomena. In the case of nm dimensions mass related phenomena are
nearly absent and the energy and interaction related phenomenon are very dominant. But
in microsystems mass related phenomena can not be ignored and at the same time energy
related phenomenon are also dominant. At the micro level of matter both mass related

and energy related phenomena coexist making a real application out of micro devices

highly demanding.
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Figure 1.3: Map of MEMS devices and technologies [ Fujita, 1998, 65]

The advantages associated with MEMS are miniaturization, multiplicity and
microelectronics. The important advantage of miniaturization is the greater accessibility
to the vicinity of the physics of the problem. As the fabrication of the MEMS devices
evolved from semiconductor process, it inherits multiplicity or batch fabrication property
associated mainly with photolithography based MEMS processing leading to the reduced

unit cost of the devices. Another important advantage of multiplicity is the possibility of



fabricating massively parallel, interconnected microelectromechanical systems. The real
advantage of MEMS is the integration of microelectronics in the microsystems which

adds intelligence and control to the microsystems.

1.2.1 Methods of Microsystem Fabrication

Apart from IC fabrication technologies, main fabrication processes available are bulk
micromachining, surface micromachining, wafer to wafer bonding, high aspect ratio
micromachining such as LIGA, HARMST, etc. A good review of bulk micromachining

is available in Kovacs et al. [95].

Bulk micromachining is the general form applied to the selective removal of silicon from
the substrates using chemical etchants. This machining includes isotropic etching in
which the etch rate is same in all directions and anisotropic etching in which the etch rate
is highly dependent on the crystallographic plane of the material. It also includes wet
etching in which liquid chemicals such as KOH (potassium hydroxide), EDP
(ethylenediamine pyrocatechol) and TMAH (tetramethyl ammonium hydroxide) are used
or dry etching in which the gas phase or plasma etchants such as XeF; (xenon difluoride),
SF¢ (silicon hexafluoride), DRIE (deep reactive ion etchants) are used. Both types of

isotropic and anisotropic bulk micromachining are possible through wet and dry eiching.

In sacrificial or surface micromachining [31, 83], the sacrificial layers of related matenals

that were deposited over the structural layers are removed through wet or dry etching. A



wide variety of materials are available for both structural and sacrificial layers depending
upon the selectivity of the etchant. Good review of surface micromachining MEMS is

available in [31] which could be carried out by the use of both wet and dry etchants.

1.2.2 Trends in MEMS Technology

In the future, the success of the MEMS will depend upon the higher level of functional
capability, higher level of integrated electronics and greater number of micromechanical
components. This will apply a tremendous pressure on the manufacturers to move from
discrete manufacturing of MEMS components to the manufacturing of integrated MEMS
devices indicated by a large number of both micromechanical and microelectronics
components. In a microsystem, the level of microelectronics or the number of transistors
(T) represents information processing ability while the number of micromechanical
components (M) represents the ability of perception and control. Hence, the success of
MEMS in the future shall depend on the level of integration between the microelectronics
and micromechanical components. The demand on MEMS integration is clearly shown
in the Figure.1.4 [Gabriel, 1995, 69] indicated by the larger number of components and

higher value of T/M ratio.
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1.2.3 Integration of Micromechanical and Microelectronics Components

The posssible ways of integrating micromechanical and microelectronics components of

MEMS devices is schematically shown in Figure.1.5.

In type I method of discrete manufacturing of MEMS devices, micromechanical
components are fabricated through dedicated sequence of processes. It may involve all
processes including surface or bulk micromachining. Thus a die with micromechanical
components will be fabricated along with contact pads and will be connected externally
to the electronics circuitry. Silicon accelerometer was fabricated using this approach by
Roylance and Angell [152]. The commercialization of this approach for the manufacture
of MEMS devices is implemented by MCNC [114] through a process called MUMPs
(multiuser MEMS process) in which MEMS devices are fabricated using 3 polysilicon
layers, 2 oxide layers and a metal layer by sacrificial etching of oxide layer. Once the
arrays of MEMS devices are fabricated they are connected externally with electronic
circuitry. The real advantage of miniaturization cannot be fully exploited in this
approach as the size of the components are still relatively large. Due to the external
integration, the noise to signal ratio can also increase limiting the thresholds on sensing
or actuating signals. Hence, the ideal situation would be the integration of
micromechanical and microelectronics components at the device level improving the

signal to noise ratio and transmitting a reliable signal to the control systems or display.

11
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[t would be wise to evolve the fabrication of MEMS devices through processes such as
standard IC fabrication technology that have high reliability with microelectronics
components. Moreover, fabrication through standard industrial VLSI process will also
lower the cost. This merging will help in exploiting the full use of microelectronics in
the microsystems such that the signals through the micromechanical components could
be conditioned and processed on the same device without any external circuitry.
However, the actual industrial standard VLSI processes have been optimized for the
fabrication of microelectronic components, while mechanical microstructures require, in

general, different relevant properties in the various patterned layers.

CMOS has made revolutionary advances [36] in recent years in terms of circuit density,
greater yield, reliability, greater multiplicity and greater layout design and analytical
supports. It has reached such a level of sophistication in that the design of
microelectronics has become just satisfying a set of rules. Hence, it is certainly
worthwhile to exploit CMOS technology for manufacturing micromechanical structure
[130, 80]. even though it will call for violation of some present design rules. This
violation forms the motivation for setting new rules for making micromechanical

components using standard CMOS technology.

Hence, when an industrial CMOS process enables fabrication of micro-system devices in
such a way that both micromechanical and microelectronics components would be
fabricated within the same process flow, integration between the micromechanical and

microelectronics components will reach the device level. Such a merger could also

13



benefit the VLSI fabrication industries in view of the vastness of MEMS application
areas. However, with the present standard technology, the possible way of building
microsystems is to fabricate both micromechanical and microelectronics components
through an industrial CMOS process and post-release the structures through selective
micromachining outside the fabrication stream. It should also be noted that adoption of an
industrial CMOS process restricts the design of micromechanical components due to the
type of process, material and geometrical limitations. Moreover, the selected post-
releasing method should also be compatible with CMOS layers such that the

microelectronics components remain functionally intact.

The direct adoption of CMOS technology to MEMS is limited by the material of the
CMOS layers, its process sequence and the type of mechanical structures to be made.
Silicon dioxide, silicon nitride, metal, polysilicon and bare silicon substrate doped or
undoped are the possible parts of the MEMS devices that could be fabricated through
CMOS technology. Some of these materials need to be etched out through post
processing in order to make any free standing structures. The post processing could be of

the type bulk micromachining, or sacrificial micromachining with wet or dry etchants.

Depending upon the design and CMOS sequences, it may be necessary to add special
processes or layers before post-processing and packaging as shown in Figure.l.5.
Peterson, et al. [141], fabricated micromechanical accelerometer integrable with MOS
circuitry. The beams were made of oxide coated with metal. Final structure was released

through anisotropic wet etching with EDP. The etch stop was p”~ doped layer.



Park and Wise, 1983 [133] proposed a method of making pressure sensor with MOS

circuitry through anisotropic bulk micromachining.

CMOS technology was applied successfully for the fabrication of polysilicon bridges
through sacrificial etching of oxide in BOE (buffered oxide etch solution) with an
additional mask by Parameswaran et al. [131, 130]. Later, CMOS integrated capacitive
pressure sensor was fabricated by anodic bonding with glass on both sides of the chip

after anisotropic bulk etching of the chip by Terable et al. [178].

Even though it is advantageous to use standard CMOS sequence for the fabrication of
MEMS devices, the benefit of integration will be maximum only if the commercial

CMOS sequence is used for MEMS application.

Riethmuller et al. [145] used a commercial process for the fabrication of accelerometers
with introduction of additional processes and 5 masks through bulk anisotropic etching
with KOH. Schlichting et al. [158] succeeded in using a 3 um standard CMOS sequence
for making a pressure sensor after the introduction of anodic bonding of pyrex glass
along with KOH bulk etching. Condensor microphone was fabricated using standard
CMOS sequence with addition of polymide coating and anisotropic etching in Pedersen

etal. [138].
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Baltes et al. [9] explored the possibility of an industrial CMOS sequence for the
fabrication of thermal based sensors after the introduction of 6 steps of post processing

including both bulk and surface micromachining along with special masks.

It has been possible to use standard CMOS sequence for the fabrication of MEMS
devices only after the introduction of additional processes/layers/masks before post
processing with bulk or sacrificial etching. However, the true benefits of integration with
microelectronics components at the device level will be available only if the requirement
of an additional process, layers and masks is eliminated and the dices containing both
micromechanical and microelectronics components fabricated through commercial
CMOS process are directly post processed and packaged as shown by Type III

integration in Figure.1.5.

Tilmans et al. [181] tried using an industrial single poly double metal 0.7um CMOS
process for MEMS devices through both bulk and sacrificial micromachining. In this
attempt spiral inductor was fabricated through anisotropic bulk etching of silicon with
EDP and polysilicon bridges through sacrificial etching of oxide without any additional
masks. The problem of stiction in the case of sacrificial etching was avoided through

deep freeze drying and supercritical carbon drying.

Stiharu et al. [166] succesfully fabricated relative humidity sensors of resistive types by
depositing humidity sensitive material on the chips fabricated through Mitel 1.5 um

process, as an example of Type- III integration. Ma et al. [107] and Yu et al. [207]
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fabricated cantilever-in-cantilever structure through the Mitel 1.5 um process followed by

bulk etching of silicon substrate, as an example of Type-III integration.

The final success of making mature MEMS devices will depend largely on the finding of
completely compatible post-processing methods with a selected commercial CMOS
process and the intended design of microsystems. The industrial process being projected
in Canada for making the microsystems is Mitel 1.5 um Double-Poly-Double-Metal
process with suitable post-release etching mechanism. It has been an interesting
challenge to Canadian MEMS community to find a suitable post-processing technique so
that Mitel 1.5 um process [61] can be used for fabricating fully integrated microsystems.

The type of post-processing along with the released structures is discussed in Chapter2.

1.2.4 Development on Free-Standing Microsystems

The importance of the synthesis of microsystems suggested in the thesis is outlined with a
few types of devices in this section. The type of devices that could be fabricated is up to
the ingenuity of the designer in successfully exploring the limitation of the fabrication
and post-processing methods used. In general one could make devices with moving or
non-moving parts. The complication increases with devices having moving parts due to
limitations from fabrication sequences, mechanism of post releasing, material of the
CMOS layers, phenomenon related to micro dimensional domain, type of sensing or

actuation required such as capacitive or piezoresistive or piezoelectric,
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thermomechanical, etc. In this sense, an overview on the development of some

microsystems will be useful.

There are a variety of piezoresistive and capacitive inertial and pressure sensors
available. Capacitive sensors are known to have less power consumption, better
performance and smaller geometry compared to piezoresistive sensors. Hence, capacitive
type of sensing has been applied to both inertial and pressure measurement extensively.
In capacitive types of sensors or actuators, two electrodes are needed, namely diaphragm
(top plate) and bottom plate (backplate) which are separated by dielectric cavity. In this
arrangement the top plate is movable while the backplate is stationary as shown in Figure

1.6.
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Figure 1.6: Scheme of a capacitive device

The capacitance between the electrodes is dependent on the dielectric gap (d) and the
dielectric property while the electrostatic force between the electrodes is dependent on
the dielectric gap, dielectric property and bias voltage (V). When one of the electrodes is
made movable, the capacitance between the electrodes will vary if the top plate is

subjected to deflection as in the case of sensors or the topplate is subjected to deflect
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when the electrostatic force is varied by varying bias voltage as in the case of

electrostatic actuators.

Initially the micro pressure sensors were fabricated discretely. Diaphragm and the
backplate of the capacitive pressure sensor were fabricated separately and bonded

together. The dielectric cavity was formed by anisotropic etching.

Clark and Wise [45] fabricated piezoresistive and capacitive thin diaphragm pressure
sensors by anodic bonding of structures containing diaphragm and backplate. Dielectric
cavity was formed by anisotropic etching. It has been found that the sensitivity of both
types of sensors which is a function of diaphragm deflection is dependent on the

boundary edge conditions of the diaphragm.

Zahn [213] fabricated a condenser microphone shown in Figure 1.7 and studied the

effect of number of holes, dielectric chamber volume, size of the acoustic holes on the

acoustic performance of the microphone.
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Figure 1.7: Scheme for a electret microphone [213]
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Smith et al. [164] succeeded in measuring with integrated circuits connected externally
to the sensors, as an example of type-I integration. Improvement was found compared to
that of measuring with on-board circuitry because of the reduced effect of parasitic

capacitance. This work formed the motivation for further integrating IC fabrication

technology at the device level.

Chau and Wise [77] mentioned the influence of electrostatic force on the natural
frequency of the diaphragm of capacitive type sensors and presented the effect of

diaphragm residual stress on the sensitivity for both piezoresistive and capacitive

pressure sensors.

Jornad and Rudolf [89] used CMOS techolegy for microelectronics part of the

microsystem. Pressure sensors and electronics chip were connected externally as an

example of type-I integration.
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Bergqvist and Rudolf [13] fabricated a condenser microphone with a large number of
ventilation holes and low stray capacitance using IC compatible technology in order to
achieve further miniaturization. This becomes the motivation for moving to type-II

integration of micromechanical and microelectronics components.

All the microphones discussed so far, have the dielectric cavity created by anisotropic
etching. But Scheeper et al. [156] fabricated condenser microphone using sacrificial
etching of aluminum of lum thick. Even though the reduced gap could increase the
sensitivity, the electrostatic force between the electrodes also will increase whenever the
sensors are made through sacrificial etching. The backplate also contained acoustic holes

made by KOH anisotropic etching.

Kuhnel and Hess [97] fabricated a condenser microphone with 0.15um thick silicon
nitride membrane and a backplate with a large number of acoustic holes. These acoustic

holes reduce streaming resistance and increase the sensitivity.

In general, for a uniform thick diaphragm, the variation of capacitance is non-linear
against pressure as shown in Figure 1.8. This non-linearity was reduced by varying the
stiffness distribution at the edges and throughout the structure as shown in Figure 1.9 by
Rosengren et al. [150]. Stiffness and notches were introduced onto structure in order to

obtain the required elastic property of the structure.
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Figure 1.8: Scheme showing a typical non-linear variation of capacitance against
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Figure 1.9: Scheme showing geometrical variations introduced to obtain linear
variation of capacitance against pressure [adopted from Rosengren, 150]
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Bergqvist [12] applied finite element analysis for the estimation of the effect of

electrostatic force, thermal stress and acoustic holes on the sensitivity of the microphone.

So far, all the microphones were made by bonding the top and bottom plates. In
Thielman and Hess [179] dielectric cavity was formed by sacrificial etching of oxide.

Diaphragm and acoustic holes are formed by anisotropic etching with KOH.

Hsu et al. [84] fabricated a condenser microphone in a single wafer process by combining
both bulk and sacrificial etching, and measured capacitance variation against bias
voltage.  Parametric optimization of design variables namely diaphragm width,
diaphragm thickness, geometry and number of acoustic holes, and dielectric gap was

proposed for improved performance.

Esashi et al. [59] fabricated sensors and sensor arrays with on-chip CMOS circuits as an
example of type-II integration. The diaphragm and backplate were vacuum sealed

through bonding process.

Another example is the development of micromachined accelerometers. An
accelerometer generally consists of a proof mass M suspended by beams with effective
stiffness constant K connected to fixed frame as shown in Figure 1.10. C is the damping
coefficient affecting the dynamic movement of the mass. The lumped model of the
microsystem is also shown in this figure. External acceleration displaces the support

frame relative to the proof mass (z-y = -x) changing the stress pattern in the beams. The
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relative displacement x, can be used as the measure as in the case of capacitive type
accelerometer while the change in the stress can be used as a measure in piezoresistive

types of microaccelerometers.

Top electrode

[ M Y
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Bottom electrode

Relative mass displacement, x =y -z

Figure 1.10: Accelerometer scheme and its lumped model [202]

The first micromachined [159] and the most commercialized [10] microaccelerometers
were piezoresistive. I[n piezoresistive devices the silicon piezoresistors are placed at the
regions subjected to maximum stress as the case with support ends of suspension beams.
The advantage of piezoresistive device is their simplicity in construction and the initial
fabrication of sensors were done by bulk micromachining along with wafer bonding
technology [159, 10, 143, 5,146,160] as in the case of type-I intergration. Standard
CMOS process was used with addition of some process for the fabrication of
piezoresistive accelerometers by bulk micromachining in such a way that it was possible

to integrate with CMOS circuitry [146, 160], as the case in type-II integration.

The relative motion between the frame and the mass is sensed by the change in

capacitance between the electrodes attached to the frame and the moving mass. Mostly
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used accelerometers are of the vertical and lateral types. In vertical type [161, 140, 147,
154, 155, 76, 47, 195, 203, 106], the proof mass is separated by a narrow air gap from a
fixed plate, forming a parallel plate capacitor as shown in Figure 1.6. In lateral
displacement type of accelerometers [162, 27, 35, 188] the moving mass has many
fingers that move between parallel vertical walls of fixed electrodes. Fabrication of early
micromachined capacitive type of accelerometers [161, 154, 155, 76, 153, 155, 127, 157,
173, 91, 139, 186] used bulk micromachining combined with wafer bonding. In these
sensors, the sensing parts are connected externally to the separate sensing circuits, as in
the case of type-l integration. As part of the evolution, the use of surface
micromachining increased in the fabrication of accelerometers [162, 147, 27, 35, 136, 74]
in order to explore the possibility of integrating sensor and integrating circuitry on a

single chip, as in the case of type-II integration.

1.2.5 Factors Affecting Dynamic Behavior of Microsystems

Apart from the geometrical/structural constraints that are inherent in the fabrication
process, there are some interesting phenomena that are part of the microdomain of matter

that affect the dynamic behavior of the microsystems.



1.2.5.1 Squeeze film effect

The dynamics of the oscillating structures such as capacitive type pressure sensors,
accelerometers, actuators etc. are strongly affected if the ambient pressure is not zero in
the close proximity of other surfaces. The effect of flow of air in the narrow gap between
electrodes of the microsystems especially in the case of capacitive type of devices, called
squeeze film effect, affect the dynamic behavior in different ways depending upon the
operating frequency of the mechanical structure. The dynamic behavior of the system is
very much affected by the dissipation of energy especially near the natural frequencies.
The dissipation occurs due to structural damping of the moving micromechanical
structure and viscous damping due to the friction between the air or a dielectric medium
and the surface of the structure. This phenomenon is common for pressure sensors or
accelerometers or actuators that have narrow gap between the fixed and moving
electrodes. The interaction between the fluid flow and the structural dynamics is
dependent on the frequency of oscillations of the structure. At low frequencies, the
inertia of the fluid is low leading to higher flow velocities and hence higher frictional
forces and damping. This viscous damping is highly dependent on the ambient pressure,
size and geometry of the opening in the structure for the movement of the ambient fluid.
Besides the damping forces, the movement of the fluid also creates additional spring
forces due to the fluid compression and inertial forces due to the mass of the fluid
adhering to the surface [7, 115]. At very high oscillation frequencies, velocity of the
fluid is very low due to high inertia resulting in low damping and high spring forces.

This results in addition of the stiffness to the microsystem due to the movement of
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ambient fluid medium at very high oscillation frequencies. The vanation of damping

constant and spring constant against the operating frequency is schematically shown in
Figure 1.11. The damping dominates for frequencies below the critical while spring
effect dominates for frequencies above the critical. For such microsystems, the increase

in the ambient pressure increases natural frequency due to the increase in squeeze spring

constant and reduces the Q-factor due to the reduction in viscous damping [6, 7, 40, 115,

135, 189, 196, 205].
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Figure 1.11: Scheme for the variation of damping and spring constant against
oscillating frequency due to squeeze film effect [115]

1.2.5.2 Effect of electrostatic force

In capacitive type of sensors and actuators shown schematically in Figure 1.7, the
electrostatic force between the electrodes separated by a narrow gap changes the

combined elastic properties of the system and hence it affects both static and dynamic
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behavior of the structure. The effect of electrostatic force on the static equilibrium of the

structure is shown in Figure 1.12.
Electrostatic force at bias
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Figure 1.12: Scheme for considering electrostatic force on a elastic structure

When a bias voltage V is applied between the electrodes of a capacitive device,
diaphragm deflects due to the electrostatic pull and reaches the stable equilibrium of Xmn
where electrostatic force equals the restoring spring force of the mechanical structure.
Any small disturbance close to the equilibrium position is always stable as the available
mechanical energy is higher than the electrostatic energy. But the deflection beyond Xmax
results in higher electrostatic energy and hence permanent snapping of the structure
towards the backplate. The natural frequency of the structure close to the equilibrium
position, becomes amplitude dependent for a given bias voltage. The bias voltage for

which Xmin = Xmax, 1S called snapping voltage, V. The system will always be in unstable
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position for bias voltage higher than Vj Hence, prediction of static and dynamic

behavior of the microsystem under the influence of electrostatic field becomes important

in manipulating the performance of the capacitive device.

Stiharu and Bhat [165] predicted the effect of electrostatic force on the natural frequency

of microplates by applying Rayleigh-Ritz method.

Brugger et al. [29] predicted the static deflection and snapping distance for a capacitive
microlever and applied the electrostatic force for gripping with microprobe head.

Bobbio et al. [25] applied electrostatic force for making integrated force arrays as in the

case of actuators.

Van der Donk et al. [187] predicted the static deflection, sensitivity, snapping limit due
to electrostatic force for a capacitive type condenser microphone with and without

residual stress in the diaphragm. Classical end conditions were assumed in deriving the

deflection equations for the diaphragm.

Kohl et al. [93] studied micromechanical characteristics of electrostatic linear actuators
having a driving unit consisting of several arrays of parallel connected capacitor

elements. The increase in voltage between the capacitor elements increases the static

deflection and decreases eigenfrequency.
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Turner and Andrews [184] report the amplitude dependency of the natural frequency of
the clamped-clamped oscillators and also possibility of modifying the natural frequency

by varying the electrostatic force.

Fan and Crawforth [60] report the spring softening effect through electrostatic force for

microstructures.

Park et al. [132] implemented stiffness tuning capability into a surface micromachined
silicon accelerometer through a electrostatic comb type capacitive fingers. Through
electrostatic tuning, natural frequency was shifted from 5.12kHz to 950Hz. Excitation,
sensing and tuning were implemented by capacitive variation. Frequency response of the

structure was found by sweeping the input oscillating frequency.

Rangten et al. [144] micromachined a loudspeaker with hermetically sealed cavity and
excited electrostatically. The sound pressure level and the natural frequency were found
to decrease with biasing voltage. The natural frequency was measured by sweeping the

frequency of the electrostatic excitation.

Chu et al. [42] predicted and measured the natural frequency of parallel plate
electrostatic actuators fabricated by MCNC [114] after including the squeeze film and
electrostatic effect between the electrodes. In measuring the frequency response, the

excitation was electrostatic and the detection was by Michaelson interferometer.
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Adams et al. [3, 4] implemented the tuning of natural frequency of a micromechanical
resonator through a fringing-filed actuator. The positive and negative stiffening can be
created by proper positioning of fingers in the actuators. The experimental variation of
natural frequency from 7.7% to 146% was achieved by electrostatic tuning.

Micromechanical structure was excited electrostatically.

1.2.5.3 Lorentz force

When a conductor of length L carrying a current of [(®w) is subjected to an external
magnetic field of intensity B, Lorentz force of F(w) = [(w)L x B is exerted on the
conductor as shown in Figure 1.13. The frequency of force can be varied by changing
frequency of the current. This force can be used to change the elasticity of the structure
and hence to result in different static and dynamic behavior of the structure. The steady
electromagnetic force under DC current can also be used to manipulate the static and
dynamic behavior of the structure as in the case of electrostatic force. The Lorentz force
can also be used for frequency tuning or canceling the effect of electrostatic force through

proper designing of the micromechanical structure.

(). /& F(0) =o)L x B
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Figure 1.13: Scheme for Lorentz force



Kang et al. [90] used fluctuating Lorentz force in order to excite and measure the natural
frequency of a microbeam. Vibration of the structure was detected by optical

modulation and a photodiode.

Ma et al. [107] applied fluctuating Lorentz force generated by supplying AC current in
measuring the frequency response of a cantilever-in-cantilever type structure. The
detection of the vibration was carried out by the change in piezoresitance and by laser
deflection measurement. Yu et al. [207] studied the frequency response of the above
mentioned cantilever-in-cantilever structure under different steady Lorentz force
conditions. The frequency response of the mechanical structure was measured by
exciting with 3.6G AC magnetic field under two different conditions of 16G DC and 2G
DC magnetic field. It can be inferred from these results that higher DC Lorentz force
resulted in lower natural frequencies compared to that of lower Lorentz force with 2G DC
magnetic field. Higher electromagnetic force modifies (weakens) the elastic properties of

the system leading to reduced natural frequencies.

1.2.6 Synthesis of Microsystems

In general, actuation or sensing will be large if it happens close to the natural frequencies
of the micromechanical structures. One could choose or avoid operating closer to natural
frequencies of the microsystems based on the structural integrity. This is the case with
most of the sensors and actuators when dynamic behavior is important in determining the

performance of the microsystem. The synthesis of microsystems involves development



of fabrication strategies using industrial CMOS process and design strategies, in order
to manipulate the effect of inherent limitations of fabrication and other limitations due
to structural configuration and environment on dynamic behavior of microsystems.

The design synthesis of microsystems of sensors, actuators and other devices, includes

1. prediction of dynamic behavior for the given conditions of the microsystem in

order to estimate the performance of the microsystem and

[£S)

manipulation of the system elastic properties in order to obtain the required
dynamic performance of the system. The manipulation could be effected by
proper selection of structural configuration, support conditions, fabrication

sequence and by external means such as electrostatic force, squeeze film

effect, fringe field effect, etc.

Hence, a unified approach of studying and quantifying the effect of all the above system

parameters on elastic property will be of immense help towards the synthesis of

microsystems.

1.3 MANIPULATION OF VIBRATION BEHAVIOR OF ELASTIC SYSTEMS

Manipulation of vibration behavior of elastic systems involves manipulation of response
with the help of external sources, and manipulation of natural frequencies and mode
shapes through change in mass and elastic properties of the system. For any continuous

system, the vibration response and depend on modal force distribution, excitation
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frequency, relative position of excitation frequency in relation to natural frequencies and
mode shapes of the elastic system. As the principle of superposition holds for vibrational
response, the distribution of modal forces due to different types of external loads could be
manipulated such that net response from both primary and secondary sources is
minimized. Sound radiated from structures are due to the structural vibration and hence

the sound radiated from continuous systems also can be understood from the vibrational

response.

As the natural frequencies (eigenvalues) and normal modes (eigenvectors) of a given
structure are constant in many cases, minimization of deflection by producing anti-modal
forces in proportion to disturbance force is called Active Structural Vibration Control
(ASVC). Similarly, minimization of radiated sound through optimization of the load
distribution, is called Active Structural Acoustic Control (ASAC). Thus it can be seen
that the vibration or the radiated sound depends upon the eigenvalues, normal modes and
the external load. In the types of controls mentioned so far, only the distribution of

external load is manipulated such that vibration or sound is minimized.

In general, the active control of sound and vibration will be useful in the audible range of
20Hz-20kHz. The passive damping technique which absorbs vibrational energy is
effective at higher frequencies and is used for excitation frequencies more than 1000Hz.
At low excitation frequencies both active and semi-active methods of control are useful.
In structural applications such as in aircraft fuselages, automobile cabins, the excitations

are relatively steady and they are produced by rotating type mechanisms such as the gas
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turbine engine, propeller, engine mechanism or rotating tires interacting with road. As
the transients associated with audio range vibrations decay very fast, only the steady state
disturbances which are multiple tones are important for active and adaptive type controls
[67]. In Active type control, the generated sound and vibration due to the primary
disturbance is suppressed or canceled by producing sound or vibration equal in
magnitude and exactly out of phase by secondary sources, such that the resultant sound or
vibration is minimized. Anti-sound source could be a speaker while anti-vibration source

could be electro-dynamic shakers, piezo-ceramics actuators, electro-hydraulic and

magnetostrictive devices.

Active control of sound/vibration can be effected with speakers or actuators as secondary
sources. Active control can be implemented by feedforward or feedback control
methods. Leng [104] was the first to implement active control of sound in a duct with a
feedforward controlled speaker. Later Olson and May [128] demonstrated local
reduction in noise using feedback controlled speaker arrangement. The general

representation for both feedback (F/B) and adaptive feedforward (F/F) active controls is

shown in Figure 1.14.
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Figure 1.14: Types of control by manipulation of external load Feedback
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Feedback controller which results in fast convergence and high steady state error
compared to feedforward controller, makes it suitable for random noise cancellation [11,
53]. Feedback control is useful when no reference signal partly correlated to input
excitation is available. Feedforward control is preferred whenever reference signal is
available because of its simplicity and easy implementation. Adaptive feedback control is
not widely available for application to structures. The available feedback control works

are of pole-zero placement types in a general sense [S3].

Adaptive feedback control was applied based on minimization of volume velocity [88].
Actuator was designed to be reciprocal of volume velocity sensor such that transfer
function between actuator and sensor was of minimum phase with performance as good

as that of feedforward one.

Baumann [11] recommends feedback controller only in cases where reference signal is

not available.

The adaptive feedforward method is simple and effective for noise and vibration control
as the primary disturbance is harmonic in nature and it is a simple task to have a
reference signal. Feedforward speaker control has been implemented for reducing noise
inside aircraft fuselage successfully in many practical applications like Emborg [58] in
Saab 340 propeller aircraft and Koers [92] in Dornier 228 aircraft. In many cases,

reduction of radiated noise through speaker control resuited in the increase of structural
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vibration. It also resulted in only local reduction of noise with the application of large

number of speakers.

As against these limitations in using speaker based control, structure based actuator
control results in noise and vibration reduction with minimum number of actuators. The
published results [43, 44, 52, 68, 70, 94, 172] recommend the structural actuated adaptive

feedforward control for both structural vibration control and control of radiated noise.

In semi-active type of control, passive elements are controlled actively such that
dissipation or absorption of energy becomes effective at the new operating condition.
Semi-active actuators are generally constructed from electro or magneto rheological

fluids, shape memory alloys (SMA) or fluid filled varying orifice devices.

From a comparison of active, passive and semi-active controls for reducing aircraft cabin
noise. Flotow et al. [64] found that the use of semi-active control in tuning the passive
vibration absorbers to resonate at the excitation frequencies was comparable to Active

Structural Acoustic control, in terms of added mass per seat, cost and power

consumption.

From the above discussion on the control of sound and vibration, it is clear that all
methods are not suitable for specific applications. Hence, evaluation of the methods
against each application is necessary before a choice can be made. This calls for a clear

understanding between the vibration behavior of the structure and all the design
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parameters of the structure such as geometry including method of manufacturing and

external forces. Moreover, whether it is ASAC, ASVC or semi-active control,

manipulation of vibration response is carried out through external means.

[t is possible to control the vibrational behavior of a system by staggering the natural
frequencies in a required fashion in relation to the excitation frequencies [118]. Itis also
possible to control the radiated sound pressure by modifying the acoustic coupling

coefficients through the change in mode shapes [117, 120].

Whenever the excitation has single or multiple tones, the relative location of

eigenfrequencies as shown in Figure 1.15 is important in order to manipulate the

vibration behavior.
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Figure 1.15: Scheme for structural tuning
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Minimization of vibration is possible by moving the eigenfrequencies of the system away
from the excitation frequencies and maximization of the efficiency in the case of semi-
active vibration absorbers is possible by moving the eigenfrequencies of the absorbers
close to excitation frequencies. The arrangement of the natural frequencies in a certain
order gives an inherent quality to the sound, and this quality is responsible for the
richness of the sound in musical instruments. This process of staggering the natural
frequencies in a required order in relation to excitation frequencies in order to minimize
or maximize the response or simply to enrich the sound quality of musical instruments, is

called structural tuning [118].

The concept of structural tuning is applicable to microsystems also where higher natural
frequencies are also important in determining the performance of the sytem. In An et al.
(6], the performance of gyroscope is dependent on the natural frequencies. In this report,
the modification of the arrangement of natural frequencies for gyroscopes achieved

through bias voltage is also an example of structural tuning.

Another important aspect of the manipulation of vibration behavior is modification of
mode shapes of macro or micro structures. The acoustic radiation which depends on the
mode shapes can be altered by modifying the mode shapes or changing the elastic and
inertial properties of systems [105]. It is also possible to localize the vibrational response
to a certain part of the system through modification of mode shapes, which will be useful
for better/easier control of the response [117, 120]. If the localization of the response is

effected close to the source of disturbances, then the control will be easier with a few
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additional sources and moreover the fatigue life of the other parts of the system will

improve.

Thus, the manipulation of the vibrational behavior of the system, especially natural

frequencies and mode shapes, has tremendous potential for control, design, enhancement

of structural systems of micro and macro dimensions. This kind of manipulation of

vibrational behavior of a system by changing elastic properties of the structure or the

environment [117-123, 129] can be effected in many ways as mentioned below:

o

Changes to the elastic property by modification of structural geometry: Examples
includes addition of stiffness, notches, slots, slits corrugation etc. Stiffened plates of
different geometries find various application in engineering. The positive stiffeners
[23, 75, 99, 124, 199] are used to increase the strength of the structure. The other
methods like notches, slots, corrugations work as negative stiffeners and may find
applications where it becomes necessary to attenuate or control the transmission of

vibrations through the joints.

Changes to the elastic property by using different support conditions: The different
support conditions could be end supports or supports anywhere within the structure.
Examples include clamping, riveted joints, strap joints or any other supports. It is
well known that vibration behavior of structures is strongly influenced by boundary
conditions such as clamped, simply supported and free. Changing the boundary

conditions from simply supported to clamped conditions in beams and plates can
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more than double their respective natural frequencies [102, 103]. The boundary
conditions of real structures are not always homogeneous such as clamped or simply
supported. The boundary conditions may be flexible either in translation or rotation
[99, 100, 206]. Furthermore, even along a single edge of a two-dimensional structure
such as a plate, the boundary conditions may not be uniform and may change along
the edge [163]. In structures which is supported at several points or lines within the
domain of the structures such as in periodically supported beams or plates, such
supports may be considered as providing boundary conditions for the structure.
Addition of supports [206] also changes the vibration behavior. James and Fahy [86]
studied the coupling effect of number of straps between two plates and found the
dependencies of transmissibility between structures. Thus, the elastic property of the
entire system can be altered by modifying the support conditions between structural

and environmental parts of the elastic system.

Changes to elastic property through the fabrication process: It is also possible to alter
the distribution of elastic property of the system through fabrication techniques such
as heat treatment, hammering, work hardening, peening etc. An example for this type
of change is the steel pan musical instrument. The vibration behavior of the pan is
modified through only such processes [1, 2, 185]. Sometimes the change of elastic
property of the structure is due to the inherent nature of the process. For example,
structural properties may change due to residual stress introduced in the structure

because of different temperature cycles involved in the manufacturing processes.
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Hence, it is possible to modify the vibration behavior of elastic systems through structural

modification, support conditions and manufacturing process.

1.3.1 Concept of Boundary Conditioning

As seen in previous sections, good performance of the elstic systems depends on its
dynamic behavior characterized by natural frequencies and mode shapes and is relevant
to inertial sensors, pressure sensors, micro-resonators and free standing structures in the
case of microsystems and many structures in the case of macrosystems. The dynamic
behavior in turn is dependent on the mass and stiffness properties of the systems. It is
clear from the previous sections that the stiffness of the elastic system is strongly
dependent on the fabrication process, structural geometry, support conditions and the

operational environment.

Any structural modification such as stiffening, notching etc. affects the dynamic behavior
of the micro and macro systems. The micromechanical components that are fabricated
either through a standard CMOS process or a dedicated MEMS process, are subjected to
different support conditions that are inherent to the fabrication process. The different
support conditions result in different rotational elasticity at the supports which make end
conditions non-classical and intermediate between the free and the clamped conditions.
These conditions are common for macrosystems and can also be created by clamping,

riveting etc. Hence it is not possible to exactly create the end conditions known from
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classical mechanics at the micro level even though the clamped condition is assumed in
literature for all supports. Many environmental phenomena were also seen to affect the

dynamic performance of the microsystem in the previous Section 1.2.5.

Hence, a unified quantification of the influence of fabrication process, geometry, support
conditions and environmental influence on the dynamic behavior of the system will be
very useful during the design process and also for modeling the dynamic performance of
the system. The concept of modification of elastic property of the system through
structural modification, support conditions, manufacturing process and other

environmental influences, is introduced as boundary conditioning.

1.4 APPLICATION OF BOUNDARY CONDITIONING TO SYNTHESIS OF
MICROSYSTEMS

The principle of applying boundary conditioning applied to the synthesis of microsystems

is outlined in this section:

1.4.1 Boundary Conditioning by Structural Variations

The general scheme for adding stiffeners and notches to a mechanical diaphragm is given
in Figure 1.16. Rosengren et al. [150] improvea the performance of the condenser
microphone with addition of stiffeners and notches as shown in Figure 1.11 in order to

modify the system elastic property. Rangsten et al. [144] added notches as shown in
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Figure 1.17 at the end supports of diaphragm of an electrostatically excited loudspeaker
in order to weaken the stiffness of the diaphragm and to have larger deflections. These
kinds of notched ends or structural joints result in weakened regions compared to that of
clamped condition. A diaphragm of Metall with stiffeners of Metal2, fabricated out of
the Mitel 1.5 um process using isotropic etching is shown in Figure 1.18 as an example
of a device that will be fabricated using type-III integration. In piezoresistive devices,
piezoresistor elements that are added at the locations of high stresses as shown in Figure
1.16¢c make the mechanical structure rotationally stiffer resulting in the end conditions
different from classical ones. Figure 1.19 [122] shows such a microsystem with

piezoresistor elements of polysilicon2 fabricated through Mitel 1.5 um process.

Corrugating the structure closer to the support or anywhere in the structure alters the
distribution of system elastic property and the dynamic performance. The corrugations
weaken the structure rotationally and make the end conditions intermediate between the
clamped and simply supported.  Figures 1.20 and 1.21 show microsysystems with

corrugations that were fabricated through type-II integration method.
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a.) Stiffened struture b.) Notched structure

Piezoresistor
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c.) Stiffened end condition due to piezoresistor element

Figure 1.16 Scheme for adding stiffeners and notches to a microsystem
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///////////////////////,

b) excited

Figure 1.17: Rotationally weakened
end supported diaphragm of a
electrostatic loudspeaker [adopted from
[144]]

Figure 1.18: A circular diaphragm of Metall
with Metal2 stiffeners, fabricated by Mitel 1.5
mm process combined with isotropic post-
processing. (Diameter is 650um)
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Polysilicon2 resistor

Etch front

Figure 1.19: Stiffened at support end by piezoresistive
elements [122]
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Figure 1.20: Schematic representation of microphone with different
arrangements of corrugations [ adopted from [214]]

v ey
<

metal n+ polysilicon diaphragm silicon nitride "“ :

Figure 1.21: Scheme for a polysilicon diaphragm condenser microphone with a
corrugation resulting from sacrificial etching [adopted from [84]]

It is also possible to fabricate corrugated structures through type-lIl integration as
proposed in this thesis. The diaphragms with corrugated beam extensions fabricated out
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of Mitel 1.5 um process and post-released by isotropic etching are given in Figures 1.22
and 1.23. The corrugation in transverse direction in Figure 1.22 was fabricated by
stacking different layers of Mitel 1.5 um process in order to weaken the structure
rotationally at the supports and obtain larger deflection. The increased rotational
flexibility at the supports make them different from the classical clamped conditions.
Corrugations present in the structure introduce both translational and rotational freedoms
between the adjacent structural parts. Modeling such microsystems should be able to
accommodate such conditions which are different from the classical ones, and also the

sudden changes in elastic properties between the adjacent parts of the structure.

Figure 1.22: Corrugated diaphragm of Figure 1.23: Corrugated diaphragm of
Metall obtained by stacking of different ~ Metall obtained in the Mitel 1.5 um
layers in the Mitel 1.5 um process process (Type-III integration).
(Type-III integration). Diameter of the Diameter of the structure is 650um
diaphragm is 250um
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1.4.2 Boundary Conditioning through Fabrication Methods

1.4.2.1 Effect of support conditions

In general, free-standing structure in a microsystem can have support at the ends or
anywhere in the structure and the supports can be of point or line types. The support
conditions that exist in microsystems fabricated through all types of integration methods,
are very much dependent on the fabrication process and are always intermediate to
classical conditions. It was seen in the previous paragraphs that it is possible to create
different support conditions by modifying the structural geometry. The fabrication

process selected for microsystems determine the end support conditions due to inherent

limitations of the process.

Whenever free-standing structures are fabricated through aniostropic etching [45, 164] as

shown in Figure 1.24 etch is stopped at <l11> plane resulting in support structures as

shown in Figure 1.24.

54.74°

Etch stop plane

Figure 1.24: Scheme for anisotropic etching of free standing structures

Whenever the MEMS devices are fabricated using CMOS process, they have laminated

layers of structural and sacrificial layers. Surface micromachining of sacrificial layers
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can result in complex, noncrystalline and integrated microelectromechanical free standing
structures that are not fabricated in bulk or bonded process. Surface micromachining will
be the heart of the scientific and commercial activity in MEMS [142] in future for post-
releasing the structures fabricated through type-III integration. In sacrificial etching
methods, free-standing structures formed by etching out the sacrificial layers can result in
step-up or corrugated structures as shown in Figures 1.21 and 1.25. The adhesion of the
mechanical structure to the substrate at the support areas is dependent on the type of
fabrication process such as deposition, growth of the substrate etc. as shown in Figure
1.25. Such support conditions can exist at the end of the mechanical structures as shown
in Figure 1.25 or at the center of the structure as shown in Figure 1.26 or anywhere else
in the structure resembling point or line supports. Whenever microsystems are fabricated
through surface micromachining, the supports introduce additional rotational freedom
and make the support conditions away from classical clamped conditions. The point
support at the center of the diaphragm in Figure 1.26 can completely arrest the
translational motion and can introduce some rotational freedom to the structure. In
literature, all the support conditions resulting from sacrificial etching are generally treated
as clamped, neglecting the rotational flexibility introduced by the real supports. Hence,
in modeling the dynamic performance of such microsystems, support conditions different

from the classical ones need to be accomodated.
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Park et al [132]]
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structure
d) A diaphragm with stepped up end beams e) Stepped up plate type polysilicon structures
fabricated out of the Mitell.5 um process at fabricated through the MUMPS process
Concordia (type III) Diaphragm diameter is
650um

Figure 1.25: Different stepped up end conditions inherent to sacrificial machining
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Figure 1.26 A diaphragm with a point support at the
center [adopted from Sugiyama et al [171]]

1.4.2.2 Boundary conditioning through fabrication processing parameters

Even though MEMS fabrication tries to adopt the standard microelectronics fabrication
process and materials to its full advantage, it also suffers from the same limitations of the
microelectronics fabrication process and materials which are not optimized for MEMS
applications. Hence, fabrication process and the materials are at their extremes when
applied to fabrication of microsystems. The process layers of different materials that are
generally made by deposition at different temperatures are subjected to different residual
stresses. The greatest difficulty occurs when moving structures are released in a post-
release etch since the entire microelectronics processing parameters are optimized for the
static microelectronics components. One of the important considerations in the selection
of processing parameters is the residual stress in released structures which make the
structures to bow and bend, and change the distribution of elastic property. In future, the
processing parameters need to be revised in order to fabricate matured microsystems.
The microresonators fabricated out of the Mitell.5 um process [ 122 , 123] shown in
Figure 1.27, indicates the deflected shape of beams due to residual stresses. The curved

up diaphragm of a condenser microphone fabricated through MUMPs process [121]
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given in Figure 1.28 shows the change in elastic property of the diaphragm due to
residual stress. Hence, in modeling the dynamics of such microsystems, the change in
the elastic property of the system due to the effect of processing parameters like residual

stress has to be incorporated.

Figure 1.27: Beams under residual Figure 1.28 A capacitive microphone
stress fabricated through the Mitel diaphragm under residual stress fabricated
1.5um process [122,123] through the MUMPs process [121]

1.4.3 Boundary Conditioning through Environmental Influence

Apart from the structural geometry and process influence on the system elastic
property, there are phenomenological influences due to the presence of environment on
the system elastic property in microdomain of matter. As seen in Section 1.6, the
dynamic behavior of a microsystem with an oscillating structure in a fluid environment is

changed due to the stiffening effect of the squeeze film under the structure. The stiffness
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of the microsystem is increased by the environmental contribution (squeeze film effect).
The microsystem of condenser microphones having electrodes separated by a narrow gap
and connected to a bias voltage, is subjected to electrostatic force in the presence of the
dielectric environment. The stiffness of the microsystem is weakened by the negative
stiffening effect of the electrostatic environment. But in the case of fringe-field
electrostatic environment, both strengthening and weakening of the microsystem is
possible depending upon the direction of the electrode movement. The environmental
part of microsystems play a significant role in determining the system elastic property
and hence the dynamic behavior, due to phenomena present in microdomain of matter.
Even though geometry and process related effect on the system elastic property is
common to macrosystems, the effect of environment on system elastic property is
relevant only to microsystems. A common strategy for capturing the effect of both

structural and environmental influence on the system elastic property will be very useful.

The concept of boundary conditioning and its implementation is common to both micro
and macro elastic systems. This concept can be applied for the control of dynamic
behavior of the systems and their efficient design. The modeling and its application to

both micro and macro systems will be discussed in detail in Chapter 3.

1.5 INTRODUCTION TO FUZZY SYSTEM IDENTIFICATION

Identification of systems through their behavior has tremendous applications in almost

every field of human interest. In general, system identification could represent any
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complicated input/output function approximation, output classification or input-output
mapping. System could be of multi-input-multi-output (MIMO) type (with many
antecedents and many consequents according to fuzzy logic terminology) or multi-input-
single-output (MISO) type with many antecedents and single consequent. In many
situations, the conventional quantitative modeling of systems is subjected to limitations
due to assumptions and lack of information, uncertainties and ambiguities in the system,
vast number of parameters influencing the system behavior, unpredictable interactions
between the influencing parameters, exceptional computational requirement, presence of
noise, etc. As a result, they could even fail to represent completely the behavior of the
systems. Quantitative modeling could become more difficult for some applications even
when perfect mathematical modeling is possible especially when modeling is required
frequently in the case of problems with many dimensions. In such cases, it could be
useful to use the approximate human reasoning being implemented with appropriately
coded knowledge. Identification of such systems with inherent fuzziness may be called
as fuzzy system identification which has to be done with mathematical operators and
logic that are multivalued and not based on law of excluded middle (everything must

either be or not be), thereby attaching degree to everything.

Charles Sanders Peirce was the first to assert that vagueness is an ubiquitous presence
and important to logic as important as friction to mechanics [113]. Bertrand Russell went
further and said "Vagueness, is clearly, a matter of degree”. But Jan Lukasiewicz [113]
tried formal modeling of vagueness and invented the substructure of fuzzy sets, an early

logic based on more than just the two strict outcomes of true and false. Later Lofti
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Zadeh correctly addressed vagueness and set forth the mechanics of fuzzy set theory
through the definition of graded memberships. Hence, the theory of fuzzy sets proposed
by Zadeh [210] comes as a relief to deal with such a problem since it can model the
fuzziness associated with the mechanism of approximate reasoning, system definition and
its behavior, through qualitatively defined system variables. The fuzzy set theory finds
its application in a variety of engineering problems due to its capacity to model the
fuzziness associated with observations and system definition, and to manipulate the
required outputs for the engineering world. The proposal of linguistic approach by Zadeh
[210, 211] has the capability to model any complex system behavior in such a qualitative
way that the model will be more effective and versatile in capturing the behavior of any
ill-defined systems with fuzziness or fully defined systems with realistic approximations.
The main idea behind fuzzy systems is the fuzzy partitioning of information. Zadeh's
[211] proposal of modeling the human thinking helped to introduce fuzziness into
systems theory and develop a class of systems called fuzzy systems. Zadeh’s approach
was later developed for modeling fuzzy systems by Tong [182], Pedrycz [137], Trojan et
al. [183], Sugeno and Kang [168], Takagi and Sugeno [175], Sugeno and Yasukawa
[168], Yager and Filev [200, 201], Mamdani and Assilian [108], Bezdek [15], Bezdek et

al. [16], Emami et al. [57] and Chiu [38, 39].

It is possible to identify the fuzzy system using the knowledge of an expert about the
system behavior expressed in terms of linguistic values or through a priori knowledge
about the system. The a priori knowledge can be obtained through the mathematical

understanding about the system behavior or experimental input-output data of the system.
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Fuzzy system identification technique can solve both types of problems with ease.
Fuzzy system modeling provides an approximate and yet effective means of describing
the behavior of systems that are complex and ill-defined and consists of the following:

1. Identification and use of linguistic variables in place of, or in addition to, numerical

variables

(A9

Representation of the behavior between the variables through conditional fuzzy

statements

3. Characterization of the behavior of the entire system through fuzzy algorithms.

Modeling of fuzzy systems consists of two types, namely linguistic models (LMs) and
fuzzy-non fuzzy models. Linguistic models are fully fuzzy in nature, described by a
collection of [F-THEN rules with vague predicates that use fuzzy reasoning [137, 182].
In this modeling, both antecedents and consequents are defined in terms of fuzzy
quantities that can be associated with linguistic labels. Linguistic models can express the
system behavior in a qualitative way using natural language [168]. Fully fuzzy linguistic
modeling can be used for modeling the system from expert knowledge as well as a priori

knowledge. When Mamdani [108] type of reasoning is used, the models are called

Mamdani fuzzy models.

The second category of fuzzy modeling is based on the Takagi-Sugeno-Kang (TSK)
method of reasoning [168, 170, 174, 175]. These TSK models have a set of rules that
consist of fuzzy antecedents and functional consequent and they are a combination of

fuzzy and nonfuzzy models. This method of reasoning has the ability to integrate both
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qualitative and quantitative knowledge representations, and to learn adaptively. Fuzzy
models using the TSK reasoning will be called TSK fuzzy models and suitable for

identification of system from a priori knowledge about the system.

In general, the system identification has two phases, namely, structure identification and
parameter identification [38, 57, 175, 201]. The structure identification involves
identification of input and output variables, partitioning of input and output universes into
fuzzy sets, identification of number of fuzzy rules and selection of suitable reasoning
mechanism for duplicating the system behavior. The parameter identification involves
tuning of the parameters defining the fuzzy sets and the consequents. Both parameter and

structure identification are common for both LM and TSK models.

The structure identification is the most difficult phase and can be carried out by
duplicating the expert knowledge or by auto generation technique using a priori
knowledge about the system behavior. Modeling using the expert knowledge involves
the incorporation of intuition of the expert about the system behavior. One of the
techniques for the auto generation of rules from the a priori knowledge is clustering of
input-output data. Each cluster represents a bundle of data representing similar behavior
of the system. There are different types of clustering, namely, Fuzzy C-Means (FCM)
[15, 16, 54, 57], mountain clustering [200, 201] and subtractive clustering [38, 39, 48,
51]. In short, fuzzy system identification can be implemented from the expert

knowledge or clustering of a priori knowledge with reasoning of LM models or TSK

models.



1.6 FUZZY SYSTEM IDENTIFICATION OF BOUNDARY CONDITIONING

It is clear from the earlier discussions that many parameters such as fabrication
processing parameters, structural geometric parameters and environmental parameters
affect the elasticity of the system. All the above parameters that affect the elastic
property of the system are referred as boundary conditioning (BC) parameters. In
general, this is similar to the case of a main system with many inter-connected sub-
systems or main system with many number of boundary conditioning parameters. These

parameters can have uncertainty in their quantification and also be interactive in nature

Consider an elastic system shown in Figure 1.29 whose elastic properties are influenced
by the input variables xi,..., X, that are boundary conditioning parameters. The different
outputs from the system are denoted by yj,..., yr which represent the different measures

of dynamic behavior.

input BC output dynamic
parameters performance
measures

Figure 1.29: Scheme of a elastic system with variables representing dynamic
behavior
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If the number of boundary conditioning variables of a elastic system is large,
identification of relevant variables for a particular required output function becomes
difficult. Presence of too many conditioning variables as in the case of a real working
system, will make the manipulation of a required vibration performance difficult.
Hence, it becomes important to identify only the relevant conditioning parameters
corresponding to required vibration performance measures such as natural frequencies,
eigenratios, mode shapes etc. and hence make the manipulation of required vibration
performance possible, leading to the better control of vibration performance or
enhancement of the system behavior. These requirements also call for the prediction of
relationship between the required output dynamic behavior and the related conditioning
parameters which is generally non-linear in nature. Hence a global system identification
technique with the following capabilities will be useful for modeling the boundary
conditioning of elastic systems:
e Ability to absorb the limitations due to assumptions and unavailability of information,
uncertainties and ambiguities about the system.
e Handling a vast number of parameters influencing the system behavior with
unpredictable interactions between them
e Automatic generation of the model, capability to learn and to be adaptive.
e Automatic identification of only relevant input variables influencing a required output

function, such that noise disturbances could be eliminated.
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[t is also possible to model qualitatively the elastic system behavior using the experts’
knowledge of the system. The qualitative model is the one that describes the system
behavior through linguistic explanations. Even though the model developed by an expert
1s able to represent the complete behavior of the system (which is not possible in all the
cases,) it will become expensive to develop another model when the requirements are
changed. Hence, even the model by an expert, which may not be available in all cases,
loses its versatility and fails to accommodate new situations. Alteratively, in such

situations, it will be more appropriate to evolve the system that has the automatic

generation capability.

The fuzzy system identification is capable of modeling boundary conditioning response

through linguistic values representing human intuitive judgment through output

classification and function approximation types of modeling. Fuzzy system identification

of boundary conditioning will be useful in the following cases:

I.  When the boundary conditioned system is very complicated and is made of many
subsystems that are interactive in nature

When there is a large number of conditioning variables affecting the system

o

behavior.

3. When specific value of output (such as particular eigenvalues, eigenratios, modal
response, localization or behavior of a particular sub system etc.) is required for both
macro and micro boundary conditioned systems from the large bank of system
conditioning variables

4.  When the system is ill-defined and is in need of adapting to the new situation
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5. When qualitative definitions of vibrational response and conditioning parameters are
needed

6. When classification or grouping of output performance into different categories
based on some objective measures are possible [119]. Examples include structural
tuning with qualitative requirement of harmonic ratios

7. When function approximation or input-output mapping of vibration behavior is
possible with conditioning parameters. Examples include : Variation of particular

eigenvalue in terms of boundary conditioning parameters

The quantification of the influence of boundary conditioning parameters on the elastic
property of the system needs estimation of equivalent stiffness values which could be
done through experimental or some other methods. In order to absorb the uncertainty in
the influencing parameters, and vagueness associated with their definition, it would be
advantageous if the quantification of the stiffness has qualitative values. When a system
is subjected to many inputs, it may result in many outputs depending upon the
requirement. The output requirement need not be single valued and could be
approximate with blend of intuitive judgement evolved through experience. Example for

this is the tuning of musical instrument by professional artist.

The fuzzy system identification of boundary conditioning could be done through expert
modeling [119] and auto generation modeling techniques [15, 16, 38, 39, 48, 51, 57].
For example, it is not possible to define the boundary conditions like clamped, simply

supported or free by a single value of the boundary stiffness. Definition of these
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boundary conditions is fuzzy in nature depending upon the output requirement. Hence a
fuzzy range of stiffness values need to be assigned to represent any boundary condition
including the extreme classical boundary conditions. This could be represented by fuzzy
sets and a rule base of [F~-AND-THEN form in terms of linguistic values as schematically

shown in Figure 1.30.

VERY VERY
HIGH HIGH HIGH HIGH
L L
M H
> '
KT KR

Figure 1.30: Fuzzy representation of boundary stiffness

RULE BASE for extreme boundary conditions is

IF Kris VERY HIGH AND Ky is VERY HIGH THEN boundary is CLAMPED.
IF Kris VERY HIGH AND Ky i1s LOW THEN boundary is SIMPLY SUPPORTED.

IF Kris LOW AND Kg is LOW THEN boundary is FREE.

In the same way, rule could be formed for any type of boundary conditions. The

quantification of such fuzzy sets is dependent on experience and requirement.

The identified system of boundary conditioning in terms of such simple fuzzy rule base
shall be useful for easy implementation of boundary conditioning and further
development of control logic for manipulating the structural dynamic behavior of a
complicated set of systems. The expert modeling could be useful only for a system with

small number of inputs. The expert modeling might also become obsolete if the system



behavior changes. In a system with many input conditioning variables, (or in large input-
output data base of boundary conditioning), it is almost impossible to identify by an
expert only those conditioning input stiffnesses affecting a particular dynamic behavior
of interest. Hence the identification of system should be able to automatically
select/identify only those significant inputs for a given output. Hence, the automatic
generation of fuzzy rule base will be very useful for identifying boundary conditioning
with large number of variables. Both expert and automatically generated modeling of

vibrational behavior are possible and are given in Chapter 4 along with examples.

1.6 OBJECTIVES AND LAYOUT OF THE THESIS

It is obvious from the earlier discussion that the success of the MEMS depends on the
successful implementation of Type III integration of microsystems and microelectronics.
The post processing technique that releases the MEMS structure influences the boundary
conditions for the released structures and influences significantly the dynamic behavior
of micromechanical components in the microsystems. It is also explained how the
vagueness in quantifying the structural parameters can be accommodated through fuzzy

logic modeling.

The main objective in this thesis is to develop a successful synthesis procedure to
implement microsystems through the application of boundary conditioning concept along

with a fuzzy logic modeling of the phenomenon.
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Towards the achievement of the above objective, the following sub objectives are charted

out:

o

Development of fabrication synthesis in order to implement the Type-III integration
on Mitel 1.5 um process: In order to achieve this synthesis, a fabrication strategy of
post releasing the free standing structures using XeF> gas phase iostropic etching is
proposed in Chapter 2. The basic etching characteristics of XeF, on the Mitel 1.5 um
designs along with released structures are also given in Chapter 2.

Development of a unified concept to model the influence of the parameters of
fabrication synthesis on performance, and the design synthesis of elastic systems:
The modeling of boundary conditioning of elastic systems along with various
applications are outlined in Chapter 3.

Development of a system identification technique in order to evolve any complicated
system like boundary conditioning using a priori knowledge: Towards this, the
concept and various types of fuzzy system identification methods are explained in
Chapter 4. The application of fuzzy system identification to boundary conditioning is
also presented in Chapter 4 along with examples.

Systemic understanding of dvnamic performance of MEMS structures: The concept
of boundary conditioning is applied to both fabrication and design synthesis of
microsystems in Chapter 5 along with examples. The concept of fuzzy boundary
conditioning is also applied to the synthesis of microsystems.

The Chapter 6 presents the conclusions and possible future extensions of the present

work.
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CHAPTER 2

GAS PHASE XENON DIFLUORIDE ETCHING OF MEMS
DEVICES FABRICATED THROUGH THE MITELI1.5 um
CMOS PROCESS.

2.1 INTRODUCTION

A brief introduction to the micromachined silicon technology along with its revolutionary
role in the fabrication of sensors and actuators was discussed in Chapter 1. The influence
of the fabrication techniques on the properties of finished microstructure, and how the
microstructure can be synthesized by properly incorporating these influences in the
design stage itself was also described. A survey of the literature was also provided in
support of the arguments presented. The motivation of the present thesis project was put
forth based on the presented state of the art of the ficld. The objectives of the thesis were
set out at the end of the Chapter 1. In this chapter, a detailed description of the gas phase
etching as a post processing method for the Mitel 1.5 um process is given.

Characteristics of microcomponents etched using XeF, etching is also provided.
The success of MEMS technology is dictated by the maximum number of

microelectronic components (Transistors, T) and micro-mechanical components (M), in

the device depending upon the application. This is possible only if Type-III integration
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with industrial CMOS process is used for the fabrication of microsystems. When an
industrial CMOS process enables fabrication of micro-system devices, both
micromechanical and microelectronics components would be fabricated within the same
process flow and integration between the micromechanical and microelectronics
components will reach the device level resulting in low noise to signal ratio. The
possible way of building microsystems through Type-III integration is to fabricate both
micromechanical and microelectronics components through an industrial CMOS process,
post-release the structures through selective micromachining outside the fabrication
stream and package the chips. Such a technology could also benefit the VLSI fabrication
industries in view of the potential and vastness of MEMS applications. However, the
direct adoption of an industrial CMOS process would invariably restrict the design and
type of micromechanical components to be made due to the limitations associated with

the sequence of process, material and geometry of different layers.

In general, the maternials available in the standard CMOS technology are silicon dioxide,
silicon nitride, metal (aluminum), polysilicon and bare silicon substrate, doped or
undoped, and hence the parts of the MEMS devices that could be fabricated are

necessarily made out of these materials.

The industrial CMOS process that is being promoted in Canada for the development of
microsystems is the Mitel 1.5 um Double-Poly-Double-Metal process [61]. It has been
an interesting challenge to Canadian MEMS community to adopt Mitel 1.5 um process

for fabricating fully integrated microsystems by overcoming the limitations during the
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development and to propose design methodologies for fabricating various MEMS

devices.

2.2 INTEGRATION OF THE MITEL 1.5 pm TECHNOLOGY FOR

MICROSYSTEMS

The Mitel 1.5 um [61] process is a reliable industrial Double Polysilicon Double Metal
CMOS process, which yields the minimum feature size of 1.5um. This process offers
nine layers for MEMS fabrication: two polycrystalline silicon layers, two metal
(aluminum) layers, four insulating layers and a passivation layer (which is a combination
of silicon nitride and silicon dioxide). The layers are shown schematically in Figure 2.1.
The material, the sequence, the thickness and the shape of these layers determine the type
of mechanical devices that can be fabricated through the adoption of The Mitel 1.5 um
process. The thickness of the layers are given in Table 2.1. The patterned layers could
be used either as sacrificial or structural elements depending upon the adopted releasing

process.

69



Passivation (PASS)

VL L I TSI St on bl S r s Sl sl st o sl e inl o sl o lo i el rl s, Sz oA

e I e aa s L et e A vy e I L a2

Metal 2 (M2 A A A A A A A A S P A I A A R e
S 1 (3o s £ £ )8 e 1 S {3 0w 0= Thac £ 2x 3 o ()2 fhacs 13 =2 [ 3 8 == e {1 3% 1) 7w S S e 33 S = ) ax 200 41

e a ( ) | MR D e .. ~ERABREE TSIt iEg= IRt OISR RSRwlSsPeinleBat=0=0"
ST TS hE s = 8 s 00 G e e s R G B N B2 1T 113 (3 015 1 i (e s Mea R U= gea=

A g e R e o e o 22 ey S e 0 P 8 et 8 e S Y PO B B TR D O et B

z 26973
z 72522727,
$

(423522387793 23 #1234
o’ 7 >3 e b
It

L r L LTIl T Il 2l L N H

5922003 2022 0e 0005000000000 et aatras =

3t s a3 a8 Y s Sev  v S ISy - n

A A A A AR T e etaillicoxide

T tm o les iR in m i o B0 G0 e xS = 0 sl S e Rs e gt s s 0
T e e e e P R T L e ey by T T e

s T T (10 T T o T T 1T 1P 10 1 5 T 110 o ok e D s e et R &
e e e e e A A ol A A 1ot I L P B B L e B e e B e

Metal 1 (M1)

8t T I S L o T S S S LTS e 8 L N I RSP s AT 2s . H
S0 0 200000000 0007000720000 0270020 000002002020002007227020220 7 Apratmmm—
I i s ontact Uxide

y (422 s s$923 YIS > Y8225 923 7 7502 2SS9 T A -7 T
CSLo00 0nlso 00 erd il ol 200020 0020000088000220000720020000027 7, a
O A i v A Ly v S v A i v I A v S v 5 e
( PO2 ) S A I A A A A e s A s s 2%,
Y
—
T O8] L2 LN LS YA LS IV R A L L L T S LSSV It TN Ye 521
(g3t ov it s vievs] vyt Loyt vvissts 33525441 7z
oL S S L e D S oA e e Y SV IS S e S s ¥ LT LY SV SV e WY S AT SV L 4
B A A A A A S e e A

Polysilicon 1 ‘ i Field oxide
(PO1) : . (FOX)

Qiu_b—s-ii/

Sacrificial layers (PO1/PO2)
717774 Etch stop or structural layers (FOX/IPO/COX/IMO/PASS)
Structural layers (M1/M2)
Figure 2.1: Scheme indicating the sequence, material and the possible grouping of layers

of the Mitel 1.5 um Double Poly Double Metal Process.

Table 2.1: Thickness of process layers of the Mitel 1.5 um technology [61]

Layer Code

Layer Name

Matenial

Thickness, A

FOX

Field Oxide

Silicon dioxide

9000+500

POl

Polysilicon 1

Polycrystalline
silicon

32254300

[PO

Inter-poly oxide

Silicon dioxide

480

PO2

Polysilicon 2

Polycrystalline
silicon

2500%250

COX

Contact Oxide

SG/PSG/SOG

8100

M

Metal 1

Aluminum

8000+800

IMO

Inter-met allic oxide

SG/PSG/SOG

3000+300

M2

Metal 2

Aluminum

8000+800

PASS

Passivation

Silicon dioxide +
Silicon Nitride

10000
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The scheme of type III integration of the Mitel 1.5 um process is shown in Figure 2.2 for

making complete MEMS devices.

CMOS
wafer
Q packages
O
Mitel 1.5 um
[ ]

XeF; etching

Mitel 1.5 um process for Post Processing/

Micro mechanical and —» Coating t—» Packaging

microelectronic components

Figure 2.2: Type-III integration of the Mitel 1.5 um
technology

The devices that could be fabricated can have some free standing structures. The
development of MEMS devices involves the following steps:

1. Design and Layout of micromechanical and microelectronic components: This
involves design of both micromechanical and microelectronic components
meeting the design requirements and layout of both components using suitable
application packages such as CADENCE supporting the Mitel 1.5 pm technology.
All the modules of a micro system such as sensors, signal conditioning circuitry,
memory, controller and actuators could be laid out using this package.
Microelectronics has matured so much that the design of microelectronic
components is merely satisfying a set of design rules. When the micromechanical

components are designed using the same layout editor, they are subjected to both
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design and process violations that are to be overlooked if they are not serious in
order to fabricate MEMS devices. The possible process and design violations, that
could happen during the design of micromechanical components and not affect

the CMOS process seriously, need to be established initially as part of adopting

the Mitel 1.5 um technology for MEMS development.

The process sequence of CMOS process strongly dictates the possible design rule
violation for making the mechanical components and the need for the
development of new design strategies to be adopted in order to fabricate any fully
operating MEMS device. This thesis attempts to develop design methodologies
for making different types of MEMS devices which are very much dependent on
the processing sequence parameters and post releasing parameters. Hence, the
design strategies for the development of MEMS devices through Type-III
integration need to be developed in concurrence with the Mitel 1.5 pm technology
and post-processing methods. The purpose of MEMS design methodologies for
the Mitel 1.5 pm technology will be an important breakthrough towards Type-III
integration of microsystems. As fabrication of microelectronic components has
matured enough through industrial CMOS process, the bottleneck in the
development of MEMS devices through commercial CMOS process is the
development of micromechanical components. Once this bottleneck is
understood and cleared, further integration with microelectronics will be an easier
task. Hence, the present study concentrates on the development of

micromechanical components through the Mitel 1.5 pm technology,
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understanding the limitations imposed by the process sequence, proposal of

design strategies in concurrence with post releasing technologies, and fabrication
of micromechanical and microelectronic components through the Mitel 1.5 um

technology following the same stream of process flow.

N

Post processing of MEMS devices: Once the dies with both micromechanical and
microelectronics are ready from the Mitel 1.5 um technology, they have to
undergo suitable post processing such that MEMS devices are obtained. The post
processing can include special coating or some other operations for devices
without free standing structures, or micromachining for releasing the free

standing structures.

Stiharu et al. [166] introduced a post processing technique of deposition of
humidity sensitive material on the Mitel 1.5 um chips and fabricated resistive as
well as capacitive type humidity sensors. Cantilever—in—Cantilever structure [28,
167] was fabricated through the Mitel 1.5 um technology using post-releasing

methods.

Thus, the final success of making mature MEMS devices depends upon finding
completely compatible post-processing methods with a selected commercial CMOS
process. The suitable micromachining methods that could be used as post releasing
process for fabricating freestanding structures are bulk or surface micromachining

depending upon the application and etch material.
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2.3 LIMITATIONS ASSOCIATED WITH THE SELECTION OF POST

RELEASING METHODS

An important aspect in the post processing of microsystems is the integrity of the contact
pads after etching. Most wet etching processes (e.g. NaOH, KOH, TMAH) attack the
metal contact pads, which makes the electrical connections impossible. Hence, whether
it is sacrificial or bulk micromachining, the scope of wet etchants becomes limited. The
wet etchant TMAH will be the main anisotropic etchant of the future because of its
improved safety standard compared to other etchants. But, TMAH is also known for its
selectivity with aluminum contact pads. In general, the structures are subjected to the
problem of stiction [101, 111, 112] when wet etchants are used in case of sacrificial
etching. Hence, the use of wet etchants for sacrificial etching also requires additional

anti-stiction drying methods.

Besides, the post releasing mechanism for micromechanical structures could also affect
the overall performance of the microsystem. It would be desirable if the mechanical
components only are released through a chemical etching process in such a way that the
microelectronics components are protected without additional process or layers and also
the stiction problem encountered in the case of wet sacrificial etching is avoided.
Moreover, it would be advantageous if the same post-release process could be used for

both sacrificial and bulk micromachining of MEMS devices.

Depending upon the selection of etch and etch stop layers, one could fabricate

microstructures through both bulk micromachining and surface micromachining. For

74



both types of micromachining, the etch stop could be any of the oxide, metal or
passivation layers. The etch layer could be polysilicon in the case of sacrificial
micromachining or the silicon substrate in the case of bulk micromachining. The
structural layers of MEMS devices could be bare metal layers or metal layers sandwiched
in oxide layers. The microelectronic components fabricated using the Mitel 1.5 um

process could be protected by the top passivation layer from post-release etching.

Due to the above mentioned limitations of the industrial CMOS process, the conventional
liquid etchants such as EDP, KOH, TMAH and HNA or high-energy plasma etchants
have restricted scope in post processing MEMS devices following an industrial CMOS
process. In order to overcome all these constraints explained above and to fabricate
useful MEMS devices, the gas phase xenon difluoride isotropic etching is proposed [122,
123] as a post-releasing process for microsystems fabricated using the Mitel 1.5 pm

technology, which is discussed below.

2.4 GAS PHASE XeF; ETCHING OF SILICON

Earlier attempts on etching silicon with XeF; sublimate are reported in [198,81]. Later
XeF, etching was used for releasing the free structures in MEMS devices fabricated
through CMOS process [79, 177, 73, 72, 96, 33]. XeF: was first synthesized in and then
used for etching of silicon by Winters and Coburn [198] in 1979 followed by Ibotsan
[85] in 1984. Winter and Cobumn [198] are the first to use XeF> in gas phase for etching

silicon. They studied the effect of vacuum pressure at a temperature of 300°K and
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amount of incident flux of XeF, (gas) on etch rate and found that XeF, has extreme
selectivity to SiO,, SisNy and SiC and etches isotropically. XeF: is suggested as
environmentally attractive since larger fractions of the reaction products with silicon are
SiF; and Xe. Ibbotson et al. [85] studied the etching of silicon by XeF, at temperatures
ranging from —17°C to 360°C and pressures from 0.05 to 2Torr. Houle [81] proposed
that the major product of silicon etching is SiF; and minor products are Si;Fs, SiF; and
SiF. Houle [81] studied the effect of pressure and XeF> flux on the etching of silicon.

The silicon etch rate was linear in XeF; over a large range of pressures.

After the above studies, etching of silicon was not taken up seriously until Hoffman et al.
[79] applied it for micromachining of silicon in 1995. Hoffman et al. [79] studied the
aperture effect on the etch rate of silicon using pulse etching techniques, and found that

the etch rate with smaller openings are slower than with larger openings, and fabricated

0.04 um thick SiO; beam and 0.05 um thick aluminum beams.

Chang et al. [34] and Chu, et al. [41] established basic etching characteristics of gas
phase pulse XeF: etching for silicon wafers. Chang et al. [34] reports extreme selectivity
of XeF, to aluminum, photoresist, several polyamides, copper, gold, titanium-nickel
alloy, acrylic, stainless steel, SiO, and etch rates depend upon the size of the window
opening, etching time and number of pulses. Pulse etching is proposed in [34] compared
to constant pressure etch for better uniformity of the etched surface. Due to the
exothermic nature of reactions between silicon and XeF; the substrate temperature

increases by tens to hundreds of degrees [34]. Chu et al. [41] reports extreme selectivity
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of XeF; to Cr, TNi, W, Ti, Mo and possible etch stop by even 50°A thermal oxide.
Effect of window size and pulse time is also reported in {41]. Lin et al. [72] fabricated
CMOS piezorestitive sensor using XeF, etching. Vugts et al. [190] studied the

temperature dependence of XeF, etching and repeated increased etch rates when the

temperature is different from 400°K.

Recently, the application of XeF; etching for Microsystems has increased substantially
[33, 40, 63, 72, 73,96, 177]. Lin et al. [72] fabricated CMOS piezorestitive sensor using
XeF; etching. Piezorestitive accelerometers with polyl resistors were released by XeF:
etching from CMOS 0.5 um process in [96]. XeF, etching along with TMAH was used

for the fabrication of capacitive type angular response gyroscopes in [40]. Tea Nim et al.

[177] fabricated microstructures by CMOS process using hybrid-etching techniques,
which combines both XeF> and TMAH etching and membranes (= 400°A thick) of gate

oxides using XeF, etching.

From the above study it can be understood that XeF. has extreme selectivity to silicon
dioxide, silicon nitride, photo resist, aluminum, gold, copper, chromium, titanium-nickel

alloy, tungsten, acrylic, molybdenum and polyamides and high selectivity for silicon in

the range of 1-10 um/min, depending upon the geometry conditions.

The selectivity of the etchants thus suits the materials used in the Mitel 1.5 um
technology. The passivation layer of the Mitel 1.5um technology made of both silicon

dioxide and silicon nitride can act as an etch stop for XeF, and protect the components
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below from etching. Due to extreme selectivity to aluminum and gold, the contact pads
and bonding wires of the Mitel 1.5 um processed chips will not be affected by XeF;
etching while they are affected by wet etching. As the etching is carried out with gas
phase XeF,, free standing structures are not subjected to the problem of stiction as in the
case of wet etching and thus the need for special drying methods do not arise. XeF;
etching of the Mitel 1.5 um chips does not need any mask as passivation layer itself can
be used as a mask. Another advantage is that XeF: is suitable for both bulk and surface
micromachining. These properties of XeF, isotropic etching makes it ideal for post-
releasing the micromechanical components fabricated through the Mitel 1.5 pm process
for both sacrificial and bulk micromachining. Hence, XeF; etching is proposed for the
post release of free standing structures fabricated through the Mitel 1.5um technology in
this thesis. Two types of etching methods are possible as follows:

1. Gas phase pulse etching.

2. Gas phase constant pressure etching.

Gas phase pulse etching is used in this study and is recommended since the constant

pressure etching results in high non-uniformity of etching (34, 41, 79].

XeF is a white solid crystal at room temperature and pressure and it sublimates at around
4 Torr at 25°C. The etching has to be carried out with gas phase xenon difluoride. The
gas phase XeF, etching has high affinity for polysilicon as well as silicon substrate and
extreme selectivity to aluminum, gold, silicon dioxide, PSG, photoresist and silicon
nitride. The primary reaction during the etching of silicon can be given as:

2XeF, + Si —» 2Xe + SiF, ’ 2.1)
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The etching mechanism involves the following steps [198]: (1) non-dissociative
adsorption of the XeF, gas phase species at the solid surface; (2) dissociation of the
adsorbed gas (dissociative chemisorptions); (3) reaction between adsorbed atoms and the
solid surface to form adsorbed product molecule e.g., SiFs; (4) desorption of the product

molecule into the gas phase and (5) the removal of non-reactive residue from the surface.

2.4.1 Designing XeF; Etching Setup

Even though XeF; vapor has characteristics ideal for silicon etching, the formation of HF
acid when XeF; is in contact with water vapor is a safety hazard. Hence, XeF: crystals
should never be exposed to atmosphere or humid atmosphere and the entire handling and
etching with XeF, should be done in a totally inert atmosphere like a dry nitrogen box
and also under a fume hood. In the present study, the entire XeF, etching setup was
designed, fabricated and installed in-house, using materials/components that are not

attacked by XeF; vapor.

Gas phase pulse etching was used for the fabrication of MEMS devices in this thesis.
The scheme of the pulse etching setup is shown in Figure 2.3. The setup consists of an
etch chamber connected to a vacuum pump through a liquid nitrogen trap and an on-off
valve. The chamber is also connected to the stainless steel container of XeF; crystals
through a supply valve, and to a nitrogen gas supply through a purge valve. A

capacitance manometer and a pressure gauge are also connected to the etch chamber.
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The chamber has a feed-through for loading the specimen chips into the chamber. The
materials used for building the etching system include stainless steel (AISI 304 or 316),

aluminum, Viton elastomer O-rings, glass, Inconel alloy and a standard mechanical high

vacuum pump.

| pressure  capacitancel

. gauge ;,manometer{
 nitrogen gas | , XeF;
supply I '— : “—:8 crystals
purge vaive ' o pply valve
! Etch chamber |
L
52 Fqu"id ! gfVat:uum
<> ‘nitrogen”™" pume
On-off valve trap

Figure 2.3: Scheme for XeF; pulse etching setup.
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XeF, gas is toxic, corrosive oxidant, odorless and stable at room temperature and in dry
nitrogen atmosphere. The reaction product SiF; is also toxic, corrosive and it hydrolyzes
rapidly in the atmosphere to form hydrofluoric acid [55, p185]. The pump used is a high
vacuum mechanical pump with ordinary pump oil. The pump is connected to the etch
chamber through a liquid nitrogen trap which condenses corrosive vapor from the
chamber as well as back streaming oil vapor from the pump [30, 55, 126]. Purging of
reactants with dry nitrogen will avoid the corrosion of pump and hydrolyzing of XeF: and
SiF;. The capacitance meter selected has a sealed stainless steel diaphragm and its
sensitivity is independent of the gas medium. The photograph of the XeF, pulse etching
system is as shown in Fig. 2.4 and 2.5. Loading and unloading of XeF, crystals must be
carried out under the fume hood. The safety precautions include particulate respirator,
nitrile gloves, full shields etc. The etch chamber is isolated from vibration of the
mechanical pump by using bellow joints between the setup and pump as shown in

Figures 2.4 and 2.5.
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Figure 2.5: Photograph of the XeF: pulse etching setup in fumehood during
operation
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2.4.2 XeF; Gas Phase Pulse Etching

Preparation of the samples is very important in order to micromachine the sample in XeF,
pulse etching. The back and edges of the sample are coated with photoresist and hard-
baked at 120°C for 15 minutes. The samples are etched in BOE (Buffered Oxide Etch
solution) containing HF and ammonium fluoride in the ratio of 1:4, for 10 seconds. BOE
dip removes the native oxide formed on the exposed silicon areas. Even though the native
oxide does not prevent etching, it slows down the onset of etching. Presence of moisture
on the chip can form HF in exposure to XeF, vapor which will etch the oxide layers.
Water vapor can also form a tough white layer of silicon fluorine polymer [41] on the
silicon surface which can slow or stop the etching process. In order to avoid the problem,
the sample is subjected to a dehydration bake just before the start of the etching. In the
dehydration bake the samples are heated to 120°C and this temperature is maintained for
5 minutes. The prepared samples are immediately transferred to the etch chamber in

nitrogen environment.

The procedure for each pulse of pulse etching includes the following steps:
1. After loading the specimens (the Mitel 1.5um processed chips) into the etch chamber
and closing both supply and purge valves, the chamber is pumped down to a vacuum

pressure of approximately 1 mTorr.

!\)

The supply valve is slowly opened such that XeF> sublimates and its vapor fills the

chamber. The supply valve is closed once the chamber pressure reaches around 2
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Torr. It takes approximately 20 seconds to fill the chamber, and then the timing for
pulse duration starts.

3. The XeF; vapor stays in the chamber until the pulse duration of 1 min is reached.
During this time, main etching of silicon or polysilicon takes place.

4. Once pulse duration of one minute is reached, purge valve is opened for some time
such that enough nitrogen gas fills the chamber until the pressure reaches around 5
psig.

5. The gas mixture in the chamber is pumped back down to approximately 1 mTorr

vacuum and the next pulse begins.

The procedure is repeated until desired etching is completed. After many trials pulse
duration of one minute was decided for the entire study reported in this thesis . The
surface roughness was high when the pulse duration was high. The etch rate and the
amount of silicon etched are found to be dependent on the number of pulses (N), etch
window opening and etching pressure [34, 41, 81]. For the entire etching study, the
pressure was kept at around 2 Torr. The etching results mentioned in the following
sections correspond to designs fabricated through the Mitel 1.5 um process. In order to

release any useful MEMS devices through the Mitel 1.5 um process, the etching

characteristics of XeF, with the Mitel 1.5 um process layers must be well understood.
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2.5 POSSIBLE MICROMACHINING STRATEGIES

Both bulk and surface micromachining are possible by post processing the Mitel 1.5 um
design using XeF. gas phase etching. The scheme for surface micromachining of
sacrificial layers of polysilicon 1 and polysilicon 2 is shown in Figure 2.6. The etching of
bare silicon is prevented by the mask layers of [PO or FOX oxide layers. For sacrificial
micromachining of PO1, FOX layer will be the mask layer for silicon substrate. For
sacrificial micromachining of polysilicon2, IPO or FOX layers can protect the substrate.
Any of oxide, metal and passivation layers on top of POlor PO2 can be used for the
definition of the etch window opening depending upon the design requirement and also

as etch masks. The dimension ‘L’ shown in Figure 2.6 indicates the lateral surface etch

distance.

Similarly, the scheme for bulk micromachining of silicon substrate of the Mitel 1.5 um
designs is shown in Figure 2.7. Etch window openings can be defined by individual or
by combination of any metal, oxide or passivation layers. Etching progresses in both
lateral and vertical dimensions. Lateral etch distance is denoted by ‘L’ when ‘D’

represents the etch depth as shown in Figure 2.7. Thus, it becomes possible to fabricate
MEMS devices through bulk and surface micro machining of the Mitel 1.5 um designs.
The type of MEMS devices that could be fabricated using the Mitel 1.5 um technology
depends upon the ingenuity of the designer in combining the process sequence and post

releasing methods.
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Figure 2.6: Scheme for sacrificial etching of polysilicon
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Figure 2.7: Scheme for bulk etching of silicon substrate
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The etch results mentioned in the following sections correspond to the designs fabricated
through the Mitel 1.5 um process. In order to release any useful MEMS devices through
the Mitel 1.5 um process, the engineering quantification of basic etching behavior of
XeF,; with the Mitel 1.5 um process layers need to be established as given in the

following section.

2.6. GAS PHASE XeF; ETCH RESULTS OF THE MITEL 1.5 um CHIPS

The post-processing release of useful devices through XeF; etching depends mainly on
the size of the window opening. This study will help in the optimum positioning and

dimensioning of etch holes such that nearby microelectronics are not affected.

2.6.1. Effect of Etch Opening Size on Bulk and Sacrificial Post-Releasing

The fabrication of MEMS involves the XeF; etching of silicon substrate in the case of
bulk post-processing or polysilicon in the case of sacrificial post-processing through
some etch opening as shown in Figures 2.6 and 2.7. The post-process release of
structures using the Mitel 1.5 pm process strongly depends upon the limitations imposed
by the etching characteristics of gaseous XeF: on both types of micromachining. Hence,
it is very important to study the dependence of the size of the etch opening on etch rate,
surface roughness and etch pattern. In order to study the influence of the size of etch

window, three square windows of 10um x 10um, 25um x 25um and 50um x 50um sizes
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as shown in Figure 2.8 (schematic) were used for both bulk and sacrificial post-

processing.

,," £ \\‘ Window
E //Opening
§ [ 0 4 E
-~ g == t
| o o §
Etch 4 Q
front |  TTTTTTTTTTTTTTTTTTTTT any of
oxide/metal/
passivation
5 F layers
Etch |
front
Silicon
® Location of measurements Location of measurements for
for etch depth D ~+* Jlateral etch distance L, of
underetch

Figure 2.8: Measurement locations used for etch study
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Consider the scheme of the window opening as shown in Figure 2.8 for the locations of
the measurements for lateral etch distance L and etch depth D. The etched front of
surface micromachining of polysilicon2 for a window opening of 50um x 50um after 15
pulses is shown in Figure 2.9. The etch front pattern was similar for different number of
pulses. The etch pattern of bulk micromachining of silicon substrate after 15 pulses is
shown in Figure 2.10. The isotropic nature of XeF, etching is seen by the emerging
rounded features for both surface micromachining and bulk micromachining. The
average of the lateral etch distance measured at those locations after different number of
pulses is given in Figure 2.11 in order to understand the bulk etching characteristics.
This figure shows that the lateral etch rate decreases as the number of pulses increases.

This may be due to the increased surface area faced by the etch front.

The average etch depth measured at the locations shown in Figure 2.8 is shown in Figure
2.12 for windows of various sizes. The vertical error bars represent + 1 standard
deviation. This figure also shows a similar trend of reduced etch depth rate at higher
number of pulses. It has also been found that the etched surface becomes very rough at
higher number of pulses as indicated by the increased standard deviation. The surface
roughness increases with window size as seen from Figure 2.12. Figures 2.11 and 2.12
also illustrate that both lateral and depth etch rates reduce as the window size is reduced.
The variation of lateral etch distance against number of pulses is shown in Figure 2.13 for

sacrificial micromachining of the polysilicon2 layer.
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Figure 2.9: Observed sacrificial etch pattern of polysilicon2 after 15 number of
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Figure 2.10: Observed etch front and bottom surface for square windows for bulk
etching of silicon substrate after 15 number of XeF; pulses.
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For bulk and surface micromachining, the reduction in etch rate at higher number of
pulses limits the maximum number of effective etching pulses and hence the spacing
between the etch windows for the release of structures depending upon the etch time.
This also dictates the minimum distance between the nearby microelectronic components

and the micromechanical components.

It can also be seen from Figure 2.13 that smaller etch windows result in reduced etch
rates. Smaller etch windows also result in smaller etch fronts. The average etch rate is in
the order of 2.5um/min for bulk post-processing and 3um/min for the polysilicon2
sacrificial layers. Thus, this study will help in deciding the number of pulses, window
sizes and number of windows required for post releasing of MEMS devices. The
minimum spacing to protect the microelectronics components is dependent on the

number of pulses required for the release of structures and the size of the etch window.

Bulk micromachined silicon pit resulting from XeF, etching is shown in Figure 2.14.
The etched cavities show the isotropic nature of xenon diflouride etching. The different
etch patterns formed under the beams of the field oxide are shown in Figure 2.14. The
etching pattern and the resulting planes can be seen from Figure 2.15. Figuire 2.15a
shows the etch patterm through the opening around the main plate structure. The plate
structure at the center is released through concave etching while the end supports and
surroundings are released through convex type of bulk etching. The emerging etch

planes seen in Figure 2.15(b) follow the etch opening isotropically.
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Beams of FOX

Figure 2.14: Pit formed by bulk isotropic
postprocessing of silicon substrate
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Convex
etch pattern

Concave
etch pattern

Figure 2.15a: Etch pattern for a piezoresistive plate structure of
silicon dioxide and silicon nitride

Figure 2.15b: SEM micrograph of bulk etched surfaces
of silicon substrate
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2.6.2 Corner Selectivity of XeF; Etching

A cantilever type structure, which was subjected to both sacrificial and bulk post-
processing is shown in Figure 2.16. The concave etch rate is measured through the
dimension 'a’ while convex etch rate is measured through the distance b’ (as indicated in
Figure 2.16a). The measured average etch distance for concave and convex zones are
given in Figure 2.17. Etch rate is found to be higher for convex zones compared to that

of concave zones as shown in Figures 2.16 and 2.17.

This study shows another important characteristic of comer selectivity of XeF, etching.
Considering the isotropic nature of XeF; etching, the etch rate is geometry dependent. As
an initial approximation, at any instant »f time, the energy required for etching can be
related to the area of the etch front (Ag) while the maximum energy supply for etching

could be dependent upon the area of the window opening (A.). Then the selectivity

factor, o, is defined as

A
f 2.2
Ay 2)

g =

The selectivity factor represents the proportion of required energy for etching in terms of
available etching energy and distinguishes distinctly the effect of concave and convex
zones on XeF, etching. The maximum energy supply is limited by the size of the
opening (A,) and will be more for larger windows. Because of the lower available
energy, the lateral etch distance L for smaller windows stabilizes at a lower number of

pulses compared to that of larger windows. Even though the o has the same value at the
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a) Measurement scheme - sacrificial etching of polysilicon

>
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b) Etch fronts

Figure 2.16: Bulk and surface post-processing etch fronts for a square type cantilever structure
showing comer selectivity.
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Figure 2.17: Lateral etch distance versus number of pulses showing corner
selectivity of XeF, etching ( Etch distance in um, Error bars indicate * 1o)
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start of the etch for both corners, the ¢ value keeps increasing as the etch proceeds for
concave corners while it reduces for convex corners. This is due to the increase in the
area of the etch front (A¢) for the concave zone and the decrease in the etch front for the
convex zone during etching. Thus, the higher value of o indicating the relatively higher
demand on the etching energy could be a reason for reduced etch rates for concave

corners.
2.7 CAPACITIVE AND PIEZORESISTIVE TYPES OF MEMS DEVICES

[t is possible to fabricate both capacitive and piezoresistive MEMS devices through the
Mitel 1.5 um process using gas phase XeF, post-process etching by proper selection of
structural layers. A scheme for fabricating a piezoresistive sensor is shown in Figure
2.18 in which the piezoresistor shaped out of polysilicon2 layer is sandwiched between
structural and etch mask layers to protect the polysilicon during post-process etching. The
structural layer along with polysilicon2 could be released by bulk post-processing of the
silicon substrate as shown in Figure 2.19. The bulk etching of the silicon substrate

without affecting the polysilicon (PO2) layer is seen in Figure 2.19.

Similarly, it is possible to make capacitive type sensors as shown schematically in Figure
2.20 by selecting the layers such that PO2 is sacrificial, POl is backplate, and any metal
layer sandwiched in oxide layers is the top plate. IPO (inter-polysilicon oxide) is the etch

stop for backplate. The sacrificial etching of the polysilicon (PO2) forms the dielectric
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Figure 2.18: Scheme for bulk micromachining of piezoresistive sensors
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Figure 2.19: Bulk micromachining of
piezoresistive structures made of PASS, IMO,
COX and FOX layers
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/
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Figure 2.20: Scheme for sacrificial post-processing of polysilicon2 for the
fabrication of capacitive sensors
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cavity. However, the successful release of these sensors depends on the optimum

selection of etch window size and number of XeF: pulses.

These capacitive devices will have a dielectnic cavity of height 0.3 pm and hence they are
subjected to an electrostatic force as discussed in Section 1.2.5.2, when bias voltage is
applied across the electrodes. It has been seen that the dynamic behavior of such
capacitive devices depends upon electrostatic force. Hence, the development of
capacitive devices using the Mitel 1.5um technology is restricted by the boundary

conditioning effect due to the electrostatic field effect.

2.8. DIFFERENT TYPES OF POST-ETCH RELEASED MEMS STRUCTURES

Several types of microstructures with different end conditions fabricated with the Mitel
1.5 um process were released using XeF. etching. The released cantilever type of

structures formed with both silicon dioxide and metal layers are shown in Figures 2.21

2.24, in fact, consists of three layers, a metal layer sandwiched by oxide layers. The free
standing structures released can be adapted for piezoresistive and capacitive types of
sensing devices. The curl of free standing structures due to residual stresses can be seen
in Figures 2.21-2.24 and 2.29-2.30. The designer must consider the effect of curling on

the device performance during the design stage.
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Even though the end conditions of the micromechanical structures are generally
considered as clamped, they never correspond to the actual classical clamped conditions
due to the limitations that are inherent to the micromachining process. One of the
limitations is the under etch due to bulk micromachining that extends well beyond
beam/structure supports as seen from Figures 2.14, 2.16(b), 2.19, 2.26, 2.27, 2.28 and
2.30. The scheme of the support condition that results from the under etch of silicon is
shown in Figure 2.25a. The other limitation of stepped up end conditions due to surface
micromachining of the sacrificial layer PO2 is shown schematically in Figure 2.25b.
Prediction of the dynamic behavior for such systems with end conditions which differ
from the classical clamped conditions need to be done through proper modeling of the
boundary conditions in order to explore the Mitel 1.5 um technology for the development
of MEMS devices. The stepped-up and under etched support conditions introduce an
increased rotational freedom and make the boundary conditions different from the
classical clamped conditions. In applications where the dynamic behavior of free-
standing structures is important in determining the performance of MEMS devices, the
modeling of the influence of non-classical boundary conditions formed from fabrication

processes will be helpful.

Circular plate type structures of Metall sandwiched in oxide layers with Metal2 stiffener
are shown in Figure 2.26. These stiffeners that change the elastic property of the system
can also be used as Lorentz conductors. The corrugated end supports that were released
are shown in Figures 2.27 and 2.28. Corrugations introduce both translational and

rotational flexibility to the structure and also change the end support conditions to be

105



different from the classical conditions. The stepped end conditions and the under etched
supports introduce rotational flexibility to the supports and make it different from

classical end conditions. The stepped up end conditions of the structures can be seen

from the Figure 2.26.

Different temperatures involved in the fabrication process introduce residual stress in the
structure, which changes the elastic property of the system. The structures shown in
Figures 2.21, 2.22, 2.23, 2.24, 2.29 and 2.30 are curled up due to the residual stress. One
has to take into account the residual stress during designing of the MEMS devices. It can

be seen that different types of MEMS could be fabricated using the Mitel [.5um

technology from Figures 2.29 and 2.30.

As discussed in Section 1.4, the elastic property of MEMS structures from the Mitel
technology can be influenced by variations in stiffener configurations, corrugations,
stepped up end conditions, under-etched end supports, electrostatic force, residual stress
etc. Modeling the vibration behavior of microsystems fabricated through the Mitel
1.5um technology, should be capable of including the variations in elastic property due to
limitations imposed above from structural geometry (stiffness, corrugations etc.) and

fabrication processes (stepped up, under etch at the supports, residual stress etc.).
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Metal beams Oxide beams
)
(COX+M2+VIA+PASS) -3 (COX+IMO+PASS)

Figure 2.21: SEM of cantilevered beams, showing curl of beams
due to residual stress. Beams of free-nearly clamped end
conditions post released though surface micromachining of
polysilicon2 after 20 pulses.
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PASS)

v .r

SR 1PO beams |

Figure 2.22: SEM of beams of clamped-clamped and cantilevered end
conditions. Curl of beams due to residual stress is noticed.

Figure 2.23: SEM of a cantilevered plate type
structure of Metal2 with polysilicon2 as piezoresistor
at the root of cantilever.
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Figure 2.24: Piezoresistive microresonators under residual stress
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Figure 2.25a: Scheme for under etching of silicon substrate due to bulk
micromachining

Structure
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Figure 2.25b: Scheme of stepped-up boundary conditions inherent to
surface micromachining

Figure 2.25: Scheme showing limitations on support conditions that are inherent to
micromachining processes
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Figure 2.26: Circular plate type structure of Metall with Metal2 stiffeners
with stepped up end supports
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Figure 2.28: Circular plate type structure with transverse corrugated support ends.
(Diameter is 250 um.)
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Figure 2.29: SEM of plate type structures with partially
supported ends. Structures are made of PASS, IMO, M2,
M1 and COX layers. Curl due to residual stress is seen.

Figure 2.30: Photograph of plate type structures with stepped up ends and residual
stress suitable for piezoresistive devices
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In Chapter 2, the gas phase etching has been described with details of the setup, the
etching procedure and also the effect of etching on the end conditions of the finished
structure. Further, it was shown in Chapter 1 that a common methodology for modeiling
microelastic systems is possible through the concept of boundary conditioning. In the

next chapter, the influence of the specific boundary conditions on the dynamic behavior

of the structure is discussed.



CHAPTER3

BOUNDARY CONDITIONING OF ELASTIC SYSTEMS

In the previous chapter, the fabrication synthesis of MEMS devices using the Mitel 1.5
um process and XeF, post-release etching have been studied along with examples. The
strategies for fabricating piezoresistive, capacitive and other elastic devices have also
been proposed. The proposed fabrication synthesis resulted in certain limitations such as
stepped-up end conditions, under-etch conditions, electrostatic force etc. which are very
important in determining the performance of elastic systems. In this chapter, a concept of
boundary conditioning is developed in order to quantify and model the influence of
fabrication limitations, operational constraints and structural variations on the
performance of elastic systems that could be macro or micro order in dimension. The
modeling of boundary conditioning is presented in this chapter along with varnious

applications and case studies.

The Manipulation of vibration behavior through the modification of structural and
effective environmental stiffness properties has tremendous applications for both micro
and macro elastic systems. The vibration behavior which is dependent on the mass and
stiffness properties of the systems, is influenced by the structural geometry, support
conditions, manufacturing sequence and the operational environment. A unified approach
for the quantification of the influence of structural geometry, support conditions,
fabrication process and environmental influence on the dynamic behavior of the system is

attempted here for the influence of the above parameters and modeling the dynamic
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performance of the system. The influence of all the above parameters is represented by
replacing the elastic influence with the equivalent spring stiffnesses as explained for

lumped elastic system below:

Consider a lumped model of a system with distributed mass and elastic properties as
shown in Figure 3.1. Neglecting damping, the equation of motion of the system can be

written as:

MX+(K,, +K. (X)X=0

Figure 3.1: Lumped Model of an
Elastic System

where

Kqn - stiffness representing the elastic property of the structural part of the system

Kex - stiffness representing the external influence (support conditions, environmental
influence, process influence such as residual stress, manufacturing processes such

as heat treatment, peening etc.) on the elastic property of the system.

The stiffness Ky, indicates the stiffness due to geometry of the mechanical structure and
it can be modified by changing the geometry of the structure and by adding features such
as stiffeners, notches, slots, corrugations. K.\ represents the external influence that

modifies the elastic property of the system and hence the dynamic behavior. The external
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influence includes different end conditions like free, clamped and any intermediate
condition, and also electrostatic force, Lorentz force, squeeze film effect, capillary force,
work hardening, structural weakening etc. The external stiffness can be dependent on the
displacement also. It is thus possible to modify the dynamic behavior of a system by
altering the structural and/or external elastic property. This process is called boundary
conditioning [117-122, 129]. Hence, Boundary Conditioning may be defined as the
manipulation of the dynamic behavior (eg. eigenvalue, mode shapes, eigenratios,
acoustic radiation properties, localization of response, manipulating harmonic
combinations etc.) of a system by modifying the structural or environmentally influenced

part of elastic property of the system.

3.1 BOUNDARY CONDITIONING BY STRUCTURAL MODIFICATION

The simplest way of increasing the stiffness of the system is by means of adding
stiffeners.  Stiffened plates of different geometries find various applications in
engineering. The positive stiffeners are used to increase the strength of the structure.
The negative stiffening methods such as notches, slots, corrugations may find
applications where it is required to attenuate or control the transmission of vibrations
through the joints, and to limit the vibrations to local areas. The prediction of natural
frequencies of plates with positive stiffeners will be useful to understand the effect of
stiffeners on the structural dynamic behavior. It is possible to extend this approach to
negatively stiffened structures also. In this thesis a rectangular plate is considered to

study the effect of stiffeners on fundamental frequencies. Study on various
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configurations of stiffeners also will be very helpful in understanding the effect of
stiffeners. Nair and Rao [124] used finite element method to investigate the effect of
length of stiffeners on natural frequencies of a rectangular plate. Ritz method was used
by [75, 99, 124] for the study of stiffened plates. The Rayleigh-Ritz method is widely
used in the study of vibration of plates. The accuracy cf the method is dependent on the
deflection expressions assumed for the continuous plate domain. Beam characteristic
functions and degenerate beam functions were used in the past to study plate vibration
using Rayleigh Ritz method ( Leissa [102, 103 ] ). The boundary characteristic
orthogonal polynomials (BCOP) proposed by Bhat [17-22] in the Rayleigh-Ritz method
are used in this report. These functions were used by many other authors [32, 17, 199,

208] and found to yield excellent results for plates.

3.1.1. Natural Frequencies of Stiffened Plates

3.1.1.1 Boundary characteristic orthogonal polynomials

[t is necessary to use the deflection functions satisfying at least the geometrical boundary
conditions of the structure for the application of the Rayleigh-Ritz method. The
boundary characteristic orthogonal polynomials used in this study are generated by using

Gram-Schmidt process as proposed by Bhat [17, 21] in both x and y directions.

Given the polynomial of the lowest order satisfying at least the geometrical boundary
conditions of the plate, ®y(x), an orthogonal set of polynomials in the interval

0 < x < 1can be generated using the Gram-Schmidt process as follows
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D1(x) = (x - By) Do(x) 3.1)
Pi(x) = (x - Bi) Op.1(x) - Ci®Dr-a2(x) 3.2)

where

j.xp (x)p7, (x)dx

B, == 3.3)
[p(x)o, (x)dx
[xoC) i (20, (x)dx

C, =2 (3.4)

[p()8i . (x)x

where p(x) is a weighting function and is taken as unity for a uniform plate. The interval
is from O to 1 and the coefficients are chosen in such a way as to make the polynomials

orthonormal,

jqbk (), (X)dx= 0  ifk=l (3.5)

=1 if k=l

The starting function ®y(x) is chosen as the simplest polynomial that satisfies all the
boundary conditions if possible or at least the geometrical boundary conditions of the

plate. Even though ®¢(x) satisfies all the boundary conditions, the other members of the
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orthogonal set satisfy only the geometrical boundary conditions, which can be seen from

Equations (3.1) and (3.2).

A rectangular plate of sides a and b is considered for analysis with all edges clamped.
The actual co-ordinates £ and n are non-dimensionalized as x=Z/a and y=n/b, and

consequently, the boundary conditions at a clamped edge are
W) =W1)=W’(0)=W'(1)=0 (3.6)

along both x and y directions. Hence, the first member of the polynomial set, ®y(x), must
satisfy the above boundary conditions. Assuming the beam deflection function as the
simplest polynomial

W(x)=a, +a,x+a,x* +a,x’ +a,x* (3.7)
and applying the boundary condition of Equation (3.6) gives the deflection shape as
W(x)=a,( x*-2x"+ x*) (3.8)
where a, is an arbitrary constant. The normalized mode function is obtained as

(x* =2x*+x%)
Do(x) = — (3.9)

(fie* =20 +x%)2an)'?

Similarly polynomial functions along x and y directions ®i(x) and vy ,(y), respectively,

were generated using Equations (3.3, 3.4, 3.5) for the analysis of a square plate.
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3.1.1.2 Elastic system of rectangular plate with positive stiffeners

Consider a rectangular plate with stiffeners as shown in Figure 3.2.
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N N Figure 3.2: Clamped rectangular plate
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where a and b are side dimensions of the plate, h is the thickness of the plate, NSX is
number of stiffeners in x direction, NSY is number of stiffeners in y direction, e is width
of the stiffener and f is the height of the stiffener. Torsion of the stiffeners is neglected

in the present analysis.

The deflection equation of the rectangular plate shown in Figure 3.2 assuming flexural

vibration, is expressed in separable form as [17, 21]

W, y) =22 Ay 6,(%) 9,(3) (3.10)
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where ¢, (X) and @n(y) are boundary charactenistic orthogonal polynomials in x and y

directions, respectively, and A, are the arbitrary deflection coefficients.

3.1.1.3 Kinetic energy of the elastic system

The total kinetic and potential energies of the stiffened plate is the sum of the respective

energies for the rectangular plate and all the stiffeners in both x and y directions. The

maximum kinetic energy [17,21] of the plate is given by

1
T,.., = = phabe* ”w (x,y) dx dy (3.11)

max.

N

and maximum kinetic energy of all stiffeners on both directions is given by

1 NSY L asy
== : +—= 3.12
T... 2pefaco ;!W (x,y;) dx pefbco IZ—;JW (x;,y)dy ( )

Then the total maximum kinetic energy is obtained by adding Equations (3.11) and

(3.12) as
| 11
Trrax =5phabco2 [fw?(x,y)dxdy +
00
1 NSy 1 , 1 _,NSXl ,
—2-pefa Z JW“(x,yi)dx+Epefbw“ Z JW (xj,y)dy
1=1 J=i

(3.13)
where p is the density of the plate, i and j refer to the position of the stiffeners in y and x

directions, respectively, and o is the frequency.
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3.1.1.4 Potential energy or strain energy of elastic system

The strain energy of the rectangular plate can be written as

U

max. p = o)

1 L 2 2 bl b 2
p DabJ‘I[W;‘ +a'W +2ya*W W, +2(1-7 )a’W“y] dx dy (3.149)
Q0

where «=(a/b) and 7 is the Poisson’s ratio. The strain energy of all the stiffeners can be

written as
E NSy I , E NSX 1 ,

Umnax.s = =5 > L [Waxypde o+ — 2 fWiy (x .9 dy (3.15)
227 =1 2b7 =1 T

where 1, j refer to the stiffener position and subscripts x and y refer to differentiation with

respect to normalized x and y coordinates, respectively.

The total maximum strain energy of the stiffened plate will be the sum of the strain
energies of the plate and thickness given by Equations (3.14) and (3.15), respectively,

and expressed as

11
1 2 ; 2
=—3Db_H[W_;,( +a Wi + 270 W Wy +2(1 —-/)a-wfy]dx dy

Umax
2a 00
E NSy | 2 E NSX | )
T 53 Z /; ijx(x,yi)dx + 3 le Iwgfy(xj,)’)dy
A l=l 0 - J=l O

(3.16)
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From Rayleigh’s condition of the plate whichis 7, =U__ , the Rayleigh’s quotient

can be obtained as

, U

= 17
0] T (3.17)
where
w'T. =T, (3.18)

The substitution of deflection Equation (3.10) in (3.13) and (3.16), and optimization of

the Rayleigh’s quotient of Equation (3.17) with respect to arbitrary constants Ay, , i.€.

-\Wl ] ) . ]
gA =0, yield the following eigenvalue equation:
ZZ[Cmnq Eni n] ° + J)] Apn =0 (319)
where

Conny =B B+’ EX F22 440 (EZ F20 +EZ Fff)+2(1-,)a Em Foy

St AT Ao

=1

NSX [/ en3 2 1
e 4||f j(f) . {f) 2
41—y )=l —| +18 =] +0.78 — [IF". . 3.20
+,i1( f)aaLLhJ+ - th. O (X;)-0,(X,) (3.20)
NSX
fe
J= ——Em.cp (¥i)-9; (Y)*i;;F ¢ (%;)0;(x;) 3.21)

=1
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N
s do d°p;
o =j( n }{—’ de (3.23)

The solution of the eigenvalue Equation (3.19) will yield ‘m times n’ number of natural

frequency coefficients (A) and mode shapes (A4, ) of the stiffened plate corresponding

to ‘m times n’ number of modes.

Six number of polynomials were used in both x and y directions which resulted in the
prediction of eigenvalues corresponding to first 36 modes. These eigenvalues were
predicted for different geometries of rectangular plate and also for different numbers and
geometries of stiffeners. The results of this prediction are discussed and compared with

already published results below.
3.1.2 Results on a rectangular plate with positive stiffeners

Fundamental natural frequencies for the stiffened plate have been computed for various
values of side ratios a/b, number of stiffeners (NSX and NSY) and geometries of
stiffeners by solving the eigenvalue Equation (3.19). The predicted fundamental
eigenvalues (JZ ) are compared with those reported by Wu and Liu [199]. Wu and Liu
[199] employed the Rayleigh-Ritz method using the boundary characteristic orthogonal

polynomial functions, however, with different number of polynomial functions.
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3.1.2.1 Plate with one central stiffener

The plate with one central stiffener is shown in Figure 3.3. Natural frequencies for three

values of a/b (1,0.75 and 0.5) and stiffener height ratio f/h (0.2,1.5 and 2) are computed.

A
y.-M
N
N Figure 3.3: Clamped rectangular plate with
N one central stiffener at y = 1/2
LN

The predicted values for the fundamental eigenfrequency is compared with the results of
Wu and Liu [199] in Table 3.1. The comparison shows good agreement. Wu and Liu
[199] used 4x4 number of polynomials while the present results use 6x6 number of
polynomial functions and hence an improvement in upper bound values of the
eigenvalues is noticed. It can be seen from the results that increase of f/h increases the
fundamental eigenfrequency for constant side ratio a/b (1 or 0.5) proving the positive

stiffening.
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Table 3.1: Predicted eigenvalues of a rectangular plate with one stiffener

Sl. jab |e/a |eb |fh |[Nsy|ys [Nsx|xs |[fn |[Present |Wu &
No Liu [199]
1 1 001 |- 1511 05 |- - 1 39.64 39.83
2 - 2.0 - - 43.14 43.34
3 0.75 [ 0.01 |- 1.5 - - 32.21 32.36
4 0.5 0.01 |- 0.2 - - 24.62 24.64
5 - 1.5 - - 27.16 27.24
6 - 2 - - 29.12 29.11

The lowest four predicted eigenvalues are presented in Table 3.2 along with the results of
[199] showing a good agreement of natural frequencies of the higher modes. Wu and Liu
[199] used 10x10 terms in their computation and deflection functions satisfying simply
supported conditions along with elastic rotational restraints. Present results have been
computed with the double precision, while the precision of results in [199] is not known,
which would explain the small discrepancies between the present results and those in

[199] in Tables 3.2-3.6.
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Table 3.2 Predicted higher eigenvalues of a rectangular plate with one stiffener

SI. j(abfe/a |eb |f/h | Nsy|ys Nsx |xs |fn | Present Wu &

No Liu [199]
1 1 - 0.01 |15 1 0.5 |- - 1 39.639 39.829
2 73.395 73.394

3 85.907 86.285

4 108.218 108.22

3.1.2.2 Plate with two stiffeners

A square plate with two stiffeners at distances of b/3 and 2b/3 as shown in Figure 3.4 is

analyzed.
A
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\\\ E Figure 3.4: Clamped rectangular plate with
S § two stiffeners aty = 1/3, 2/3
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The geometry details and results are provided in Table 3.3 along with the results of [199].

The comparison shows close agreement for all the four modes.

Table 3.3: Predicted eigenvalues of a rectangular plate with two stiffeners

ab {e/a |eb |f/h | Nsy |ys Nsx | xs | fn | Prediction | Wu & Liu
[199]
1 - 001|152 0.33,0.66 | - - 1 40.488 40.715
2 74.954 75.129
3 90.327 90.752
4 121.713 122.44

Eigenvalues are higher when compared to the results of plates with single stiffener,

showing the positive increase in stiffness.

3.1.2.3 Plate with three stiffeners

Predicted eigenvalues for a square plate with three stiffeners as shown in Figure 3.5, are

presented in Table 3.4, and are compared with the results of [299] showing good

agreement.
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Table 3.4: Predicted eigenvalues of a rectangular plate with three stiffeners
a’b [e/a|eb ffh | Ns |ys Nsx | xs | fn Present Wu &
y Liu [199]
1 - 0.01 {153 0.25,0.5,0.75 | - - 1 41.725 42.025
2 74.991 75.167
3 95.01 95.814
4 122.947 | 123.62

It can be seen from the results that the eigenvalue for the second mode is closer to that of

second eigenvalue of plate with 2 stiffeners (see Table 3.3), indicating that the second

mede shape is symmetric about y=b/2. The small difference is due to change in the

position of stiffeners.
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3.1.2.4 Plate with one stiffener in both directions

The geometric details and predicted results of first four eigenvalues are provided in Table

3.5 along with the results of [199] for a plate with one stiffener in each direction as

shown in Figure 3.6.
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| a > i

Figure 3.6: Clamped rectangular plate with
central stiffeners in both directions

Table 3.5: Predicted eigenvalues of a rectangular plate with one stiffener in both

directions
a’b |e/a |eb |[f/h |Nsy|ys Nsx | xs fn | Present Wu & Liu
[199]
1 - 00l 1151 0.5 1 0.5 1 | 42.839 43.186
2 |{85.907 86.285
3 | 85.907 86.285
4 |[108.218 | 108.22
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The crossed arrangement of two stiffeners gives higher value of first and second
eigenvalues when compared to that of plate having two stiffeners in the same direction
(Section 3.1.2) while third and fourth eigenvalues are lower. Crossed stiffener at the
center will always result in identical second and third eigenvalues while stiffeners in the
same direction will yield a lower second mode and a higher third mode. The second mode
which is symmetric with respect to y=b/2, has a lower value than that for plate with
parallel stiffeners in x direction, while the third mode which is symmetric with respect to
x=a/2 yields higher eigenvalue for the case of two parallel stiffeners due to the presence
of two effective stiffeners. This analogy is useful in selecting the proper configuration of

stiffeners for the required operating range.

3.1.2.5 Plates with 2 or 3 stiffeners in both directions

Predicted eigenvalues for plates with 2 or 3 stiffeners in both x and y directions as shown
in Figure 3.7 are given in Table 3.6 with comparison of results from that of [199].
Results once again show good agreement and also show an increase of eigenvalue as the
number of stiffeners is increased. It also shows symmetrical mode shape along both x
and y directions as the second and third eigenvalues are identical due to the symmetric

nature of stiffener arrangement in both directions.
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Table 3.6: Predicted eigenvalues of a rectangular plate with two and three stiffeners

in both directions

ab |elaleb /h | Nsy | ys Nsx | xs fn | Present | Wu & Liu
[199]
1 - 001 |15(2 0.33,0.66 | 2 0.33, 1 | 44206 |44614
0.66
2 190.773 |91.46

3 [90.773 |91.46

4 | 133.398 | 134.74

1 - 001 | 153 0.25,05, |3 0.25,0.5,} 1 |[46.245 |[46.763

0.75 0.75

N

95.089 [ 96.067

3 |95.089 |96.067

4 | 134.731 | 136.00

3.1.2.6 Effect of stiffener geometry on elastic behavior

Boundary conditioning by structural modification includes modification of stiffener
arrangement and stiffener geometrical parameters such as thickness and width. In order to
investigate the sensitivity of the stiffener geometry on the elastic behavior, the
eigenvalues were predicted for a clamped plate with one stiffener in each direction as
shown in Figure 3.8 for the stiffener widths of e/b=0 to 0.1 in steps of 0.01 and the

stiffener heights of /h=0 to 4 in steps of 0.4. The predicted variation of the first five
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eigenvalues given in Figure 3.8 shows the strong influence of stiffening on elastic
behavior. This study will be useful during the design stage in selecting the appropriate

stiffener geometry for the required eigenvalues.

Apart from the eigenvalues Vi, the eigenratios ¢; = ~—— (ratio of higher eigenvalues to

N

the first eigenvalue) are also important in some applications since it will influence the

response of the structures as well as its sound radiation behavior. In order to determine
the influence of stiffener geometry on the resultant harmonic combination when

compared to that of a clamped plate without stiffeners, an objective function (Acccc) 1s

defined as follows:

2
{ An "qn\/j’_l—] (3.24)
qn\[xl—

5
Accce = Z

n=2
where
\/Z - n™ eigenvalue of the stiffened system
gn — required 2" to 5th eigenratios with reference to a clamped plate without stiffeners

such as, {2.04, 2.04, 3.01, 3.69}

The minimum value of this objective function indicates that the combinations are close to
that of a fully clamped plate without stiffeners. The predicted variation of higher
eigenratios and Acccc against the stiffener thickness and height are given in Figure 3.9.
The Figures 3.8 and 3.9 show the possibility of modifying the elastic behavior of the

system though structural modifications.
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In this way of stiffening, the mass properties are also changed in addition to the stiffness
properties. The modeling of the change in elastic properties by adding stiffeners can not
be applied in general to all boundary conditioning methods. Hence, a method of artificial
springs is proposed in order to represent the influence of stiffening through equivalent
artificial springs. The stiffeners can be modeled by a combination of lumped mass and

artificial springs at the locations of the stiffeners.
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Figure 3.8: Vanation of the first five eigenvalues against stiffener geometry
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Figure 3.9: Variation of first five eigenratios and objective function Acccc against stiffener geometry
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3.2 BOUNDARY CONDITIONING BY SUPPORT CONDITIONS

Boundary conditioning due to the change in the structural configuration has been modeled
for the clamped boundary conditions. It is possible to model the other classical boundary
conditions such as free and pinned by properly selecting the boundary characteristic
polynomials described in Section 3.1.1.1 that satisfy at least the geometrical boundary
conditions. In the place of classical boundary conditions such as the clamped, simply
supported or free conditions, it will be advantageous if the boundary conditions are
modeled by quantifiable attributes. The quantifiable property selected to represent
boundary conditioning should also be able to capture the influence of end support
conditions, supports anywhere within the structure, effect of the manufacturing process,

etc. on elastic properties of the systems in a unified way.

The support conditions may include end supports and supports anywhere within the
structure, arising due to clamping, riveted joints, strap joints or any other form of joining
methods. The support conditions could be classical ones such as clamped, simply
supported and free or non-classical ones that are intermediate between the classical ones.
Support conditions strongly influence the vibration behavior of structures and changing
the boundary conditions from simply supported to clamped conditions in beams and
plates can more than double their respective natural frequencies [102, 103]. The
boundary conditions of real structures are not always homogeneous and hence the
modeling of real boundary conditions has to accommodate the flexibility of the joints and

supports in translation or rotation [99, 100, 206]. The boundary conditions available
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along an edge may not be uniform also [163]. The point or line supports that exist within
the domain of the structures also change the dynamic behavior [206], and such supports
may be considered as providing boundary conditions for the structure, as in the case of
periodically supported beams or plates. In a structure made through joining of many sub
structures, the vibration behavior is influenced by the method of coupling between the
sub structures that affect the flow of vibrational energy in the structure. James and Fahy
[86] studied the coupling effect of number of straps between two plates and found the
dependencies of transmissibility between the structures. The elastic property of the entire
system can be affected by modifying the support conditions between structural and
environmental parts of the elastic system and the joint conditions between the sub
structures of the systems. The boundary conditioning through varying the support elastic
conditions, can be used for the manipulation of the dynamic behavior if the stiffness of
the support conditions are quantifiable, suitable for implementation and able to represent
both classical and non-classical support conditions. Hence, the supports are represented
with artificial springs of translational and rotational types. The stiffness value of these
artificial springs can be used to represent different support conditions. In this study, the
boundary conditioning is illustrated by changing support conditions through artificial
springs for a rectangular type plate structure in the following section. The boundary
conditioned plate element can be used to mode! other complicated plate type structures by

assembling them with proper boundary or end support conditions.
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3.2.1 Modeling of Boundary Conditioning of a Rectangular Plate Element by

Artificial Springs

Consider a rectangular plate shown in Figure 3.10 divided into nine rectangular segments
(shown by dotted lines) in order to demonstrate the concept of boundary conditioning.
The plate segments are connected together and also to the environment by inter-
translational (Kt) and inter-rotational springs (Kg) [208, 209]. K is the stiffness value of
the translational springs per unit length in N/m’, and Kg is the rotational stiffness value

per unit length in Nm/m-rad.

k" plate

element Boundary of the main|4 S3 2

7 f structure

I EI ATV
1 1

3 &nx
Kr o 4 S| 2
Ky
a: Structural model Zr:la?yl:i z;ngement of joining used for

Figure 3.10: Scheme of the plate structure represented by joining many
rectangular segments with artificial springs
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The boundaries that connect segments of the main structure, are represented by very high
values of inter-rotational and inter-translational spring stiffnesses. The plate vibration is
analyzed using normal modes obtained using boundary characteristic orthogonal
polynomials in the Rayleigh-Ritz method [17,19]. The orthogonal polynomials are
generated using Gram-Schmidt process [37] for each segment satisfying free edge
conditions on all boundaries of the segments. The first polynomial is given by ¢ =1,
satisfying the geometrical boundary conditions of the free edges and the remaining

polynomials are generated as described in Section 3.1.1.1.

The flexural deflection equation for k™ segment is defined as

We(2.5) = 2. 2 Ay 80 ()0,(3) (3.25)
where x:-éi , y=k
a, b,

£, and n, are coordinates of k" plate

a,

a, and b, are dimensions of the k™ plate with @, = B
k

A, . is the deflection coefficient of the k" plate

¢, (x)and ¢, (3) are orthogonal polynomials generated through Gram-Schmidt process.

The maximum total strain energy U, and the maximum kinetic energy 7,  of the

structure are,
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ZUmm + ZZUHS +ZZU“S (3.26)

k=ls=1 k=1s=1
and
|
Z‘:Ep Mea b o HW (x, yMdxdy (3.27)
where
Uax - Strain energy of the k™ plate

U,., - potential energy of s” side translational spring of k™ plate
U, - potential energy of s side rotational spring of k™ plate and

are estimated using the following equations:

D B! s s
Uy = 22ebe “‘[ el W, +20al W W, +2(1-v)a} W2, |ddy (3.28)
ak 00 i

1 g 2

Uris = ;Kr./c_r J’(AW,) dl, (3.29)
- Q
l f :

Upis = T,'KR ks J‘(AWsl)-dls (3.30)
= 0

where

Dk - flexural rigidity of the k"™ plate

fa—
w
]

length of the side, s

AW, - difference in deflection along the s" side of the k™ plate
N - difference in slope along the s™ side of the k™ plate
W, - deflection of k™ plate along side s

o - mass density of the k™ plate
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hy - thickness of the k" plate

al - natural frequency of entire structure
v - Poisson’s ratio

N - total number of segments and

subscripts x,y refer to differentiation with respect to respective coordinates.
Substitution of deflection Equation (3.25) in strain energy and kinetic energy Equations

(3.26) and (3.27), and optimization of the Rayleigh quotient with respect to A;;x result in

the following eigenvalue equation:

I/ 00 ~00
ZZ[Cmnij,k +C —AnkEmiFnj ]Amn,k —ZZDmm'j,sAmn.s =0 (3.31)
m n

mnij k
m n

V-k=12,...,N

where
Comys = EZFP + 0 EXFE +val( EZFP + EXFY )+ 2-(1-v)aELF)
Crojs = K7 0,0 Eni0,(0)9,(0)+ K7, .0, (V¢ (DF] + Ky s, Efo, (De (1)
+ K7, 8, (00, (OF," + Kz, aER0,(0)9;(0) + Ky 20, (D9, (DF,°
+ K@i Emo (D@} (1) + Kp i 19,,(0)9, (0)F,°
s Amns = (K74 10 B, (D@ (0) + Ko aia, Enio, (D9 (0)]A4,, , +

(K} 16, (03, (DFY + K}, Z—‘«»:, (), (NFL1A,, . +

52

(K740 Em®,(0)0 (1) + Ky sl B0, (0)0 (D)4, 5 +

(K; 0, (D0, (OVFL + K}, %«p;(lm:(owg’-"]AM

s34
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and

3 4 4,2
. Krii9i Kp i _ Pri%u _phao

K, =—-- — = =
T.ki i KAa ’ k 2 9 ,
Dk Dk Er.k hr.k Dl

% )(d:"") l(d"" ) = d¢, do,
E“A = —= ] —]. o= — L dy .l =— I = !
mi 6” ( (ixr dx‘ dr’ Fn/ J. ‘1}/" dy: d}« * ¢1 dt * (p J dy

o

Subscript (r,k) refers to ratio of parameter of k'™ segment to that of first segment.

The solution of Equation (3.31) yields both eigenvalues and mode shapes of the system.
Segments that have edge on the boundary of the main structure on ‘s’ side have, Apps=0.
Required edge conditions for any segment can be generated by suitable choice of the
values of Kt and Kr. The accuracy of the results are dependent on the number of
orthogonal polynomials considered, number of segments, and the stiffness value of
artificial springs. Hence a parametric study of the results will be useful in determining

optimum parameters.

3.2.2 Parametric Study on Analysis Using Artificial Springs

In order to identify the stiffness values of the artificial springs, the number of polynomials
and the number of segments required to represent the classical boundary conditions such
as clamped, pinned and free for a plate structure, a parametric study on the eigenvalues
was carried out and the results are given in Tables 3.7-3.9. The Figure 3.11 shows the

numbering scheme used to represent boundary conditions. For example, CSCS
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correspond to clamped conditions on sides 1 and 3 while simple supported condition on

sides 2 and 4.

Figure 3.11 Numbering scheme of
boundary conditions

3.2.2.1 Plate modeled by one segment

The eigenvalues were predicted for a plate represented with one segment. The stiffness
values of the springs on four sides of the plate and number of polynomials were varied in
order to find the optimum values and the results are given in the Table 3.7. The predicted
values are compared with those obtained by the direct method where the classical
boundary conditions are incorporated in the boundary characteristic orthogonal
polynomials that were generated so as to satisfy the geometrical boundary conditions as
explained in Bhat, 1985 [17]. The results from the direct method corresponds to the

number of polynomials m,n=6.
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Table 3.7: Effect of number of polynomials and stiffnesses for different classical
conditions: Model with one segment

R e T B T T N
CCCC Analytical 35.988 | 73.406 | 73.406 | 108.250 | 131.620 | 132.230
K5, =K |Direct Methzod 35.988 | 73.395 | 73.395 | 108.218 | 131.779 | 132.410
Vi=12346 1x10 17.388 | 25.268 |25.268 | 33.873 |47.892 |[48.551
1x10° 30.869 | 54.702 | 54.702 | 72.643 |91.330 |95.742
Kpi=Kg 1x10°  [35.348 [ 71.542 [ 71.542 | 102.385 | 261.082" | 263.538"
Vi=1234 1x10° 35933 | 74.011 | 74011 | 107.928 | 816.282° | 817.101"
1x10° 35.933 | 74.268 | 74.268 | 108.524 |2578.34" | 2578.60"
1x10° 35.999 | 74.296 | 74.296 | 108.590 |25780.1° | 25780.1
1x10° | 36.000 | 74.296 | 74.296 | 108.590 | 257801° | 257801
8 1x10° 35.985 | 73.420 | 73.420 | 108.257 | 137.293 | 138.069
1x10° | 35.990 | 73.421 | 73.421 |[108.256 | 137.303 | 138.061
9 1x10° 35979 | 73.385 | 73.385 | 108.192 | 131.696 | 132.331
1x10® 35985 | 73.412 | 73.412 | 108.257 | 131.778 | 132.409
1x10° [ 35985 [ 73.413 | 73.415 | 108.257 | 131.780 | 132.410
10 |1x10® 35985 | 73.394 | 73.394 | 108217 | 131.778 | 132.409
1x10° | 35.981 | 73.395 | 73.397 | 108.220 | 131.777 | 132.409

SSSS Analytical 19.739 | 49.348 [ 49.348 | 78.957 [ 98.696 | 98.696
K}, =K. | Direct Metlzod 19.739 | 49.348 [ 49.348 | 78.957 |99.304 |99.304
Vi=12347 1x10 19.736 | 49.480 | 49.480 | 79.136 | 100.080 | 100.080
1x10° 19.739 | 49.491 [49.491 |79.166 | 100.116 | 100.116
Kg;i=0 1x10° [ 19.739 | 49.491 [49.491 [79.167 [100.117 |100.117
vi=1234]8 1x10° 19.736 | 49.337 | 49.337 | 78.924 | 100.080 | 100.080
1x10° 19.739 | 49.349 | 49.349 | 78.957 |100.116 | 100.116

9 1x10° 19.734 | 49.337 [49.337 | 78.924 [98.680 | 98.691

1x10° 19.739 | 49.348 | 49.348 | 78957 [98.716 |98.716

1x10'° | 19.739 | 49.349 | 49.349 [ 78958 |98.716 | 98.716

10 | 1x10° 19.734 | 49.335 [49.335 | 78919 |98.680 | 98.680

1x10° 19.739 | 49.348 | 49.348 | 78956 |98.716 | 98.716

1x10"° [19.739 [ 49.348 | 49.348 | 78957 |98.716 | 98.716

1x10° | 19.739 [ 49.348 {49348 | 78.957 [98.716 | 98.716

* The values are high due to numerical problems associated with high stiffness

values and fewer number of polynomials. These values became close to clamped

condition when the number of polynomials is increased.
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CSSC Analytical

K;,—:K; Direct Method | 27.054 | 60.539 | 60.787 | 92.837 114.846 | 114.846
vi=123419 1x10° 27.054 | 60.542 | 60.790 | 92.844 114.694 | 114.843

Kri=Kr 1x10™ [27.054 | 60.541 |60.790 |92.843 | 114.694 | 114.843
Yi=14

Kp;=0 10 | 1x10% 27.054 | 60.538 | 60.786 |92.836 | 114.615 | 114.764
Vi=23 1x10'"Y  |27.054 | 60.542 | 60.789 |92.837 | 114612 | 114.762
SCCS Analytical

K;l,z[(;_ Direct Method | 27.054 | 60.539 | 60.787 | 92.837 114.846 | 114.846
vi=123419 1x10° 27.054 | 60.542 | 60.790 | 92.844 114.694 | 114.843

Krp;=K7y 1x10'"" ] 27.055 | 60.541 | 60.790 |92.844 | 114.694 | 114.844
Vi=23

K =0 10 | 1x10° 27.054 | 60.538 | 60.786 |92.836 | 114.615 | 114.764
Vi=14 1x10'° [ 27.053 | 60.542 | 60.789 |92.837 |114.612 | 114.762
CFFC Analytical

Kr. =K>. Direct Method | 27.054 | 60.539 | 60.787 | 92.837 114.846 | 114.846
T R

— g 9 1x10° 27.054 | 60.542 | 60.790 |92.844 |114.694 | 114.843
Viel4 1x10"%  [27.055 [ 60.541 | 60.790 |92.844 |114.694 | 114.844
Kr;=Kg; 3

-0 10 | 1x10 27.054 | 60.538 | 60.786 |92.836 | 114.615 | 114.764
Vi=23 1x10'% [ 27.053 [ 60.542 | 60.789 |92.837 | 114.612 | 114.762
SFFS Analytical

K;,—=K; Direct Method | 27.054 | 60.539 | 60.787 | 92.837 114.846 | 114.846

Vi=14 9 1x10° 27.054 | 60.542 | 60.790 |92.844 |114.694 | 114.843
K7;=0 1x10"® | 27.055 | 60.541 | 60.790 |92.844 |114.694 | 114.844
Vi=23

Ky;=0 10 | 1x10° 27.054 | 60.538 | 60.786 |92.836 | 114.615 | 114.764
Vi=1234 1x10'° | 27.053 | 60.542 | 60.789 |{92.837 | 114.612 | 114.762

[t can be seen from the results of a plate with single segment that the increase in the
number of polynomials and stiffness values result in natural frequencies that are close to
classical conditions. Higher number of polynomials is required for clamped condition

when compared to simply supported condition. For single segment, the number of
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polynomials m,n>9 and a stiffness value of K ;— >1x10% can yield results that are close

to that of classical conditions.
3.2.2.2 Plate modeled by many segments

The consolidated results of the effect of number of segments and stiffness values on the
first six eigenvalues are given in Table 3.8. RxC segments in the table indicates that the

plate is modeled by segments formed by R number of rows and C number of columas.

Table 3.8: Minimum number of polynomials required for SSSS condition: Model

with RxC segments with K ; =10% at the boundaries

Analytical 19.739 | 49.348 | 49.348 | 78.957 98.696 98.696
Direct 19.739 | 49.348 | 49.348 | 78.957 99.304 99.304
RxC | m,n

1x1 10 | 19.739 | 49.348 | 49.348 | 78.956 98.716 98.716
2x2 | 8 19.739 [ 49.348 | 49.348 | 78.956 98.696 98.696
3x3 |7 19.739 | 49.348 | 49.348 | 78.956 98.695 98.695

6

4x4 19.739 | 49.348 | 49.348 | 78.956 98.697 98.697

The above table validates the use of many segments to represent the plate structure. It has
been seen that larger number of polynomials are required if the plate is modeled with only
one segment since each polynomial needs to satisfy the deflection equation throughout
the plate domain. Instead, it can be noticed from the Table 3.8 that if the plate is modeled

with many segments, the number of polynomials required will be reduced. Thus, it is
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possible to model a plate with cut outs, slots, slits, partial supports etc. In the following

section, modeling is applied to a plate with cutouts.
3.2.2.3 Plate with a cutout of 0.333x0.333

The predicted values of eigenvalues for a plate with a cutout as shown in Figure 3.12 are

given in the Table 3.9. The plate is simply supported at all the four edges. The stiffness

. Kr ad> K R4
value is keptat K = D = D =1x10%. The rotational stiffness at the boundaries

are kept at zero.

— g

Figure 3.12: Model of a plate with cutout using 8 segments

Table 3.9: Eigenvalues for a plate with cutout, SSSS boundary conditions and

K; =10% at the boundaries

m,n A ]
VA VA2 VA3 Ay As ‘g

6 19.780 43.285 | 43.285 | 72911 89.813 | 121.749
7 19.768 43.190 | 43.190 | 72.874 89.292 | 121.440
8 19.763 43.103 [ 43.103 | 72.848 89.280 | 121.431
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3.2.2.4 Fully clamped plate with a cutout of 0.5x0.5

The predicted eigenvalues for a fully clamped plate (CCCC) with cutout as shown in

Figure 3.13 are given in the Table 3.10. The stiffnesses are kept at

. Kr a K ra
K = D =——  =1x10%. The predicted values are compared with the results of

Patel [134] and FEM package ANSYS. In Patel [134], boundary characteristic
orthogonal polynomials are generated in order to satisfy the classical boundary

conditions. The comparison shows a good agreement with ANSYS results and that of

Patel [134].

—"

Figure 3.13: Model of a plate with cutout using 12 segments
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Table 3.10: Eigenvalues for a plate with cutout, CCCC boundary conditions and

K‘ = 108 at the boundaries

Patel [134 ], 65.715 81.680 81.680 110.857 | 135.879 | 166.360
Direct method

ANSYS 65.003 75.622 75.622 101.225 | 105.731 | 143.223

6 65.384 76.503 76.503 103.621 | 106.685 | 145.402

7 65.378 76.424 76.424 103.251 | 106.641 | 145.109

8 65.372 76.369 76.371 103.010 | 106.614 | 144.926

9 65.370 76.339 76.340 102.874 | 106.600 | 144.824

Thus the above parametric study validates the modeling of support conditions through
artificial springs and shows that classical conditions such as clamped, simply supported
and free conditions can be modeled with proper stiffness values of the springs. Clamped
conditions correspond to very high translational and rotational stiffnesses and simply
supported conditions correspond to very high translational stiffness and zero rotational
stiffness, while both rotational and translational stiffnesses are zero for free condition.
Any condition intermediate to the classical ones can also be modeled with stiffness values
that are in between the above extremes. This study validates the use of artificial
stiffnesses as a measure to quantify the boundary or support conditions. Thus, the
manipulation of dynamic behavior of the elastic systems by boundary conditioning is
possible by modifying the support conditions and the same can be quantified through
artificial springs. Structural tuning is an example of boundary conditioning through
support conditions, in which structural dynamic behavior is altered by tuning the

boundary conditions, as will be discussed in the following section.
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3.3 APPLICATION OF BOUNDARY CONDITIONING FOR STRUCTURAL

TUNING

The dynamic performance of linear elastic systems, whether it is macro or micro, is
dependent upon its natural frequencies, and the mode shapes. The relative positioning of
eigen frequencies has potential for the manipulation of dynamic behavior. Such
manipulation includes appropriate design of the structures in order to get the required
dynamic performance or required vibration response. This involves staggering the natural
frequencies in a required fashion, which could be in relation to the excitation frequencies
[118] or as per the design requirement. It is also possible to control the radiated sound
pressure by modifying the acoustic coupling coefficients through the change in mode
shapes [117, 120]. Structural tuning has many applications such as noise control in
aircraft fuselage using passive control. An interesting non-engineering application is in

the tuning of musical instruments.

In the case of aircraft subjected to excitations from the rotating machinery, the
disturbances are multiple tones in nature [26, 58, 92]. Hence, whenever excitation is of
single or multiple tones, the relative location of eigenfrequencies of the structure as

shown in Figure 3.14 is important in order to manipulate the vibration behavior [118].



4 Excitation System Eigen
Frequency Frequencies

PSD ; J

FREQUENC?
Figure 3.14: Scheme for structural tuning

Minimization of vibration response is possible by staggering the eigenfrequencies of the
system away from the excitation frequencies. Sometimes, the response of the main
structure can be minimized by maximization of the response of semi-active vibration
absorbers [64] by moving the eigenfrequencies of the absorbers close to excitation
frequencies. If the excitation frequencies are known and nearly fixed, structure can be
designed in such a way that the natural frequencies are staggered farther away from the
excitation frequencies. Whenever the excitation frequencies or the required pattem of
frequencies changes, the natural frequencies of the system have also to be adaptively

changed as in the case of semi-active type of control.

Higher natural frequencies are also important in determining the performance of some
microsystems. For a surface micromachined microgyroscope [6], the performance is
dependent on the three natural frequencies as shown in Figure 3.15. The arrangement of
these natural frequencies can be modified by changing the structural geometry, structural
support conditions and capacitive bias voltage. The modification of the arrangement of
natural frequencies for gyroscopes through bias voltage or support conditions is also an

example of boundary conditioning.
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Figure 3.15: Eigenfrequencies of a microgyroscope.
Adapted from An et al. [6]

During the tuning of a musical instrument the pattern of natural frequencies is varied in
order to obtain the required harmonic combinations of eigenfrequencies by changing the
support condition of the vibrating structure. The arrangement of the natural frequencies

in a certain order adds a rich quality to the sound of musical instruments.

The staggering of natural frequencies finds applications in semi-active control of
vibration behavior, design of structures with required pattern of eigenfrequencies or
tuning of a musical instrument. This process of staggering the natural frequencies in a
required order, which could be in relation to excitation frequencies in order to minimize
or maximize the response or simply to generate musical harmonics or required pattern of
natural frequencies, is possible through the modification of structural elastic property and
is called structural tuning [118]. Thus, the understanding of the influence of structural
tuning on natural frequencies becomes very important for further implementation of this
technique. The modeling of structural tuning is carried out by the application of

boundary conditioning through the modification of support conditions and is presented in
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this section. The modeling of structural tuning is explained using a simple plate structure

even though this technique can be extended to any complicated structures.

In structures which are supported at several points or lines within their domain such as in
periodically supported beams or plates, such supports may be considered as providing
boundary conditions for the structure. Addition of supports [206] also changes the
vibration behavior and hence the designer has a lot of flexibility in positioning the
supports in a structure in order to obtain specific natural frequencies for the structure.
Such control of the frequency characteristics of a structure has many applications in the
control of the noise transmission properties of structures such as in aircraft fuselages [58,
64, 92]. The support conditions can be created by clamping, riveting etc. In the present
study, the concept of boundary conditioning is investigated on a plate type structure,
supported on four translational and rotational type springs distributed along the four

edges.

3.3.1 Modeling of Structural Tuning

Consider a rectangular plate as shown in Figure 3.16. The plate is assumed to be

supported at all the four edges with both translational and rotational springs [208] with

stiffness per unit length of Kt and Kg, respectively.
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Figure 3.16 Structural scheme for boundary conditioning

The plate eigenvalues are estimated using boundary characteristic orthogonal polynomials
in the Rayleigh-Ritz method [17]. These orthogonal polynomials are generated so as to

satisfy the free edge conditions on all its boundaries.

The flexural deflection of the plate with one segment becomes

W(x,3) =2, A8, (X)0, () (3.32)

Lo
b

T .

N |\ﬁ\

where x =

Z and n are coordinates of the plate,

a

aand b are dimensions of the plate with a = B

A, is the deflection coefficient of each term describing the plate deflection in Equation

mn

(3.32) and ¢, (x)and ¢,(v) are boundary characteristic orthogonal polynomials.



Hence, the maximum total strain energy U . and the maximum Kkinetic energy 7, of the

structure with one segment become,

4 4
Upse =Up, + 2 Ur, +D Uy, and (3.33)
s=1 s=1
l 11
T.. = 5P habo® _"IWz(x,y)dtdy (3.34)
= [ 4]
where
Dab T 7 4 72 ) 2 1357 9 2 ':2] <
Unap = e !ﬂW +at W +2u-a - W"'W+2(1-v)a~ W Jdtdy (3.35)
1,
Ur, =K, [Widl, (3.36)
= 0
1,
Ups =5 K, [w;2dl, (3.37)
0

Substitution of deflection Equation (3.32) in strain energy and kinetic energy expressions
(3.33) and (3.34), and optimization of Rayleigh quotient with respect to A;; result in the

following eigenvalue equation:

> Y [Cony + Cly = 4 EXEY]A,, =0 (3.38)
where
Comi =EmiF + @ EQF +0-a (ERF + EQFR)+2-(1-0)a Ey )|

Cl. = Kra EXe (0)0,(0) + K; .6, (N, (DF,° + K7 ;o Elo, (Do, (1) +

K7 0,0 (O)FL + Ko a® EQp, (0)0}(0) + K 160 (1)§) (DF, +

Ky @’ EXo! (D@l (1) + K 81 (0§ (0)F°
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The solution of Equation (3.38) yields both eigenvalues and mode shapes of the system.
The different boundary conditions can be represented by different values of Kt and Kg.
The eigenvalues of the system depends upon both translational and rotational stiffnesses
at the boundaries for a given plate. The conditioning of the boundary by altering both the
rotational stiffness and translational stiffness affects the flow of distribution of vibrational

energy in the structure and hence the eigenvalues and natural frequencies.

The condition of K, = 0and K, = 0 corresponds to free edge condition, K,; =0 and
very high values of K, corresponds to simply supported condition while very high

values of both K ,and K, corresponds to clamped condition. The tuning of a structure

by boundary conditioning thus means ensuring proper distribution of stiffness on the
boundary such that the structure exhibits prescribed patterns of natural frequencies. In
engineering applications, the natural frequencies may need to be prescribed in order to be
away from exciting frequencies. In order to illustrate the use of the boundary-
conditioning concept to manipulate the natural frequencies, the prescribed natural
frequencies pattern is chosen as a harmonic combination of natural frequencies in this
study. The possible harmonic combinations for a square plate through boundary

conditioning are found out by solving the Equation (3.38) for eigenfrequencies at

different discrete values of four rotational stiffnesses (K,, where i=1,2,3,4) and four
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translational stiffnesses ( K, where i=1,2,3,4) placed at the edges. It is found that the

range of rotational stiffness between 0 and 10’ and translational stiffness between 0 and
10° only have significant effect on the vibration behavior of the plate and hence the

boundary conditioning is demonstrated in these ranges of stiffenesses.

The harmonic combination is represented by ‘h=/ijk’ where i,).k are integers and are the
ratios of the first three dominating eigenfrequencies with respect to the fundamental
eigenfrequency. It was felt that requiring 1, j and k to be 2,3 and 4, respectively, would
be too stringent a requirement for compliance. Hence, in the present study, i, j and k were
considered to be an acceptable combination if they fall close to any integers. In an actual

engineering structure these ratios could be prescribed real numbers indicating the desired

natural frequency patterns.

At each boundary condition defined by different values of boundary stiffnesses, the

closest available harmonic combination of ‘2=/ijk’ is the one which gives minimum error

function (An), given by

Ap = Z Min q\/_

n=2

1V
("/In_ (1\/_] Vq=i,j,k:|| (3.39)

where

N; - number of eigenfrequencies considered in the combination= 4

A, - n" eigenvalue

n
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In this study, the integers i,j and k that could give a minimum value for A, were checked

upto a value of 25.

The value of Ay indicates the relative closeness of the arrangement of eigenfrequencies to
a harmonic combination of ‘h=/ijk’. A value of Ay closer to zero shows the availability
of perfect harmonic combination of 4. In the present investigation, a value of 0.02 for Ay,
is considered accurate enough to consider the natural frequencies as a harmonic
combination. Thus, it becomes possible to manipulate the natural frequencies into a
required harmonic combination by minimizing Ay through boundary conditioning as

explained in the next section.

3.3.2 Results and Discussion

In order to illustrate the boundary conditioning technique, the boundary stiffness
distribution of a square plate is arranged in such a way as to have harmonic relation
among the plate natural frequencies. Denoting the harmonic order of the natural
frequencies with respect to the fundamental natural frequency by their corresponding
numbers, the different sets of harmonic combination obtained for a square plate by
boundary conditioning of the four edges are 1234, 1235, 1236, 1346, 1356, 1357, 1358
and 1368 for Ay,<0.02. A value of Ap<0.02, which is considered to indicate the
presence of a harmonic combination, is possible to be obtained over a range of boundary
conditions. But the optimum or reference boundary condition for a set of harmonic

combination results in the least value of Ay, ideally close to zero. The increase of
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Ap from 0.02 as boundary conditions (stiffnesses) are changed, indicates either the
destruction of the present harmonic combination or the presence of other harmonic

combinations.

The following results present the effect of boundary conditioning on achieving a
particular set of harmonic combination. The results are presented for a few combinations
of harmonics taken four at a time. In order tc; study the effect of boundary conditioning
on the objective function of a particular combination of harmonics, a relative stiffness
parameter is defined with respect to the boundary stiffness values corresponding to the

optimum conditioning called reference values, as follows:

(3.40)

o-h - 4 hd b
Z KT iref +Z KR.i.ref
i=1 =1
where
K:h,[ - reference value corresponding to optimum boundary conditioning

The reference stiffness values for three sets of combination of harmonics corresponding

to the minimum objective function A, for a given combination of harmonics £=/ijk in

order to demonstrate the effect of boundary conditioning, are given in Table 3.11. A

value of 10° in the table indicates an infinitely stiff condition.
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Table 3.11 Reference stiffness values for optimum conditioning

Reference values
Harmonics K;’.l.rzf K;.Z.n:/ K;.J.m/ K;'.J.n:[ K;.l.n:]’ K;.Z.ref K;.Jn'f K;.-&.ref
1234 10° 10 10° 10° 0 10 10 0
1236 10 10 10 10 10 10 10° 10°
1357 10 10 10° 10° 10 10 0 0

At the optimum boundary stiffness distribution, it can be seen that the relative stiffness
parameter oy is equal to 0. The effect of changing the individual boundary stiffness
values on the natural frequencies are presented in Figures 3.17 to 3.25. In these figures,

the parameter A, showing the deviation from the desired harmonic combination is

plotted against the relative stiffness parameter o,, which is affected by changing
individual boundary stiffness values. In all these figures, while the boundary stiffness
value under study is varied from O to the optimum value and beyond, the other stiffnesses
are held at their optimum values. In all the figures, the solid arrows indicate the direction
of relative stiffening of the boundary with respect to the optimum, while the broken

arrows indicate a relative weakening of the boundary.
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3.3.2.1 Harmonic combination 1234

The variation of error function corresponding to 1234 harmonics (A234) in relation to

relative boundary stiffness parameter oy, are given in Figures 3.17 to 3.25.

3.3.2.1.1 Effect of translational stiffness

The influence of translational stiffnesses on sides 1 and 3 are shown in Figure 3.17.
When Ky, is varied from 0 to 105, the deviation parameter Ajz3s reduces from 1.86
towards zero. When oy, = 0, all the stiffnesses including Kr; are at their reference values.
The behavior is identical when Kt is varied from 0 to 10° while keeping the other
stiffness values at the optimum. The influence of translational stiffnesses on sides 2 and
4 are shown in Figure 3.18. The relative weakening of Kr> from the optimum stiffness
value of 10 has insignificant effect on the quality of harmonic combination 1234, and a
similar trend is seen for relative strengthening of K1 s. A relative weakening of Kr s from
the optimum value of 10° destroys the harmonic combination 1234 as shown in Figure

3.18. A relative strengthening of K, > also destroys the harmonic combination.

3.3.2.1.2 Effect of rotational stiffness

The effect of varying the rotational stiffnesses on sides 1 and 3 are shown in Figure 3.19.

The relative stiffening of Kz, from the reference value of zero aggravates the harmonics

while the relative stiffening of Kg 3 is ineffective. The relative weakening of Kg; from



the reference value affects the harmonics drastically. But Figure 3.20 indicates that this

harmonic combination is insensitive to relative changes in stiffnesses Kr> and Kgg.
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3.3.2.2 Harmonic combination 1236

The effect of boundary conditioning by changing the translational stiffnesses at edges is
shown in Figure 3.21. This figure shows that the harmonic combination 1236 is quite
sensitive to translational stiffness on any edge. Translational strengthening and

weakening on any side in relation to reference values destroys the harmonics 1236 rapidly

as shown in Figure 3.21.
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The effect of boundary conditioning by changing the rotational stiffnesses is shown in
Figure 3.22. It is seen that the harmonics 1236 is less sensitive to changes in rotational
stiffnesses than translational stiffnesses. Further, rotational weakening affects the

harmonics rapidly than the rotational strengthening.
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3.3.2.3 Harmonic combination 1357

The effect of boundary conditioning on harmonic combination 1357 is shown in Figures
3.23 to 3.25. The effect of change in rotational stiffnesses is less significant than that
due to change in translational stiffnesses. Rotational stiffness on sides 3 and 4 have
similar effect on harmonics and rotational strengthening on these sides deteriorates the
harmonics 1357 while the varnation of rotational stiffnesses on sides 1 and 2 have

negligible effect on the desired harmonic combination.
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A1357

The relative change in translational stiffnesses from their reference values has a

significant effect on harmonic combination 1357 as seen trom the Figures 3.24 and 3.25.

The above results confirm that the method of obtaining a combination of harmonics for a
given structure through boundary conditioning is quite feasible. These results also show
the complexity and uniqueness associated with each harmonic combination in terms of

distribution of boundary stiffness.
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3.3.3 Role of Boundary Conditioning in Tuning of Steel Pans

The boundary conditioning technique discussed above can be seen as a general technique
to manipulate the natural frequencies of a structure by changing the boundary conditions
of the existing or newly created boundaries. Since the vibration behavior of the structure
is dependent on the distribution of material properties, structural geometry and boundary
conditions, the required pattern of natural frequencies can be achieved by conditioning
any of the above mentioned parameters in isolation or in combination. Part of the tuning
process of a steel pan instrument, a musical instrument prevalent in West Indies in the
shape of a hemispherical vessel with its surface containing demarcated areas as musical

notes and played using two sticks, employs this boundary conditioning technique. The
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steel pan is essentially a hemispherical shell type structure, made by hammering the flat
end of a tar drum. Circular, elliptical or trapezoidal areas called notes are marked on the
hemispherical surface by indenting the periphery of these regions using dot punches
resulting in the creation of boundaries of the notes which are rotationally weak. During
the process of steel pan making, the areas in between these notes are hardened by heat
treatment representing translationally stiff boundaries. The localization of note vibration
and the coarse tuning are achieved by grooving, punching, hammering, peening,
stretching, heat treatment etc [185]. Hence, the individual note regions that act as
individual vibrator elements are capable of producing distinct tones by tuning each note
to generate a distinct fundamental natural frequency and a combination of harmonics in
isolation or in pair with adjacent notes. Modeling the individual note as a shell-like
structure and replacing its surrounding areas with equivalent springs, for analysis
purposes, have been suggested by Achong [1]. The model of a rectangular plate with
rotational and translational stiffnesses at the edges may be considered as a very simplistic
example of an individual localized vibrator, of the steel pan, and varying the stiffness
values at the edges in order to achieve a certain relation among natural frequencies
resembles the boundary conditioning part of the tuning operation in steel pans. The final
tuning process of the steel pan includes the manipulation of several other non-linear
parameters, particularly in view of the curvature of the shell note area, residual stresses
etc., as suggested by Achong [1, 2]. It can be seen from the above results and discussion
that the boundary conditioning becomes one of the techniques, like modifying geometry
and material properties, responsible for structural tuning a particular note in order to

obtain a desired harmonic relation among its natural frequencies.



It was mentioned earlier that it is also possible to alter the elastic property of the system
through fabrication techniques such as heat treatment, hammering, work hardening,
peening etc. Examples for this is the steel pan musical instrument. The vibration
behavior of the pan is modified through such processes. In order to study the effect of
local variation of conditioning parameters within the structure and also to study the
coupling between many sub structures, the above approach is extended below. The
modeling used to analyze the influence of boundary conditioning can be applied to study
the localization of [8, 78, 204] vibration or modification of acoustic radiation [14, 71, 88,

105, 148, 149, 176, 191] from the vibrating structure.

3.4 LOCALIZATION OF STRUCTURAL VIBRATION THROUGH BOUNDARY

CONDITIONING DUE TO PROCESS INFLUENCE

As vibration of structures in a compressible medium results in sound radiation, control of
structural vibration can result in global reduction of sound radiated and also the sound
transmitted through the structure. Consider a plate structure as shown in Figure 3.26.
When the structure is excited at point A, the entire structure vibrates and radiates sound.

The radiation of sound depends on mode shapes of the structure and distribution of

external load on the structure.
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Figure 3.26: Layout for localized vibrator

The conventional control of vibration level through manipulation of external excitation
needs distribution of control sources throughout the structure. Controlling will become
easier and more effective if the vibration could be localized around the excitation source,
say, to the zone represented by S;. If it is possible to localize the vibration to the area S,
the localization will result in less number of control sources for effective control of
structural vibration. In the case of acoustic radiation, the radiated sound can be
controlled either by modifying acoustically coupled mode shapes or by vibration control

or by isolating vibrating area from the location of interest by the method of localization.

Control of structural vibrations through boundary conditioning involves modification of
boundary parameters, where the boundary surrounding any region of the structure
characterized by a sudden change in structural properties. This paper examines
applications of boundary conditioning method to localize the structural vibrations by
modifying the boundary conditions around the zone to which response is to be contained.

The localization of vibration facilitates easy control of structural vibrations and hence the
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radiated sound. The principle of localization of vibration through boundary conditioning
is very effectively used in the West Indian Steel Pan instruments as discussed earlier. [1,
2, 151, 185]. Vibration behavior of the complete structure has been analyzed by using
boundary characteristic orthogonal polynomials in the Rayleigh - Ritz method as
explained in the previous section. A square plate having square localized area at the
center is considered to study the effect of boundary conditioning and localization of
vibration response achieved through fabrication processes. The boundary conditions of
the interior square segment could be varied by varying the stiffness of translational and
rotational springs introduced on the segment boundary. These springs can also represent

the elastic condition of the structure obtained due the fabrication processes.

3.4.1 Analysis

Consider a rectangular plate as shown in Figure 3.27 with a central zone S, to which the
vibration is to be localized. The plate is divided into nine rectangular segments (shown
by dotted lines) connected by inter-translational (Kt) and inter-rotational springs (Kg)

(208, 209].
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Figure 3.27: Plate structure with one localized area

As explained in the Section 3.2.1, the boundaries that connect segments of the main
structure, are represented by very high values of inter-rotational and inter-translational
spring stiffnesses. The interior segment is connected to adjacent segments through
translational and rotational springs with stiffness per unit length of Ky and Kg,
respectively. In addition, the interior segment is also supported around its boundary with
support translational springs of stiffness Ks per unit length in order to effect the
transmission of vibrational energy to the adjacent segments. These support translational
springs represent the change in condition of the elastic property due to the manufacturing
process. In the present study the support translational springs represent the highly stiff

environment outside the boundary.
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The plate vibration under the process influence is analyzed with additional support
springs using normal modes obtained using boundary characteristic orthogonal
polynomials in the Rayleigh-Ritz method [17, 19]. These orthogonal polynomials are
again generated using Gram-Schmidt process [37] for each segment so as to satisfy the

free edge conditions on all boundaries of all segments.

The flexural deflection equation for k™ segment is defined as per Equation (3.25) as

;Vk (I, ,V) = Z Z Amn.k¢m(’t)(pll(y)

The maximum total strain energy U, becomes

N 4 hi 4 N4
Um.’u = ZUm:u.k +ZZUT.I:.5 +Z ZUR.k.: + ZZUS.L: (340)

N
k=1 k=1 s=1 k=l s=1 k=1 s=1

and the maximum kinetic energy 7, of the structure remains same as given by Equation

(3.27) as

A

Toas =2

k=1

11
pihiabw? _[_[Wk: (x. y)dxdy
DY

N | —

where

U - strain energy of the k™ plate

max.k

U,,, - potential energy of s™ side translational spring of k™ plate
U, .., - potential energy of s™ side rotational spring of k™ plate
U, - potential energy of s™ side support spring of k'™ plate and are estimated

using the following equations:
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Substitution of deflection Equation (3.25) in strain energy and kinetic energy Equations
(3.40) and (3.27), and optimization of the Rayleigh quotient with respect to Ajjx result in

the following eigenvalue equation:

Z Z [Cmm'i k + C:rm/ k + Crim/ k An E:?Fn(/)o] mnk Z Z Dmnij.: Amn.s = O (34 1)

V-k=12,...,N

where
Cos = EEFP +a}EXFR +vai( ESFP + EXFS)+2-(1-0)a ELF,)
C,:m,,k —Kr“a E P (0)¢’ (O)+Krk’¢ (D¢, (D F, +K;.k.3ak52?¢n(l)(pi(l)

+ K7, 10,000, (0VFY + Ky i Enlor(0)9)(0) + K gy 20, (D9, (DF,°

+ K s @R Eel (D@ (1) + Kg o 0 (09 (0)F,°
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Conix =K1 1, ES0,(0)9,(0) + K¢, 20, (N$,(DF,° + Ks, ;a, EX, (Do (1)
+ K;, 8, (009, (0)F,°

Dmm/ s mn.s [KTk la Elm(pn (1)(01(0) + K;klaklaxlE:(t)(prll (l)qD;(O)]Amn.sl +

[K7i20, (06 (DF° +Kp, ” 252 (039! (DF 1A, +

52

[KTk Ja El?l(l)(pn(o)w (1)+KRk3a axSErm(pn(O)(p (1)]Amn:3

[Krss8n (D9 (0VF° + Ky ” 4L (19, (OVF 1Ay s

54

and

3 3 ]
K = Krwite . Kesit . Ko _ Pralrs _phao
Tki = s Bpui = v Bsus = e = T AS ,
D, D, D, E . h, D,

ld’¢m d'¢. 1dr(pn . de, : do;
=I(T)[TJ il !( )[ )"’y’ b= e =

In the above, subscript (r,k) refers to ratio of parameter of k™ segment to that of first

segment.

The solution of Equation (3.41) yields both eigenvalues and mode shapes of the system.
Segments that have edge on the boundary of the main structure on ‘s’ side have, A, 5= 0.
Required edge conditions for any segment can be generated by suitable choice of the

values of Kt and Ky

Response of a plate depends upon translational, rotational and support stiffnesses, and

the boundary conditions of the main structure. Hence, the vibrational behavior of the

182



structure, mode shapes, modal frequencies and the response can be effected by modifying
the stiffness values of the artificial springs. In practice, the reduction of the rotational
stiffness Kg can be effected by weakening the boundary by methods such as peening,
drilling of a series of holes or slots, notching etc. along the boundaries of any segment
while the increase of rotational stiffness can be achieved by strengthening the joints with
additional rotational stiffeners. By the use of proper techniques of heat treatment, work
hardening, surface hardening etc., areas of interest like areas other than localized zone in
a structure can be made stiff in comparison with the rest of the structure. This is
analogous to the increase of support stiffness at the boundaries of localized zone. For
analysis, these stiff zones are represented by high values of support stiffnesses. The
boundary conditioning by changing both rotational and support stiffnesses affect the flow
of vibrational energy across boundaries to the adjacent areas. This type of boundary
conditioning is used in this paper in order to manipulate the vibrational behavior of the
structure. Value of Kr is kept always very high for all joints such that the continuity of

deflection is maintained.

3.4.2 Results and Discussion

As this chapter focuses on localization of vibration and modification of mode shapes, the
corresponding boundary conditioning is achieved by reducing the rotational stiffness and
by increasing the support stiffness at the boundaries around the interior segment. This
type of boundary conditioning restricts the flow of vibrational energy through boundaries

to the adjacent areas of the structure resulting in accumulated response at the localized
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area. The exact stiffness values of the rotational and support springs required for
localization and modification of mode shapes depend on the strength of vibration source,
geometry of the structure and material properties. For further demonstration on
localization and modification of mode shapes, the boundary conditioning is applied only
to the boundaries of a square segment S, shown in Figure 3.27 and the results are
presented in the following section. The support springs are distributed only along the
four edges of the localized zone. It is assumed that the boundaries of localized zone are
weakened rotationally by plastic indentations or by a series of holes, slots or by notching
etc. along the edges such that the rotational stiffness is very small. It is also assumed that
non-localized areas are hardened and stiffened by suitable heat treatment such that it is

stiff in comparison to the inner segment.

3.4.2.1 Effect of boundary conditioning on mode shapes

The eigenvalue Equation (3.41) is solved for the selected plate structure for different
stiffness values of both rotational and support springs at the four boundaries of the central
zone in order to obtain both eigenvalues and eigenvectors of the complete structure. The
effect of stiffening the non-central zone on the first, second and fourth mode shapes,
which is analogous to the increase of support stiffness value Kg, is presented in Figures
3.28, 3.29 and 3.30, respectively. The translational stiffness value of Kt = 1x10'° N/m?®
and rotational stiffness value of Kg =2.5x10° N are selected for all boundaries in order to
study the effect of only support stiffness. Figures 3.28.a, 3.29.a and 3.30.a correspond to

nearly homogeneous plate condition with small value of Ks = 1 N/m> while Figures
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3.28.b, 3.29b and 3.30.b correspond to stiffened non-central zone represented by very
high values of Ks = 1x10'® N/m%. Even though a smooth variation of mode shapes was
found while varying support stiffness, results at only these two extreme values of support
stiffness are presented here for clarity. It can be seen from these figures that deflection at
the boundaries of the central segment are nearly zero for all the mode shapes at Ks =
1x10'® N/m’. The variation in mode shape is more for fundamental mode than higher
modes when the support stiffness is increased. The dependency between the mode shape
and boundary conditioning is strongly dependent on the location selected for boundary
conditioning. Depending upon the acoustic coupling of the mode shapes under different
boundary conditions, the acoustic radiation will change. As nonvolumetric modes
correspond to poor sound radiation efficiency [105], the modification of volumetric
modes will be helpful in reducing sound radiation. Figure 3.28 shows such a possibility

of altering volumetric mode to nonvolumetric mode through boundary conditioning.
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Figure 3.28: Effect of support stiffness on the
first mode shape
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Figure 3.29: Effect of support stiffness on the

second mode shape
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Figure 3.30: Effect of support stiffness on fourth mode shape
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In addition to the support stiffening, effect of rotational weakening at the boundaries of
the central segment on the first, second and third mode shapes is presented in Figures
3.31, 3.32 and 3.33, respectively. The translational stiffness value is kept at the same
value of Kt = 1x10'° N/m? for all segment boundaries and stiffness value for the support
springs at central segment boundaries are kept at the value of Ks = 1x10'® N/m” for this
study of rotational weakening part of boundary conditioning. Figures 3.31.a, 3.32.a and
3.33.a correspond to a rotational stiffness of Kg =1x10°N while Figures 3.31.b, 3.32b
and 3.33.b correspond to weakened rotational stiffness of Kg =IN. The reduction of
rotational stiffness further restricted the flow of vibrational energy across the boundaries
of central segment leading to additional change in the mode shapes. The mode shapes
show the confinement of vibrational response to either the central segment or the rest of
the plate such that excitation in any one of these zones does not affect the other. Hence,
the above process of boundary conditioning resulting in such favorable mode shapes can
be conveniently exploited for localization of structural response. These mode shapes also
confirm the use of boundary conditioning technique for the possible manipulation of the
flow of vibrational energy in the structure in order to obtain required vibrational
behavior. Boundary conditioning can be effected by various means such as discrete or
uniform distribution of boundary parameters, strengthening or weakening of the

surrounding environment extemal to the structure, different forms of supports.
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Figure 3.33: Effect of rotational stiffness on the fourth mode shape

3.4.2.2. Response localization through boundary conditioning

The localization of vibration can be visualized by the response of a plate to an impulse
acting at the center of inner segment S;. A square steel plate selected for analysis is of
size 0.5x0.5m with thickness of Imm. It is fully clamped on all edges. The area to be
localized is of the size 0.17x0.17m at the center of the plate as shown in Figure 3.27. An
impulse that induces a velocity of 0.1m/s is supplied at the center of the plate which is
also the center of localized area. The same boundary conditioning of high support
stiffness and very low rotational stiffness mentioned in the previous section is again

selected for the demonstration of localizing impulse response.
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When the impulse is applied, the system responds in all the modes. The contribution of

each mode is determined by the strength of the impulse and also the location (x,,y,)
where impulse is applied. For a lightly damped system, the response due to an impulse

can be written as
W(x,y.0)=) e " 4,® sinwo,,t (3.42)

where

A, =V @, (x,,¥,)/ 0,

®_ - undamped modal vector corresponding to m"™ mode obtained using the Equation
(3.41)
w,, -damped modal frequency

onm - modal frequency

Vo, - initial impulse velocity = 0.1m/s

Z - damping ratio (0.01 assumed for all modes)

The response estimated using the Equation (3.42) for different stiffness values of

rotational and support springs along the boundaries of the localized area is presented

below.

In general, the vibrational energy transfer across the boundaries can be viewed as a
manifestation of the effort to maintain deflection and slope continuities at the boundaries.
Hence, the change of support stiffness and rotational stiffness modify the transfer of

vibrational energy across the boundaries as can be seen from Figures 3.34, 3.35 and 3.36.
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Deflection, mm

The damped response patterns at different times of t = 1 and 5 ms for three sets of values
of support stiffness and rotational stiffness are shown in Figures 3.34, 3.35 and 3.36.
Figure 3.34 shows the impulse response for Ks = 1x10° N/m? and Kr = 2.5x10° N which
are close to the condition of homogeneous plate itself. Further increase of only support
stiffness to a value Ks = 1x10'® N/m® shows improvement in the localization of response
to the inner segment as seen from Figure 3.35. Even though the deflection at the
boundaries of inner segment is minimized at higher support stiffness of Ks = 1x10'° N/m’
the transfer of vibrational energy can still be seen as a consequence of high values of
rotational stiffness along the boundaries. As seen from the previous section, any further
localization could be achieved by reducing rotational stiffness along the boundaries,
which is equivalent to negative stiffening. The damped response at different times of t =
1 and 5 ms for a reduced rotational stiffness of Kg = ION at a constant high value of Ks =

1x10'"® N/m’ shown in Figure 3.36, demonstrates the use of boundary conditioning

technique for localization of vibrational response.

,
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Figure 3.34: Impulse response at low support
stiffness and high rotational stiffness
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Figure 3.35: Impulse response at high support
stiffness and high rotational stiffness
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Even though the application of boundary conditioning for modifying vibration behavior
of a simple structure is demonstrated conceptually in this thesis, the interesting challenge
still remains for structural engineers in obtaining exact boundary conditioning parameters

in real structures.

3.5 CONCLUSIONS

The concept of boundary conditioning was modeled with artificial springs. The stiffness
value of the artificial springs quantifies the effect of boundary conditioning on the
dynamic behavior of elastic systems. The modeling of boundary conditioning by
structural modification, support conditions and fabrication process has been successfully
modeled by the method of artificial springs with application of boundary characteristic
orthogonal polynomials in the Rayleigh-Ritz method. The influence of structural
modification such as stiffeners has been successfully modeled. Effect of boundary
conditioning through support conditions on vibration behavior such as harmonic
combinations has been modeled and applied to a rectangular plate. The boundary
conditioning procedure implies the modification of translational and rotational stiffness
distribution on the edges in order to achieve the required results. The boundary
conditioning technique by structural tuning can be applied to different problems of
interest such as the manipulation of noise transmission into aircraft fuselage interior,
structural tuning in order to get required combination of eigenfrequencies and tuning of
musical instruments. The results of the present study confirm that the natural frequencies
are strongly influenced by boundary conditioning. The analytical model has been

extended to accommodate the boundary conditioning technique due to fabrication
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process. The application of boundary conditioning technique to modify the structural
mode shapes and to localize the vibration has been examined analytically for a plate type
structure.  Different mode shapes obtained by changing segmental boundary stiffness
values show the potential of boundary conditioning technique in manipulating the mode
shapes, the response and the resulting acoustic radiation, localization of response and
quantification of the influence due to fabrication process on dynamic behavior. Impulse
response of the structure has been obtained for different boundary stiffnesses in order to
study the effect of boundary conditioning due to fabrication process on localization of
vibrational response. This study suggests a type of boundary conditioning which
involves rotational weakening of the boundaries of the localized area and stiffening the
area outside this region, in order to achieve the localization of vibrational energy. The
degree of localization depends on geometry, strength of vibration source in relation to
support and rotational stiffnesses. Thus, the modeling of boundary conditioning has been
successfully developed for an elastic system in order to accommodate and quantify the
effect of support conditions, structural geometry and fabrication processes on the
dynamic behavior. The next chapter discusses the formulation of a fuzzy system
modeling of boundary conditioning in order to synthesize structures that exhibit required

dynamic chracteristics.

194



CHAPTER 4

FUZZY SYSTFM IDENTIFICATION OF BOUNDARY
CONDITIONING

System identification is a general technique useful for the identification of any system by
modeling the behavior of the system. In general, system identification could represent
any complicated inputoutput function approximation, output classification or input-
output mapping for systems subjected to boundary conditioning. It was seen in the
previous chapters that the boundary conditioning of elastic systems is influenced by many
parameters such as fabrication processing parameters, structural geometric parameters
and environmental parameters that affect the elasticity of the system, as schematically
shown in Figure 4.1. We have also studied a method of quantifying the influence of
conditioning parameters such as structural geometry, support conditions, manufacturing
process parameters such as heat treatment temperature, bias voltage, Lorentz current
though stiffness values. For modeling, the boundary conditioning (BC) parameters x;,...,
Xm as shown in Figure 4.1 can be in their respective units or equivalent stiffness values.
The outputs denoted by y,,...,y: represent different required dynamic behaviors such as

eigenfrequencies, eigenratios and mode shapes.

The equivalent stiffnesses can be estimated through experiment or other methods such as

FEM. When the main elastic system has many subsystems interconnected, the number of

BC parameters becomes large.
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Figure 4.1: Scheme of an elastic system subjected to boundary
conditioning

The estimation of the stiffnesses may include statistical uncertainties and vagueness due
to imprecise output quantification. In order to absorb the uncertainty, with influencing
parameters and vagueness associated with definition, it would be advantageous if the
quantification of the stiffness has qualitative values. The qualitative quantification also
provides the scope for further learning of the system behavior. In many situations, the
output requirement may be approximate with blend of intuitive judgement of the human
mind evolved through experience. Example for this is the tuning of musical instruments

by a professional artist. In such situations the conventional models fail to represent the

behavior of the system.

The qualitative model is the one that describes the system behavior through linguistic
explanations. Zadeh's proposal of fuzzy sets [210] comes as a relief to deal with such a
problem since it can model the fuzziness associated with the system definition and its
behavior, through qualitatively defined system variables and with the mechanism of

approximate reasoning. The fuzzy set theory finds its application in a variety of
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engineering problems due to its capacity to model the impreciseness associated with
observations and system definition, and to manipulate the required outputs for the

engineering world.

It 1s also possible to model qualitatively the system behavior using the experts’
knowledge of the system. Even though the model developed by an expert is able to
represent the complete behavior of the system this is not possible in all the cases, and it
will become expensive to develop another model when the requirements are changed.
Hence, even the model by an expert, which may not be available in all cases, also loses
its versatility and fails to accommodate new situations. Alternatively, in such situations,

it will be more appropriate to evolve the system that has the automatic generation

capability.

Zadeh's [210, 211] proposal of linguistic approach has the capability to model any
complex system behavior in such a qualitative way that the model will be more effective
and versatile in capturing the behavior of any ill-defined systems with fuzziness or fully
defined systems with realistic approximations. Zadeh'’s approach was later developed for
modeling fuzzy systems by Tong [182], Pedrycz [137], Trojan et al. [183], Sugeno and
Kang [168], Takagi and Sugeno [175], Sugeno and Yasukawa [169], Yager and Filev
[200, 201], Mamdani and Assilian [108], Bezdek [15], Bezdek ez al. [16], Emami et al.

[57] and Chiu [38, 39].
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It is possible to identify the fuzzy system using the expert’s knowledge of the system
behavior expressed in terms of linguistic values or through a priori knowledge of the
system. The a priori knowledge can be obtained through the mathematical understanding
of the system behavior or through experimental input-output data of the system. Fuzzy
system identification technique can solve both types of problems with ease. Fuzzy
system modeling provides an approximate and yet effective means of describing the

behavior of systems that are complex and ill-defined and consists of the following:

1. Identification and use of linguistic variables in place of or in addition to numerical

variables

[0S

Representation of the behavior between the variables through conditional fuzzy

statements

3. Characterization of the behavior of the entire system through fuzzy algornithms.

Modeling of fuzzy systems consists of two types, namely linguistic models (LMs) and
fuzzy-non fuzzy models. Linguistic models are fully fuzzy in nature, having a collection
of [F-THEN rules with vague predicates that use fuzzy reasoning [137, 182]. In this
modeling, both antecedents and consequents are defined in terms of fuzzy quantities that
can be associated with linguistic labels. Linguistic models can express the system
behavior in a qualitative way using natural language [168]. Fully fuzzy linguistic
modeling can be used for modeling the system from expert knowledge as well as a priori
knowledge. When Mamdani [108] type of reasoning is used, the models are called

Mamdani fuzzy models.
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The second category of fuzzy modeling is based on the Takagi-Sugeno-Kang (TSK)
method of reasoning [106, 143, 146, 203]. These TSK models have a set of rules that
consist of fuzzy antecedents and functional consequent and they are a combination of
fuzzy and nonfuzzy models. This method of reasoning has the ability to integrate both
qualitative and quantitative knowledge representations, and to learn adaptively. Fuzzy
models using the TSK reasoning will be called TSK fuzzy models and suitable for

identification of system from a priori knowledge of the system.

In general, the system identification has two phases, namely, structure identification and
parameter identification [38, 39, 57, 175, 201]. The structure identification involves
identification of input and output variables, partitioning of input and output universes into
fuzzy sets, number of fuzzy rules and selection of suitable reasoning mechanism for
duplicating the system behavior. The parameter identification involves tuning of the
parameters defining the fuzzy sets and the consequents. Both parameter and structure

identification are common for both LM and TSK models.

Both types of fuzzy system identification is applied to boundary conditioning in this
chapter. The fuzzy system identification is capable of modeling boundary conditioning
response through linguistic values representing human intuitive judgement or through

output classification and function approximation types of modeling.
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A system subjected to boundary conditioning is a fuzzy system. The process of structural
tuning is taken as an example of boundary conditioning concept and fuzzy logic is
applied to identify the system of structural tuning through expert system modeling and

auotogeneration fuzzy modeling.

4.1 EXPERT FUZZY MODELING OF STRUCTURAL TUNING

It was discussed in Chapter 3.3 that structural tuning through boundary conditioning is a
general process in which the structural boundaries are suitably adjusted in order to get a
desired vibratory or acoustic response [102, 103]. This technique has wide engineering
applications in many areas dealing with structural control for various purposes. One such
application is the manipulation of structural natural frequencies so as to stagger them
away from excitation frequencies or to arrange them have specific ratios among
themselves, through the tuning by boundary conditioning [103]. Most often the structural
tuning operation is imprecise in nature due to both probabilistic uncertainty associated
with the BC parameters describing the problem and fuzziness or vagueness associated
with the problem definition itself. Modeling this problem needs a blend of intuitive

judgement evolved through experience and engineering quantification.

As an example, a plate structure as shown in Figure 3.16 with edge supports represented
by equivalent springs of both translational and rotational types [99], is studied in order to
demonstrate fuzzy expert modeling of boundary conditioning. Quantification of the

boundary conditions of actual structures is difficult by itself and hence the manipulation



of boundary conditions for the control of output is extremely fuzzy. In order to
demonstrate the control of the structural behavior through the tuning procedure, a fuzzy
model of the structural tuning of a square plate can be constructed from the analytical
results that are obtained by the Rayleigh-Ritz analysis explained in Chapter 3. The
output functions of harmonic objective functions can be estimated using the eigenvalues
obtained from solving Equation 3.38. Different boundary conditions leading to structural
tuning can be generated by different stiffness values of artificial springs on boundaries
The structural tuning by boundary conditioning thus means ensuring proper distribution
of stiffness on the boundary so as to manipulate the natural frequencies of the structure

and obtain the required frequency response.

4.1.1 Fuzzy Modeling Approach

The generalized fuzzy model consists of qualitative description of the system behavior
using linguistic values such as small, medium or high which group the behavior into
different categories. The linguistic description is given in the form of fuzzy algorithm
representing the knowledge base characterizing the complete behavior of the system.
Such a knowledge base consists of conditional statements called rules characterizing the

input-output relationship of the system through linguistic values or fuzzy sets.
The fuzzy model of a system, developed on the basis of results of an analysis carried out

using a mathematical model of the system and the expert’s knowledge of the system

behavior, is expressed in terms of rules. Consider a fuzzy system as shown in Figure 4.2
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where the parametric domain is partitioned in order to formulate the rules. X; and X> are
the input variables called antecedents, and A; and B; are fuzzy sets of X; and X:. Y is the
output or the consequent, and C; could be a crisp value of output called a singleton, or a
fuzzy set of the output. The relationship between the input space (X; x X) and the output

space (Y) is given by many rules ‘R;‘ in [FFAND-THEN structure as shown in Figure 4.3.
[ 3

X3

B;

>2<

B,

XX
B}

i
Fuzzy Area

Figure 4.2: Scheme for fuzzy partitioning of input space

Ri: IFX;isA; AND X is B; THEN Yis C;
[ 3
u core u u
1 14 1
/ A; \ B; \ /C\
support

Figure 4.3: Scheme for a fuzzy rule



The complete system behavior could be represented by many such rules made of fuzzy
sets. Intuitive judgement is needed in finding the core and support of the fuzzy sets,
which are shown in Figure 4.3. Core is the range of an antecedent in which the
possibility of obtaining the required output is certain and is represented with unit value of
membership function or possibility distribution (u). Support is the region of the
antecedent outside of which there is no possibility of obtaining the required output. The
support of a fuzzy set is represented by the range of an antecedent having a non-zero
membership function. A fuzzy set with non-empty core, having a region of fuzzy set
with unit membership function, is called normalized fuzzy set. In general, the
development of a fuzzy model includes system parameter identification of the input and
output, estimation of universes of input and output space, partitioning of these variables
into fuzzy sets of linguistic values, formulation of rule base containing enough rules, and
selection of suitable inference and defuzzification mechanisms representing the system

behavior.

In the case of structural tuning, the input variables to represent the boundary conditioning
of the structure and the output variable to represent the quality of the output must be
defined. The output definition should also be used as criteria for fuzzy set definition. The
understanding of the whole process of structural tuning involves a systematic generation
of rule base or knowledge base in terms of input and output. and also the modeling of
tuning of the input variable within the purview of the acquired knowledge base until the

required harmonic combinations are obtained.



4.1.2 Selection of Input and Output Variables

In order to demonstrate the application of fuzzy logic, the objective for the structural
tuning procedure in this study is chosen as the arrangement of the plate natural
frequencies in a prescribed fashion, into a harmonic order. The desired harmonic
combination is denoted by h=/ijkl where ijk and [/ are eigenratios, which are the
normalized 2™, 3™, 4® and 5™ cigenfrequencies with respect to the fundamental
eigenfrequency. When all these normalized eigenratios are integers they form harmonic

combinations. The output objective function (Ap) for a harmonic combination h=/ikl is

defined as,

2
5 A, — A
Ah =Z \/_q Ilq-\/——[— (41)

where
A,- q" eigenvalue of the structure

n = {l,i, j,k,l}, set of harmonic combination.

A minimum value of the objective function for set 'n ', represents a perfect harmonic
combination h of the set 'n'. The value of A, is a qualitative measure of the desired
harmonic combination and it indicates the relative closeness of the arrangement of
eigenfrequencies to a harmonic combination of h=/ijjkl. A value of A, close to zero
indicates the availability of a desired harmonic combination while higher values indicate

either the absence of the desired harmonic combination or the presence of other harmonic

combinations.
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Thus the input and output variables have been identified to represent the process of
structural tuning. This example has some resemblance to the process of tuning a West
Indian steel pan instrument where the tuning procedure is intuitive in nature and depends
heavily on the expertise of the tuner. The fuzzy modeling of tuning a rectangular plate is
explained in this paper as a general case of such structural tuning in terms of boundary

stiffnesses and comprehensive harmonic function.

4.1.3 Estimation of the Universes of Input and Output Space

For various combinations of rotational stiffness K, between 0 and 10’ and translational

stiffness K, between 0 and 10, the possibility of obtaining the natural frequencies in

different harmonic combinations to a reasonable accuracy was studied for a square plate
using the already defined output function (Ay), given by the Equation (4.1). The variation

of stiffnesses beyond these limits have insignificant effect on the response.

By minimizing Ay, it is possible to bring the natural frequencies close to a required
harmonic combination ‘hA’. The minimum value of Ay represents the limit of the

acceptance quality to distinguish between harmonic combinations and hence the quality

of the output itself. In an eight dimensional input space of four rotational stiffnesses

( K,, where i=1,2,3,4) and four translational stiffnesses ( K, ,where i=1,2,3,4), and in the

range of K,, between 0 and 10° and K, between O and 10°, all possible optimal
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harmonic combinations were estimated using the approach explained in Section 3.3

through a parametric study at discrete stiffness values of K, and K ,of the springs at

the four edges. The different sets of optimal harmonic combinations for the square plate

by boundary conditioning of the four edges with A, <0.02 are 12345, 12356, 12236,

13346, 13356, 13357, 13358 and 13368.

The minimum value of Ajfor a set of harmonic combinations obtained by input
parametric search corresponds to the optimum boundary condition for that set of
harmonic combination. These stiffness values of the springs at the edges could be called
the reference values for the desired harmonic combination. The deviation from this
minimum Ay as boundary conditions (stiffness) are changed from the reference values,
indicates either the destruction of the present harmonic combination or the presence of
other harmonic combinations leading to the movement of harmonic patterns in the output
space, which is what exactly happens during the process of structural tuning. The fuzzy
model of the structural tuning process should be able to capture the movement of

harmonic patterns through the input space. The modeling is focused on 1335X series of

harmonic combinations with only two antecedents K,, and K, for simplicity while the

other antecedents are kept at the reference values that are same for all the selected
harmonic combinations. In order to capture the influence of simultaneously varying the
antecedents and to capture the movement of harmonics pattern over the antecedent space,
it was decided to study only two antecedents at a time on 1335X harmonic series for the
design of fuzzy system. This, however, limited the available harmonic combinations to

13358 and 13357, while 13356 was impossible to achieve. Hence in the present study
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13356 is substituted by the eigenratio combinations 13356.6 where /=6.6. Even though
the 2™ and the 3™ normalized eigenratios correspond to the 3™ harmonic ratio, they are

considered separately in the harmonic definition. In order to study only the influence of

K,, and K, on the above harmonic functions, all boundary stiffnesses other than K,
and K,, are kept at the following reference values established through parametric

search:
K; =10°,K;,=10°,K;, =10 ,K;,=10 ,K,, =10 and K, =10.
This condition yielded the minimum objective function for all the three harmonic

patterns. The two antecedents K,, and K,, are varied simultaneously over the entire

input space and the corresponding harmonic objective functions are predicted using the
mathematical model explained in the previous chapter. The subjective generation of a
rule base representing the behavior of a system involves the intuitive judgement of an
expert and hence it becomes complicated apart from the increase in size of the rule base
when the number of antecedents becomes more and especially when the antecedents are
interactive in nature. A method for automatic generation of rule base will be required
when the number of antecedents is large. As the present study aims at modeling only the
mechanism behind structural tuning through parametric quantification, two antecedents

approach is selected for fuzzy modeling.

4.1.4 Fuzzification and Design of Rule Base for a Two Antecedent System

The harmonic sets of different combinations 13358, 13357 and 13356.6 selected for the

present study can be represented by linguistic values namely #T, #T. and #Ts;,
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respectively. The axonometric plots of comprehensive objective functions A33sg, A133s7
and Aj33s66 are given in Figures 4.4a, 4.5a and 4.6a respectively. The contour plots of
comprehensive objective functions Aj33ss, Ai3zs7 and Aj33ses are shown in Figures 4.4b,
4.5b and 4.6b, respectively. The variation of the minimum of these three objective
functions over the antecedent space is shown in Figure 4.7. This figure also shows a
smooth movement between the tones and also the regions of domination of distinct
harmonic combinations over the input space. It is now up to the judgement of the expert
to form fuzzy linguistic sets from the analytical results, which would invariably represent
the physical system. The expert’s intuition involves judging the thresholds of the

objective function and also the structure of the membership function.
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The thresholds of objective functions defining core and support are equivalent to the
intuitive capability of the expert in fixing the quality of the tones. Hence, there is a

flexibility in selecting the thresholds in fuzzy modeling of structural tuning. During the
parametric study of the influence of K, and K,, on objective functions, a maximum
variation of 8% was found in normalized eigenratios with reference to perfect harmonic
eigenratios for A, <0.009 while the maximum variation was 11% for A, <0.015.
Different thresholds of objective functions depending upon the expert's requirement will
result in different fuzzy models. Hence a value of A, =0.009 was used for the
definition of core representing the intuitive upper limit in order to indicate the presence
of a perfect combination of harmonics h=/ijkl. The objective function of A, <0.009

indicates the full possibility of getting this harmonic combination and it is represented by

a unit value of membership function or possibility distribution. The range of input
antecedents K,, or K,, resulting in A, <0.009 forms the core of the fuzzy set
representing a linguistic value. For the support, a value of A, =0.0135 is selected to
indicate the beginning of the absence of a given set of harmonic combination. The
objective function of A, >0.015 represents the impossibility of achieving the given set

of harmonic combination and the range of antecedents K,, or K,, resulting in this

objective function of A, 20.015 is represented by zero value of membership function.

The range of input antecedents resulting in the harmonic function of a value between
0.009 and 0.015 indicates the partial possibility or fuzziness in obtaining the required set

of harmonic combination. There are different types of variations of membership function



in the possible range. A linear variation of possibility function forming trapezoidal or

triangular fuzzy set is selected in this study to define the linguistic values.

The values of objective function selected for the definition of the core and support of

fuzzy sets are 0.009 and 0.015 as represented below:

Core(d) ={x, e X;| A, <0.009}
=a cut of Ay (4.2)

0.009
=A 1ijkl

and

Supp(4) = {x,. e X, [ Ay < 0.015}
=a cut of Ay 4.3)

A 0315
=A Lijkt

where A can be any fuzzy set of input variable K,, and K., and JX; is the input space of

K,, and K,,.

The fully normalized fuzzy sets representing the linguistic values of LOW, MEDIUM
and HIGH of the input antecedents K,, and K,,, obtained from the analytical results
using the above definition of core and support are shown in Figure 4.8. As the harmonic
combinations 13358, 13357 and 13356.6 differ mainly in the 5™ eigenratio, the fuzzy sets

of output objective functions are represented around the dominating ratio of the 5"

eigenvalue as shown in Figure 4.9. Due to the comprehensive nature of the output
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objective function, its fuzzy sets can represent linguistic values of different tones like #T),

#Tz and #T;.
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Figure 4.8: Fuzzy sets of input
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Figure 4.9: Fuzzy sets of output harmonic ratios

The following rule base was obtained subjectively from the analytical results to represent

the relationship between the input and output space in terms of linguistic values:
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RULE 1: IF K, is LOW AND K, ,is LOW THEN HARMONICS is

13358 (#T))

RULE 2: IF K, is LOW AND K, is MEDIUM THEN  HARMONICS is

13357 (#T>)

RULE 3: IF K, is MEDIUM AND K_,is LOW THEN HARMONICS is

13357 (#T3)

RULE 4: IF K, is MEDIUM AND K,,is MEDIUM THEN  HARMONICS is

13357 (#T3)

RULES: IF K, is LOW AND K,,is HIGH =~ THEN HARMONICS is

13356.6 (#T3)

RULE 6: IF K, is MEDIUM AND K,,is HIGH = THEN HARMONICS is

13356.6 (#T3)

RULE 7: IF K, is HIGH AND K,,is HIGH =~ THEN HARMONICS is

13356.6 (#T3)

RULE 8: IF K, is HIGH AND K,,is MEDIUM THEN HARMONICS is

13336.6 (#T3)

RULE 9: IF K, is HIGH  AND K, ,is LOW THEN  HARMONICS is

13356.6 (#T13)

The rule base for various harmonic combinations could be different based on the intuitive

capability quantified by the values of objective function defining the core and the



support. The rule base is able to exhibit the symmetric influence of rotational stiffnesses
K, and K,, on the harmonic combinations. Due to symmetric nature of the behavior,
the swapping of fuzzy sets between two antecedents results in the same harmonic
combinations. For example, LOW - LOW for 13358, LOW -MEDIUM and MEDIUM -
MEDIUM for 13357, and LOW - HIGH, MEDIUM - HIGH and HIGH - HIGH for

13356.6.

4.1.5 Design of Mamdani Inference Mechanism

In general, for a system of two antecedents and one consequent, the i rule R, in the form
IF K, isA; AND K, is B; THEN harmonics is C;

can be written as

R:  (4nB)=C (4.4)
where A4; and B; are fuzzy sets of linguistic values of input variables K, and K,,,
respectively. AND is represented by a conjunction operator N at the computational level.
The consequent C; is the fuzzy set of linguistic value C,; (#T;) for the i rule. When the
boundary conditions dealing with two antecedents K, and K,, are changed, one can
intuitively predict the resultant response of the system. The inference mechanism of
approximate reasoning used for the prediction of a new conclusion from the rule base for
a given set of new facts in antecedent space, includes inference of conclusion from each

rule and combination of inferred conclusions from all rules. The basic rule of inference

in fuzzy logic is Generalized Modus Ponens (GMP) [212]. Application of GMP



inference representing the mechanism of approximate reasoning in the structural tuning

for a given fact of 4’ and B’ will result in a conclusion C; from the i rule as,
C’ =(A’ ~ B’ )o[ (AiﬁBi):> C, ] 4.5)
where A4’ isa valueof K,,, B' isavalueof K,,, ® denotes composition, N denotes

conjunction and = denotes an implication.

The combination of conclusion C; from all the available rules will result in a final
conclusion, representing the complete system response. Combination of conclusions
selected in this paper to get the final conclusion from all rules is,

C® = Combination (C;)= & C; (4.6)
where @ is a combination operator of conjunction or disjunction type.

Even though, a generalized framework [49, 50] is available for the selection of fuzzy
operators, Mamdani type inference [108] is used in this study due to singleton inputs for
representing the process of structural tuning with the following operators:

U =MAX , "=MIN and == MIN

t

The inference mechanism using Mamdani type approximate reasoning is illustrated in
Figure 4.10 with only two rules for clarity. a"and b’ are the singleton inputs of rotational
stiffnesses K., and K,,, respectively. The singleton inputs fire all the relevant rules in
the rule base. Firing of only two rules is shown in Figure 4.10 as an example. The firing
strength, f; of each rule is the minimum of the membership function of fuzzy sets 4; and

B;at a'and b’ , respectively, given by

;= MIN (u, (a"), 1y, (b)) (4.7)
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The conclusion obtained from each rule C; is shown by the shaded area in the

corresponding fuzzy output C; for Mamdani type inference where
C’ =MIN(f,.C,) (4.8)

The conclusions obtained using only two rules are shown in Figure 4.10. Similarly,
conclusions are generated from all the nine rules of the rule base. The combined
conclusion for two rules is shown as the addition of shaded regions obtained by MAX

operation as per the Equation (4.6) in Figure 4.10.

premise part consequent part conclusion part
— A — — A - — A ~
Rule 1

'y 4

B

Z (centroid of area)
N J

b’ Y
firing strength, MIN defuzzificationn

Figure 4.10: Mamdani type approximate reasoning

Once the aggregation of conclusions from all the rules is obtained, it is defuzzified using

center of gravity method which outputs the centroid of fuzzy area corresponding to the
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final conclusion. The defuzzified crisp output z, in terms of the output harmonic ratio n,

is obtained by the equation

Ju st on-dn
=) = == (4.9)
J‘“Ct (n) ) d’l

-

Integration is replaced by summation for discrete values of n.

4.1.6 Verification of the Expert Fuzzy Model

The verification of the fuzzy model is presented in this section in order to check whether
the model outputs the harmonic ratio close to analytical value or not. /nference followed
by defuzzification is carried out to generate a control surface of defuzzified value of fifth
eigenvalue ratio by providing the singleton facts for both antecedents covering the entire
input space. The comparison between the analytical results and the defuzzified values of
the dominating harmonic ratio of the 5" eigenvalue 1, given in Table 4.1, at a few input

values shows good agreement.



Table 4.1 Comparison of defuzzified dominating harmonic ratio, 1

Kr: | Kr: | ANALYTICAL | FUZZY MODEL
10~ 10~ 7.626 8
10~ 10~ 7.621 7.690
107" 107 7.572 7.551
1 1 7.203 7.380
10 10 6.480 6.642

As the output variable of the analytical method is the comprehensive objective function,

objective function is calculated from the defuzzified values of the harmonic ratio as given

below;
Ayszs7 = ﬂ%l and (4.10)

The variation of the least value of the three defuzzified objective harmonic functions is
shown in Figure 4.11 indicating the movement of harmonics pattern and also the
dominating regions of respective harmonics. This inference is in close agreement with

analytically predicted variation as shown in Figure 4.7 over larger area of the stiffness
space. The slight mismatch in the input range of log(K,,) or log(KX,,) between 1.05
and 1.25 is due to the non-availability of competing fuzzy sets of nearby harmonic ratios
indicating the absence of 1335X series as a dominating harmonic combination or the

presence of a new dominating harmonic series in that range of input stiffnesses. This

limitation may be due to the modeling of only parts of output domain of harmonic series

N
N
—



and input domain of boundary stiffnesses. It is considered acceptable since this chapter
attempts only to demonstrate the application of fuzzy logic to capture the fuzziness of
boundary conditioning used in structural tuning. Thus the fuzzy model developed based
on Mamdani type inference is able to capture the movement of harmonics pattern by
structural boundary conditioning. The fuzzy model is shown to be good for establishing
the relationship between boundary stiffnesses and required harmonics including the
symmetric effects of stiffnesses as shown in this study. The prediction of minimum
objective function by the fuzzy model could also be used as a control surface for
achieving the required harmonic combination through controlling the boundary

stiffnesses.

B A 133%6.6

RSN A 13357
I A 3358

i 0.01

357, A13356.0)

0.005

MIN(A 3358, A3
(@]
i

Figure 4.11: Defuzzified variation of minimum of objective functions A;33ss, A133s7
and Ai33s6.6



An expert fuzzy rule base has been successfully developed in terms of fuzzy linguistic
values to represent stritural tuning. The fuzzy rule base can be used for classification
and function approximation. Even though the model developed by an expert is able to
represent the complete behavior of the system, it will become expensive to develop
another model when the requirements are changed. Hence, even the model by an expert,
which may not be available in all cases, loses its versatility and fails to accommodate new
situations. The expert modeling lacks the auto generation capability and hence the
application is limited whenever the number of antecedents and consequents are large, and
the antecedents are mixed with noisy variables or insignificant antecedent, resulting in

system behavior changes in due course of time.

Presence of too many conditioning variables as could be the case of a real working system
will make the manipulation of a required vibration performance difficult. Hence, it
becomes important to identify only the relevant conditioning parameters corresponding to
required vibration performance measures such as natural frequencies, eigenratios, mode
shapes etc. and hence the manipulation of required vibration performance is possible
leading better control of vibration performance or enhancement of the system behavior.
These requirements also call for prediction of relationship, between the required output
dynamic behavior and the related conditioning parameters, which is generally non-linear

in nature.

Alternatively, in such situations, it will be more appropriate to evolve the system model

from a priori knowledge of the system using a technique that has the automatic
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generation capability. The a priori knowledge can be obtained through the mathematical
understanding of the system behavior or experimental input-output data for the system.
The data could be obtained using perfect mathematical modeling or from expert’s
knowledge or from experimental measurements on the system. In such situations, the
system identification can be done by a clustering technique which involves grouping of
data into clusters of similar behavior and evaluating system behavior from these clusters.
As these data can also contain uncertainties and vagueness, a suitable approach is

essential in order not to miss any information about the system.

4.2 HIGHER ORDER FUZZY SYSTEM [IDENTIFICATION USING
SUBTRACTIVE CLUSTERING

In general, system identification could represent any complicated input/output function
approximation, output classification or input-output mapping. In any case, the system
identification has to be automatic in order to make it more versatile and amenable for
further learning. The clustering technique is used in this thesis for automatic generation of
rules, in which each cluster represents a group of associated data in a data space and also
a rule in the knowledge base of the system. Fuzzy identification of systems invariably
uses fuzzy partitioning or fuzzy grouping in data space based on certain measures. It is
assumed that each data point in a data space has equal contribution towards system
identification and hence the grouping of data into clusters is determined by density of the
data based on a search criterion. The relative positioning of a data into different clusters
depends on the measure it scored with reference to different cluster centers. A data point

that scored the extreme search measure represents a cluster center.
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The identification of the system becomes easier when the number of data is large such
that the system is represented enough over the entire data space and data is also reliable
without noise and insignificant variables. The accuracy of the model in relation to system
behavior depends on the relative availability [48] of the data points in relation to the
complexity of the system behavior. Hence, the minimum number of data required in
order to capture the complete behavior of the system becomes problem dependent. When
the data space is densely populated, the system behavior at any part of the input domain
could be easily predicted using the system behavior at nearby points. But, this is not the
case when the scarcity of the data increases where the system behavior at any point has to
be modeled using the system response at farther data points. This demands the clustering
technique to be capable of evolving a reasonable model with available partial number of

data without losing the global behavior of the system.

A cluster of data in input-output data space represents a grouping of data points with
related behavior and hence each cluster represents a part of the system behavior in a
phenomenological domain, which is the behavior of the cluster center itself. As each
cluster is responsible for capturing a particular aspect of the system behavior, in general,
higher number of clusters may represent the system in a better way. The data space can
include many inputs and outputs. The fuzzy system could be of multi-input-multi-output
(MIMO) type with many antecedents and many consequents or multi-input-single-output

(MISO) type with many antecedents and single consequent.



4.2.1 System Identification

In general, the identification of the system involves structure identification and parameter
identification. The structure identification consists of initial rule generation after
elimination of insignificant variables [169, 57], in the form of [F-THEN-ALSO rules in
terms of fuzzy sets of data dimensions which would approximate the final rule base.
Parameter identification may include tuning of membership function of varnables or
parameters responsible for the reasoning process based on certain objective criterion.
When input-output data are available a priori, clustering is a technique that can be used
for structure identification due to its automatic generation capability. Fuzzy clustering is
applied in this thesis for identification of the system. Clustering is basically fuzzy

partitioning of the data space, which could be of the type either MIMO or MISO.

The fuzzy model of MIMO systems of m inputs and r outputs defined with N rules can be
written as

R':IF x| is A} AND x, is A} AND...AND x,, is 4,, THEN y, is B/ AND y, is B} AND

...AND v, isB]
ALSO
ALSO
R™ :IF x is AY AND x, is AY AND...ANDx,, is 4} THEN y, is B ANDy, is B}’ AND
...AND y, isBlv
(4.10)

while for the case of MISO systems, fuzzy rule base is the same with r =1,
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where x

m

A S x, are m antecedents and y .y,,.... y, are r consequents.

R' represents the i'th rule, A’ for(i=12..m) and (j =1,2,....N) are linguistic fuzzy
sets of input variables and B/ for(i=12...r)and (j = 1.2,..., N) are linguistic fuzzy sets

of consequents.

In these models, both antecedent and consequent parts of the [F-THEN-ALSO rules
consist only of fuzzy sets. In the other type of model which is the combination of fuzzy
and nonfuzzy modeling proposed by Takagi and Sugeno [175] which is called TSK [201]
fuzzy model, the consequent part is expressed as a linear combination of antecedents as

given below for both MIMO and MISO systems.

In TSK modeling, a MIMO system with N rules, m antecedents and » consequents can be

expressed as

R':IF x| is A AND x, is A} AND...ANDx,, is 4,, THEN v, =P} +P!, x; +..+P|_ x,
AND..AND y, =P} +P! x; +..+ P}, x,
ALSO
ALSO

RY :IF x;is A AND xj is A} AND...ANDx,, is 4,y THEN y, =P% +P\ x; +..+P\ x,

AND..ANDy, = Pr‘g + PS" x|+t P,f?;1 X

(4.11)

When r = 1, this rule base represents a MISO system.
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where P/ for(i=12..r;j=0l..mk=12.,N) are consequent regression

parameters that are optimized by least square estimation (LSE) given by Takagi and
Sugeno [175]. Even though both fuzzy and TSK modeling are possible through

clustering technique, TSK model is used in this thesis.

4.2.2 System Identification using Fuzzy Clustering

The identification of the system using fuzzy clustering involves formation of clusters in
the data space and translation of these clusters into fuzzy or TSK rules such that the
model obtained is close to the system to be identified. The fuzzy clustering involves both

structure identification and parameter identification. The optimization of regression

parameters P,.;‘ for minimum output error in TSK modeling is in a way similar to tuning

of output membership functions. The clusters of data points are formed based on certain
measure scored by the data points. Every cluster is represented by a cluster center, which
is a data point with extreme measure. The measure is generally a distance or sequential
norms like Euclidean, Diagonal, Mahalanobis, Hamming, etc. The degree of association
of any data point to a cluster is a strong function of the measure it scored against the
measure of the cluster center. The membership value obtained based on the measure
could also indicate the degree of representation by that data point of the behavior of the
cluster center. Depending on the requirement, clustering of data could be done in only

output space or in combined input-output space as explained below.



In the approach of clustering only in output space, clusters are formed in the output space
of r dimensions. Once clusters in the output space are formed, they are projected onto the
input space of m dimensions as shown in Figure 4.12. The membership function of a data
point is maintained in all its projections onto input space dimensions. The output-to-
input projection of a cluster could result in the formation of non-convex fuzzy sets in the
input domain. As the input space is not involved during the cluster formation, this
method would be very useful in evolving a model from data space with insignificant
variables or with a large number of variables, even though the reasoning using this
method shall be less accurate. Due to these limitations, the fuzzy sets obtained using this

method may require more tuning in parameter identification part.

PROJECTION

—>

Output space of r

>
Xm
Input space of m inputs

Figure 4.12: Scheme for clustering in output space and projecting onto
input space

In the other approach, clusters are formed in the combined input-output space of m+r
dimensions. The distance measure used for clustering is a combined distance in input-

output space. Once the clusters are formed in the input-output space, they could be
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projected in two ways. In one way, the clusters are projected onto the input space of m
dimensions and each output dimension as shown in Figure 4.13. While in the other way
the clusters are projected into each dimension as shown in Figure 4.14. Unlike the earlier
approach, these two methods of projection of clusters result in convex fuzzy sets in every
projection as seen from Figures 4.13 and 4.14. This avoids the approximation of the
input fuzzy sets and hence avoids the requirement of excessive tuning of fuzzy sets in the
parameter identification step. This approach may result in more accurate system
identification than that of the earlier approach requiring less tuning of fuzzy sets as inputs
also participate in the cluster formation. During the comparison study of the modeling
performance, the above two ways of projecting for combined input-output space
clustering approach have been found to result in similar performance even though they
had different zones of optimum clustering parameters. The approach of clustering in the
combined data space and projecting the cluster onto each dimension is selected for study

in this thesis.

In other clustering methods, the tuning of fuzzy sets after initial structure identification is
done in parameter identification step. As part of structure identification, in Emami et al.
[57], reasoning mechanism is optimized in order to get the closest model. The tuning of
fuzzy sets after structure identification is done as part of a parameter identification step
using Sugeno and Yasukawa's [169] method. In contrast, this thesis performs a
parametric search [S1] on the clustering parameters to identify the closest model while
using the same inference mechanism and the membership functions provided by the

clustering method.
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Combined input-output space

Figure 4.13 Scheme for clustering in input-output space and projecting onto input
space and each output dimension

LA

A@A

Combined input-output space

Figure 4.14 Scheme for clustering in input-output space and projecting onto
each input and output dimension
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The fuzzy C-means (FCM) clustering algorithm of Bezdek [15], Bezdek er al. [16] and
Dunn [54] which has been widely studied and applied, needs a priori knowledge of the
number of clusters. Whenever FCM requires a desired number of clusters and initial
guess positions for each cluster center, the output rules depend strongly on the choice of
initial values as the FCM algorithm forms iteratively a suitable cluster pattern in order to
minimize an objective function dependent on cluster locations. The initial selection of

cluster details has been made automatic by Emami ez al. [57].

The auto-generation capability for determining the number and initial location of cluster
centers through search techniques was introduced [156, 17] in the mountain clustering
method. This method can provide approximate estimation of cluster centers based on a
search measure called the mountain function by Yager and Filev [200]. A data point with
highest mountain function represents a cluster center. In order to find cluster centers, the
data space is discretized into grid points and each grid point is assumed to be a potential
candidate for cluster centers. Grid points could be evenly or unevenly spaced. The
potential value for each grid point based on its distance measure to the actual data points
is estimated in order to select those with high potential values as cluster centers. Once a
cluster center with highest mountain function is selected, all the grid points are penalized
in proportion to the distance from the cluster center. Hence, the grid points that are close
to cluster center are penalized more than the farther ones. This penalizing process can
control the formation of other clusters in terms of its closeness to the previous one. The
subtraction process can help in the creation of new cluster centers away from the previous

center such that entire data space is represented with minimum clusters. The grid point
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with new maximum mountain function is selected as a new cluster center and all the grid
points are penalized in proportion to the distance from the new cluster center. This
procedure of identifying cluster centers and penalizing all grid points continue as long as
the mountain function falls below a threshold potential value. Even though this method is
simple and effective, its application becomes limited due to a large amount of

computation involved when the dimensions of the data space are large.

Chiu [38, 39] proposes a subtractive clustering method with improved computational
effort, in which the data points themselves are considered as candidates for cluster centers
instead of grid points. By using this method, the computation is simply proportional to the
number of data points and independent of the dimension of the problem. In this method
also, a data point with the highest potential, which is a function of the distance measure,
is considered as a cluster center and data points close to new cluster center are penalized
in order to control the emergence of new cluster centers. In Chiu's subtractive method,

the potential P, of the i'th data point is estimated by the following equation:

P‘ _ Ze-alx,-r“' (4-12)
j=1
where « = 7, (4.13)
r}

r,is a positive constant defining the neighborhood range of the cluster or simply the

radius of hypersphere cluster in data space (also represents the support of fuzzy sets
representing the cluster ), n is the total number of data points, 7 is a positive constant and

is selected as 4, x;and x; are vectors in combined data space of input and output
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dimensions. The potential of a data point is a function of its distances to all data points

including itself. The more the neighborhood data points the higher the potential values.

After calculating the potential of each data point, the data point with the highest potential
is selected as the first cluster center. The identification of other cluster centers is carried
out through the subtraction process. In this process the potential of all data points is

revised each time a new cluster center is obtained, by using the following equation:

P <P -P¢ (4.14)
where
g =e il (4.15)
B= :2 (4.16)
r, =n*r, 4.17)
where

x; and P, are position and potential of k'th cluster center, respectively, #, is a positive
constant representing the radius of penalizing zone for a given cluster center, n is called

squash factor and is also a positive constant. Chiu [38, 39] proposes r, to be somewhat

greater than r, in order to avoid obtaining closely spaced cluster centers.

After revising the potential of all the clusters following subtraction, the cluster center is
selected based on its new potential value in relation to an upper acceptance threshold £

called accept ratio, lower rejection threshold g called reject ratio, and a relative distance
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criterion. The acceptance of a data point with the potential between the upper and the
lower thresholds depends on the shortest of the distances between that point and all other

previously found cluster centers as given by the following equation:

d P,
Doy L5 (4.18)
. P

a

where d__is the shortest of the distances between x, and all previously found cluster

centers. This will avoid the emerging of new clusters close to the existing ones even
though they have potential higher than the lower threshold, enhancing the uniform

representation of system in entire data space.

Once all the cluster centers are found through the subtraction process, the membership
functions of all data points are assigned exponentially as proposed by Chiu [38, 39] with

respect to all cluster centers as follows:

=il ' (4.20)
where « is given by the Equation (4.13). !!xi - X ,![ is the distance measure between the

i'th data point and j'th cluster center. y in Equation (4.13) is a positive constant
determining fuzziness in the cluster. This value is important in order to generate
meaningful fuzzy sets. A value of around 4 proposed by Chiu [38, 39] will give fuzzy
sets closer to a triangular shape and this value is maintained throughout this thesis. This
parameter can also be used to tune the fuzzy sets in order to absorb small variations in the
system after it is identified. The closeness of the model to the system depends upon the

optimum selection of the clustering parameters such as cluster radius, squash factor,



accept ratio and reject ratio. Chiu [38, 39] proposes the optimum default values of 1.5,
0.5 and 0.15 for n, € and g, respectively. Each of these clustering parameters has

specific influence on the clustering performance and hence the model.

The values of accept ratio and reject ratio have influence on selecting the cluster centers
and hence the rule base. These parameters affect the modeling depending upon the

potential distribution in data space in relation to system behavior.

The cluster radius », in Equation (4.13) basically indicates the zone of influence or zone

of association of a cluster center in data space. It also indicates the zone in which the

influence of the behavior of the cluster center could be felt to a certain degree. The

penalty radius r, indicates the zone of penalty for enhancing the emergence of new
clusters outside the zone of r, . It also indicates the zone of penalty for being influenced

by the cluster center. There is a contradiction in the requirements of r, and », which is
the very essence of getting a better distribution of clusters such that the system behavior

is represented over the entire data space. The compromise in the requirement of r, and

r, is met by the squash factor.

Consider the simple case of 9 data points as shown in Figure 4.15 showing the projection
of potentials on a dimension x;. As per the definition, the data point 4 with the highest
potential will be selected as the first cluster center. The fuzzy set representing the cluster

with the fourth point as the cluster center is shown in Figure 4.16. The support of fuzzy
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set indicates the zone of influence of the cluster center. In order to facilitate the
emergence of new cluster centers representing the different aspects of system behavior,
penalizing of potential of all data points is carried out in proportion to a closeness
measure scored by a data point with respect to the cluster center. The penalty ratio
L proposed by Chiu [38, 39] as per the Equation (4.15) is shown in Figure 4.16, indicating
the extent of penalizing zone decided by the squash ratio. The relative value of r, in

relation to ~, will determine the revised potential distribution and hence the position and

number of new cluster centers.

_I .!I’ -

Figure 4.15 Scheme for potential measure for 9 data points

K,

!




Higher values of squash factor will help in identifying new cluster centers farther apart
from the previous ones. As the potential calculation during penalty is stronger than
association due to squash factor, there are chances of reduced possibility for creation of
new clusters in the neighborhood of the existing clusters. This situation will be beneficial
when available data is large enough to represent the system behavior. The optimum range
of the squash factor or the penalty radius could be dependent on the relative availability
of data points in order to represent the system behavior [48] and also to the complexity of
the system behavior. Each set of clustering parameters will result in different system
model and hence finding of optimum set of values for these clustering parameters is

similar to structure and parameter identification of the model.

A cluster center represents completely the entire cluster. The association or closeness of
a data point with this cluster center could be represented by its membership degree scored
with reference to that cluster center. The membership function p, , scored by the i'th data
point with reference to the k'th cluster center, is limited by a value called association
threshold &, [48] as a closeness measure in order to quantify the strength of the closeness
of the i'th data point to the k'th cluster center. The data point with p; equal to or greater
than &, , are identified as the strong members of the k'th cluster while the rest of the data

points are the weak members of that cluster. When the available data is relatively scarce,
the weak members of the clusters, i.e., the data points farther from the center need to be
given a chance to form clusters of their own and also all the cluster centers should be

allowed to influence over the vast region [48]. This could be effected by penalizing only
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the strong members as shown in Figure 4.17 through membership based penalty by

defining penalty ratio as

h'”.n j-
It

c=e ' (4.20)

u,

Figure 4.17 Scheme for membership based
subtraction

The membership based subtraction with higher cluster radius, lower penalty radius and
thus fractional squash factors, is similar to penalizing with squash factor less than one.
Hence, in the cases of evolving a model from weakly represented data space, the
contribution from each point towards the system modeling will be made stronger by the
introduction of squash factor less than 1.0 [48] in addition to greater than one as proposed
by Chiu [38, 39]. When the relative availability of the data points in order to represent
the system is not clear, the optimum models could be found out by searching the entire
space of clustering parameters. As this thesis presents the effect of clustering and
optimizing the regression parameters on system identification, 1t was decided to apply
parametric search for accept ratio, reject ratio, squash factor and cluster radius on

subtractive clustering method.
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4.2.3 Higher Order System Identification

Even though this technique could be applied to MIMO system, only MISO modeling is
presented here for simplicity. Consider the MISO system for fuzzy-nonfuzzy modeling
in which the output function could be represented in general as a higher order

hypersurface of input variables with even interactive terms of inputs, as follows:

R':IF x| is A} AND «x, is A} AND. .. AND «x,, is 4,, THEN
9 9 q
1 o
y = ZP,'}.../(I{IE{ Xm
i=0 j=0 k=0

ALSO
ALSO
. 7.9 q .
RY:IF x is AY AND x,is Ay AND...AND x,, is Ay THEN y~ =33 .-> PY xix}---xk

(4.21)

where P;, for(ij...k=01l...q9;5s=12.. N) are consequent regression parameters

that are to be optimized such that the model is close to the given system. y”is the output

from the s'th rule.

In applying TSK [175] modeling the regression function for the output of the given inputs

(x,,%5,.... X, ) 1s written as
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S A ) A A A A AL (X)) ¥

s=1

Y=
DA (x, ) AAS(xy) A A AL (X))
N :;X q q . .
DD D (A (YA A A A AL () P xxd e xh
_ s=1 (=0 ;=0 k=0
- N
DA (X)) AAi () A A AL(x,)
N 4 g ¢ o
=ZZZ...ZA P! xix] oo xk
s=/ i=0 j=0 k=0
(4.22)
where
g, A adi(x)nnd, (x,) (4.23)

i(Af(xl YAAJ ()~ AAL(x))

The system has to be identified with the training set of data points
(X, %5, 5000 X, ) => v, for =1,2,...,u where u is the total number of training data pairs.
The final system equation can be written in matrix form using the entire set of training
pairs as

[r]={x][P] (4.24)
where

the known output matrix[V']" = [y, 5 LR, R ] of dimension /xu

the known input matrix [X] [Xlr,X_,r,...,X,r,...,XuT ] of dimension N (g+1)™xu.
The value of the output y, for the given set of input (x,,,x,,,...,X,,) from the system

model is given by Equation (4.11) as



N 9q q q . .
Yo = Z T P;k B:rxl‘rx:{r o .l':”
s={ i=Q ;=0 k=0
Ve=12,..,u (4.25)
=[x.]lr ]
where
B, = 'A,’(x,,)/\Az’(xz,)/\---/\A,f,(x,,,,) (4.26)

3 (A (2 ) A A2 (e ) Ao A A (X))

[Xr J= [ tr oo Bars BiyXy e, By Xyaeees BiiX s Bt Xme s
B”x,', LRSaL) ﬁ,\/l‘tl:r 3eey Bux;n yeey B.Vl't;u LA/ of dimension

9 ...¢? 9 ... x7
Bllxlt xmr""’Blell xmr ]

IxN(g+1)" (4.27)
The unknown regressor matrix
[P ] =[Pl 0B 00 Bl e P s P s Py
Py grr Py grees Py sy Py 19wy Of dimension 1 x N(g+1)"
PryqrsPugea |
(4.28)

in Equation (4.24) could be estimated by least square estimation (LSE) methods like
pseudo-inverse solution [175] of the form

P=(X"TX)'XTY (4.29)
or recursive least squares methods [3,4]. This thesis uses the recursive least square

methods given by Chiu [3,4] due to their computational efficiency. Once all the data

points are clustered, the fuzzy rule base which is a collection of all the clusters and also is



the basic model of the system, is identified through the TSK model proposed by Takagi

and Sugeno [175] and is given by the Equation (4.24).

Each cluster is projected onto all input dimensions as seen in Figure (4.14) and the
membership function for fuzzy sets of these input dimensions are assigned as per
Equation (4.19). The number of rules in a model will be equal to the number of clusters.
In TSK modeling, as explained in Section 5.2.1, the variation of output sequence in each

cluster is approximated by hyperplanes of input dimensions.

Once all the clusters of data are identified, the collection of clusters forming the fuzzy
rule base becomes the basic model of the system. The input fuzzy sets are formed by the
projection of these clusters onto the respective input dimension and the membership
function for fuzzy sets of these input dimensions are assigned as per Equation (4.19).
The input matrix X of Equation (4.24) can be estimated using the input training data and
the fuzzy sets obtained from clusters. The output matnx Y is formed using output

training data. The unique solution for regressor matrix P is possible whenever

u=N(q+1)". Even though it is possible to estimate the regressor matrix P for the cases
with « < N(g+1)" based on the recursive least squares method, this thesis presents

models only when = N(g +1)™ due to the following reasons:

1. Uniqueness of the solution is maintained and

2. Size of the rule base is already large and the error is lower than the acceptable value.
Thus, the number of rules in a model which is same as that of the number of clusters, is

restricted by the available number of data points in relation to the order of the hyper
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surface. When more than one output is available as in the case of MIMO the regression

coefficients have to be found out for all the outputs in a similar way.

Even though this method is general, it will not be practical to have a very high order for
regression surfaces. The output function in a cluster is approximated by a hyper-plane in
TSK modeling [38, 39, 175] with g=1 and without any interactive terms of input
variables. Despite the fact that the first order method is simple and elegant to apply to
many problems, the higher order regression equation can have advantages in some
occasions.

These occasions can be identified as follows:

I. The maximum number of rules is very critical for some applications for the

acceptable amount of error in system identification.

o

The global variation of the system is highly non-linear and it has to be identified with
a minimum number of rules. In such cases, modeling with hyperplanes may result in
a large number of rules and hence higher order regression becomes inevitable.

Even though the direct selection of the highest order for capturing the system behavior is
not available in this thesis, the development of this technigue for automatic selection of

the order of the model for the specified amount of error could be very useful for the

compact identification of the system.

For demonstrating the effect of higher order subtractive clustering on identification of

MISO system with two inputs, the simple case of second order regression equation
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without interactive terms is selected. The regression equation of y° for the s'th rule is

defined as

Vi=PL+Pix, + Pix, + Pix] +Pjx] (4.30)
with five regression coefficients. This can be called second order Sugeno model while
the first order Sugeno model is

V =Py + Pox, +Pyx,. 4.31)
The maximum number of rules limited for the study in this thesis is /5 for the second
order model and w /3 for the first order model where « is the number of training pairs. In
a nutshell, the fuzzy system identification involves generation of clusters using the
training data set for the given values of clustering parameters such as squash factor,
cluster radius, accept ratio and reject ratio, and estimation of regression coefficients by
least-square estimation. Subtractive clustering with these two above regression models
given by Equations (4.30) and (4.31) are applied to three systems of varying complexity
and the results are compared in this thesis. So, this study will help in understanding the
behavior of the clustering mechanism on system modeling in relation to accept ratio,

reject ratio, squash factor and cluster radius.

4.2.4 Structure Optimization

Finding optimal models is an essential requirement for all system identification problems,
which involves both structure identification and parameter identification. It is difficult to
separate these parts in the case of subtractive clustering. The least square estimation part

of subtractive clustering ensures the overall optimization of the regression parameters for



the given set of clusters. Hence, the optimization of the system identification depends
mainly on finding the optimal clustering parameters such as squash factor, cluster radius,
accept ratio and reject ratio such that set of clusters obtained result in a minimum
modeling error. The influence of all the clustering parameters are highly interactive in
nature and are also dependent on the system behavior and nature of available data to
identify the system. The simplest way of finding optimum range of clustering parameters
will be parametric search on all the variables affecting the clustering mechanism. Hence,
an enumerative search is carried out on the clustering parameters and the resulting

models are compared based on the modeling least square error, 6, defined as
o= -») (4.32)
i=1

where y, is the actual training output used for modeling, y, is the predicted output from

the identified model and « is the total number data used for training.

The range of the clustering parameters such as accept ratio, reject ratio, squash factor and
cluster radius selected for enumerative search are 0-1.0, 0-0.9, 0.05-2.0 and 0.15-1.0,
respectively, that cover entirely the possible range. The step sizes for accept ratio, reject
ratio, squash factor and cluster radius are selected as 0.1, 0.1, 0.05 and 0.002,
respectively, in order not to miss any model. It has been found during the parametric
search that cluster radius and squash factor have strong influence on performance of the
modeling when compared to accept ratio and reject ratio. Hence smaller step sizes were
sclected for squash factor and cluster radius compared to that of accept ratio and reject

ratio. The optimum values of these parameters may depend upon the complexity of the
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system behavior and the relative avaiiability of the number of data points in order to
represent such behavior. The performance measures used for comparison are least square
error o, and number of rules N. The better models shall always result in minimum error
and less number of rules. Three systems of different complexity are selected for
demonstrating the performance of higher order subtractive clustering technique and the
results obtained through enumerative search of clustering parameters are given in the next

section.

4.2.5 Case Studies of System Identification

Three systems are selected for further demonstration of higher order system identification
technique. The systems selected vary in complexity from simple plane to highly non-
linear function of Sugeno and Yasukawa [169], and the PEAKS function of Matlab [87].
Both the first order (Equation (4.31)) and the second order (Equation (4.30)) system
identification techniques have been applied to the set of input-output training data
representing the above mentioned systems over the entire selected range of clustering
parameters and the results are given in the following sections. The results include the
minimal models, influence of clustering parameters on the optimality of the modeling and
comparison between first and second order subtractive clustering models. As these
models are obtained through enumerative search without any distinct parameter
identification process, these models could further be improved through parameter

optimization of input fuzzy sets as done in [57, 169].



CASE 1: Non-linear system of Sugeno and Yasukawa [169]

The nonlinear system of two inputs and one output defined by the equaticn
y=>0+x7+x7")%, I<x,,x,<5 (4.33)
is identified with the training set of 50 data points given in Sugeno and Yasukawa [169].
The results are compared with those of Sugeno and Yasukawa [169] and Emami er al.
[57]. The system identification of Sugeno and Yasukawa [169] involves structure
identification based on fuzzy c- means method and parameter optimization by tuning the
positions of input fuzzy sets while Emami et.al. [57] applies fuzzy line clustering with

unified parameterized reasoning formulation for structure identification and the same

tuning formulation for parameter identification. The error measure used in [57,169] is

the average error defined as P/ = g , where u« =50.
u

Numerous models were identified through parametric search of first and second order
identification using 50 data points and the resulting least square error ¢ is calculated for
all the models. The models are compared based on ¢ and number of rules », and the
results of this study are presented in Figures 4.18 - 4.27. A point in these figures
indicates a model obtained with certain values of clustering parameters. All the possible
models with o £2.3150r Pl <0.0463 are shown in Figures 4.18 - 4.27. The compilation
of modeling performance in terms of ¢ and N is shown in Figures 4.18 and 4.19 for first
and higher order models, respectively. There is a rapid decrease in the minimum error

when N increases. Both types of models show similar trend except reduction in

maximum
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number of rules and error for the higher order model. The minimum error obtained is ¢ =
0.0000052 with 16 rules for the first order model while minimum error obtained is ¢ =
2.11x10™® with 10 rules for the second order case. Figures 4.20 and 4.21 show the
general trend between squash factor and least square error for the first order and the
second order models, respectively. They show that it is possible to get models with
reasonable error over the entire range of squash factor, suggesting both potential based
and membership based subtraction processes. In membership based subtraction, squash
factor is reduced to fractional values with penalty radius less than cluster radius. Figures
4.22 and 4.23 show the possible range of cluster radius and squash factor
withc < 2.315 for both types of models. Even though it is possible to get models over
the entire range of cluster radius at lower squash factor, a higher squash factor results in a
lower cluster radius indicating clearly the preference over the penalty radius as given by
Equation (4.17) for reduced error. The range of cluster radius and squash factor is larger
for higher order modeling. This preference over the penalty radius is shown in Figures
4.24 and 4.25 for both types of models. These figures show that the range of penalty
radius becomes narrower as the error is minimized indicating the need for a fractional
squash factor whenever the cluster radius is high. Apart from penalty radius, accept and
reject ratios are also important in deciding the formation of clusters. The inverse relation
between penalty radius and accept ratio is given in Figures 4.26 and 4.27 for finer models
with ¢ £0.23150f first and second order models, respectively. Whenever the penalty
zone of a cluster center is large, potential of the neighborhood data points are penalized
severely. This lowers the potential values of other data points low and so the chance of

forming new clusters is also reduced unless the accept ratio is low. The contradictory

]
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requirement, between penalty radius and accept ratio for facilitating the formation of

more number of clusters in order to identify models with minimum error, is seen in

Figures 4.26 and 4.27.

The comparison of the performance of first and higher order models with the results of
Sugeno and Yasukawa [169] and Emami et al. [57] is given in Table 4.2. When the
models after structure identification are compared, the first order identification method
results in many models for ¢ <0.53 with N 210 while the clustering technique of
Emami er al. [57] results in a model with N =8. It is possible to reduce the error
substantially such that it becomes close to zero by increasing the number of rules. The
first order models with even N =5show substantial improvement over the results of
o <3.95 of Sugeno and Yasukawa [169] with parameter identification. On comparing the
models after structure identification, the models obtained using higher order regression
do better even with less number of rules. Higher order identification method results in
models with N =7 for o <0.53. The higher order models with N =S5obtained after
structure identification result in ¢ < 0.18 which is less than the error of 0.2 obtained after
parameter identification by Emami er al. [57]. If N is allowed to be 10, then error further
reduces substantially. This comparison validates the use of higher order modeling as an
improvement over Chiu's [38, 39] subtractive clustering and also as a simple technique
even without parameter identification to achieve good modeling performance. The
higher order as well as the first order models could be improved further if parameter

identification is incorporated.
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Table 4.2 Comparison of results with other models {57, 169]

N G
Structure Parameter
identification | identification

Sugeno and | 6 15.90 3.95

Yasukawa [169]

Emami er al.[57] 8 0.53 0.20 Subtractive Clustering Parameters

. n £ €

First order 16 | 5.22x10° 0.268 | 0.95 0.5-1.0 | 0.3

subtractive 15 | 4.65x10 0.416 | 0.50 0.60 0.50

clustering 14 | 2.23x10~ 0.294 | 1.05 0.4-1.00.3
13 | 6.05x10~ 0.280 | 0.05 0.9-1.0 ] 0.70
12 | 0.11 0.284 | 0.85 0.6-1.0] 0.5
11 | 045 0.252 | 0.15 0.80 0.70
11 | 045 0.252 | 0.10-0.15 | 0.9-1.0 | 0.70
10 | 0.49 0.334 | 0.05 0.9-1.0 0.8
9 |0.60 0.160 | 0.05-0.15 | 0.8-1.0 | 0.7
g8 |0.73 0.206 | 0.05-0.10 [ 0.9-1.0 | 0.8
7 1099 0.310 | 0.25 0.9-1.0 | 0.8
6 |1.17 0.266 | 0.35 0.9-1.0 | 0.8
5 |1.56 0.312 | 0.35 1.0 0.8

Higher order 10 | 2.11x10™° 0.266 | 0.35 0.8-1.0 | 0.7

subtractive 9 |2.04x10” 0.168 | 0.05-0.15 | 0.8-1.0 | 0.7

clustering 8 | 1.30x10” 0.168 | 0.20-0.30 | 0.8-1.0 | 0.7
7 | 1.04x10~ 0.198 | 0.40 0.8-1.0 0.7
6 |4.23x10" 0.206 | 0.25-0.35 | 0.9-1.0 | 0.80
5 [0.18 0.166 | 0.20-0.25 | 0.9-1.0 | 0.80
4 10.82 0.206 | 0.05-0.10 | 1.0 0.9
3 1.39 0.150 | 0.2-0.25 [09-1.0]0.8
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As an example, the rule bases for the first and higher order models with approximately

equal error are shown in the Figures 4.28 and 4.29. These models show minimum error

at the corresponding number of rules as seen from the Table 4.2. The first order rule base

for r,=0.284 n=0.85, £ =1.0 and g€ = 0.5 which is shown in Figure 4.28 result in

o =0.11with 12 rules. The higher order rule base with r,=0.166, n=0.20, £ =1.0 and g =

0.8 which is shown in Figure 4.29 result in o =0.18 with only 5 rules when compared to

8 rules of Emami et al. [57] as seen in Table 4.2.
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Figure 4.28 A first order model for a nonlinear system [169] with r,=0.284,
n=0.85, £ =1.0and g=0.5
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CASE 2: Nonlinear system of PEAKS function

The PEAKS function (MATLAB file: peaks.m) [87] in terms of two inputs x; and X is
defined as

2 2 2 2
)Ze_xl {Izﬂ) s ] {'rl H) 2

—x] —x5 le < —-—e

y = 3(1 —-x
P 1 2 3

for -3<x;=<3;-3<x,<3
(4.34)
and the surface of this function is shown in Figure 4.30. The number of data points

selected randomly for identifying the above function is 216 and they are given in Table

4.3.

X2 X
Figure 4.30 Surface plot of PEAKS
function
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Table 4.3: Input-output data for PEAKS function

X1 X2 y X1 X2 Yy X1 X2 Yy

-3 -3 0 -1 -2.2 -0.476 0.6 2.6 0.962

-3 -2.6 0 -1 -1.8 -0.51 1 -3 -0.11

-3 -2.2 0.001 -1 -1.4 0.56 1 -2.6 -0.503

-3 -1.8 0.001 -1 -1 1.979 1 2.2 -1.476

-3 -1.4 0 -1 -0.6 1.509 1 -1.8 -2.607

-3 -1 -0.007 -1 -0.2 -0.501 1 -1.4 -2.372

-3 -0.6 -0.018 -1 0.2 -1.781 1 -1 -0.271

-3 -0.2 -0.028 -1 0.6 -1.512 1 -0.6 1.854

-3 0.2 -0.03 -1 1 0.352 1 -0.2 2.827

-3 0.6 -0.022 -1 1.4 2.386 1 0.2 2.829

-3 1 -0.011 -1 1.8 2.609 1 0.6 2.253

-3 1.4 -0.004 -1 2.2 1.476 1 1 2.436

-3 1.8 0 -1 2.6 0.503 1 1.4 3.201

-3 2.2 0 -0.6 -3 -0.111 1 1.8 2.838

-3 2.6 0 -0.6 -2.6 -0.547 1 2.2 1.522
-2.6 -3 0 -0.6 -2.2 -1.579 1 2.6 0.51
-2.6 -2.6 0.002 -0.6 -1.8 -2.364 14 -3 -0.041
-2.6 -2.2 0.004 -0.6 -1.4 -0.814 1.4 -2.6 -0.185
-2.6 -1.8 0.007 -0.6 -1 2.545 1.4 -2.2 -0.531
-2.6 -1.4 0.002 -0.6 -0.6 3.72 1.4 -1.8 -0.871
-2.6 -1 -0.032 -0.6 -0.2 2.18 1.4 -1.4 -0.521
-2.6 -0.2 -0.166 -0.6 0.2 0.628 1.4 -1 0.826
-2.6 0.2 -0.179 -0.6 0.6 0.325 1.4 -0.6 2.403
-2.6 1 -0.068 -0.6 1 2.418 14 0.2 3.351
-2.6 1.4 -0.019 -0.6 1.4 5.208 1.4 0.6 2.503
-2.6 1.8 0.001 -0.6 1.8 5.139 14 1 1.796
-2.6 2.2 0.003 -0.6 2.2 2.838 1.4 1.4 1.556
-2.6 2.6 0.001 -0.6 2.6 0.96 1.4 1.8 1.178
-2.2 -3 0.002 -0.2 -3 -0.212 1.4 2.2 0.601
-2.2 -2.6 0.007 -0.2 -2.6 -1.002 1.4 2.6 0.198
2.2 -2.2 0.019 -0.2 -2.2 -2.929 1.8 -3 -0.01
-2.2 -1.8 0.038 -0.2 -1.8 -4.909 1.8 -2.6 -0.046
2.2 -1.4 0.033 -0.2 -1.4 -3.698 1.8 -1.8 -0.166
-2.2 -1 -0.083 -0.2 -1 0.728 1.8 -1.4 0.069
2.2 -0.6 -0.36 -0.2 -0.6 3.23 1.8 -1 0.72
-2.2 0.2 -0.718 -0.2 -0.2 2.481 1.8 -0.6 1.538
2.2 0.6 -0.54 -0.2 0.2 1.282 1.8 -0.2 2.099
-2.2 1 -0.263 -0.2 0.6 1.057 1.8 0.2 2.077
-2.2 1.4 -0.053 -0.2 1 3.724 1.8 0.6 1.522
-2.2 1.8 0.027 -0.2 1.4 7.335 1.8 1 0.934
2.2 2.2 0.026 -0.2 1.8 7.124 1.8 1.4 0.599
-2.2 2.6 0.01 -0.2 2.2 3.918 1.8 1.8 0.374
-1.8 -3 0.005 -0.2 2.6 1.324 1.8 2.2 0.177
-1.8 -2.6 0.015 0.2 -3 -0.254 1.8 2.6 0.056
-1.8 -2.2 0.042 0.2 -2.6 -1.181 2.2 -3 -0.002
-1.8 -1.4 0.186 0.2 -2.2 -3.481 2.2 -2.6 -0.007
-1.8 -1 -0.011 0.2 -1.8 -6.149 2.2 -2.2 -0.018
-1.8 -0.6 -0.731 0.2 -1.4 -5.75 2.2 -1.8 -0.009
-1.8 -0.2 -1.573 0.2 -1 -1.803 2.2 -1.4 0.083
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-1.8 0.2 -1.841 0.2 -0.6 0.836 22 -1 0.302
-1.8 0.6 -1.403 0.2 -0.2 0.674 2.2 -0.6 0.588
-1.8 1 -0.627 0.2 0.2 0.145 2.2 -0.2 0.793
-1.8 14 -0.002 0.2 0.6 0.449 22 0.2 0.784
-1.8 1.8 0.206 0.2 1 3.455 2.2 0.6 0.57
-1.8 2.6 0.051 0.2 1.4 7.241 2.2 1 0.327
-14 -3 0.002 0.2 1.8 7.099 2.2 1.4 0.174
-1.4 -2.6 -0.01 0.2 2.2 3.913 22 1.8 0.09
-1.4 -2.2 -0.025 0.2 2.6 1.323 2.2 2.2 0.039
-1.4 -1.8 0.105 0.6 -3 -0.203 2.2 2.6 0.012
-1.4 -14 0.518 0.6 -2.6 -0.934 2.6 -3 0
-1.4 -1 0.639 0.6 -2.2 -2.758 2.6 -2.6 -0.001
-1.4 -0.6 -0.424 0.6 -1.8 -4.96 2.6 -2.2 -0.001
-14 -0.2 -2.052 0.6 -1.4 -4.906 2.6 -1.8 0.004
-1.4 0.2 -2.758 0.6 -1 -1.985 2.6 -1.4 0.027
-1.4 0.6 -2.157 0.6 -0.6 0.374 2.6 -1 0.077
-1.4 1 -0.714 0.6 -0.2 0.818 2.6 -0.2 0.195
-1.4 1.4 0.586 0.6 0.2 0.725 2.6 0.2 0.192
-1.4 1.8 0.907 0.6 0.6 0.872 2.6 1 0.077
-14 2.2 0.547 0.6 1 2.819 2.6 1.4 0.037
-1.4 2.6 0.19 0.6 1.4 5.381 2.6 1.8 0.016

-1 -3 -0.03 0.6 1.8 5.189 2.6 2.2 0.006

-1 -2.6 -0.169 0.6 2.2 2.848 2.6 2.6 0.002

Using these

identification

data, models

were identified through first order and higher order

methods over the entire parametric range.

In order to be in line with

previous case, models of o <10 (P <0.0463) and o <1 (Pl <0.00463) are used for

analysis. All the possible models with o <10 that were obtained by parametric study are

shown in Figures 4.31-4.32. These figures present the performance behavior of first and

higher order subtractive clustering models. Both types of modeling result in low error as

the number of clusters is increased. The minimum error that is obtained with the second

order model is higher than that of the first order model. This is due to the restriction

imposed on the maximum number of rules as explained in Section 4.2.3 for the second

order model which prevents it from further reduction in error. Alternatively, the higher

order models will result in lower error than that of the first order model for the given

number of rules, or the higher order models can result in less number of rules for the




acceptable range of error which is the important criterion for making the rule base
compact. One could expect a similar trend of increase in the minimum error with

decrease in the number of rules to follow as the order of regression is further increased.

[ P S

N

Figure 4.31 Variation of ¢ against N from
collection of first order PEAKS models. collection of higher order PEAKS models.

Figure 4.32 Variation of o against N from

Results given in Figures 4.33-4.40 present the effect of clustering parameters on
performance of both types of model. Figures 4.33 and 4.34 present again the possibility
of obtaining minimum error models over the entire range of squash factor. The vanation
of squash factor against cluster radius as given in Figures 4.35 and 4.36 for the first and
the second order models show a similar trend of requiring lower cluster radius at high
values of squash factor. This results in a preferred range of penalty radius as error is
minimized as shown in Figures 4.37 and 4.38. In general it can be inferred that the
possibility of obtaining models with lower error is high with lower penalty radius. The
requirement of high cluster radius with smaller penalty radius could increase the zone of
influence of cluster centers over the data space and also increase the possibility of

forming new clusters in the neighborhood of cluster centers so that data space is



represented enough by the clusters [48]. The preferred range of accept ratio and penalty
radius shown in Figures 4.39 and 440 for both types of model with o <1

(Pl £0.00463) indicate the similarity with previous nonlinear model.
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Figure 4.33 Collection of first order PEAKS
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factor and least square error
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Figure 4.38 Collection of higher order
PEAKS models in the domain of penalty
radius and least square error
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The comparison of performance of first and higher order minimum error models for the

PEAKS system is given in Table 4.4. These models are the ones without parameter

identification. The models given in the table correspond to those with minimum error

obtained through parametric search for different number of rules, and were selected only

as examples. The drastic reduction of errors is found for the same number of rules with

higher order system identification compared to that of first order system identification.

The number of rules in higher order modeling is reduced to almost half of first order

modeling and thus improves the performance of the system identification.

Table 4.4: Comparison of modeling performance for PEAKS system

Clustering parameters for minimal model

(e}
N | First order Second First order Second Order
clustering order _ _
clustering I n £ € a l n ' € [5
72 | 2.55x107 0.150 | 1.20 | 0.4-0.9 0.3
70 | 1.25x107 0.168 | 1.25 | 0.20 | 0.0-0.1
60 | 3.86x10" 0.164 | 1.20 {0.4-0.9 | 0.30
50 1.16 0.142 { 1.75 1 0.3-09| 0.10
43 1.86 3.55x107"Y | 0.216 | 1.10 | 0.4-09 ] 0.0-0.2 | 0.148 | 1.70 | 0.3- | 0.2
0.9
0.216 | 1.10 1.0 0.0
40 3.86 4.92x10~ | 0.176 | 1.65 | 0.2-09| 0.00 | 0.190{ 1.60 | 0.10 | 0.0
30 7.87 1.16 0.208 | 1.50 [ 0.3-09 | 0.0-0.1 | 0.208 | 1.50 | 0.3- | O.-
09 | 0.1
20 4.36 0242 | 185 | 0.1 | 0.0

~
[=))
()




The identification results of the above two nonlinear systems (Cases 1 and 2) suggest
performance improvement with higher order modeling even without parameter
identification. The exact order of modeling depends upon the actual order of the system
and hence it becomes problem dependent. The second order models without any input
interactive terms are used as a simple case of higher order clustering in this thesis. The

performance of a second order model on a first order system is investigated next.

CASE 3: Linear system with plane function

In order to demonstrate the generality of the modeling performance of the higher order
subtractive clustering technique in capturing lower order systems, it is tested for a linear

system of two inputs. The linear system considered is given by the equation

AUE S -3<x, £3,-3<x,<3 (4.35)
Randomly selected 72 input-output data points used for modeling above system are given
in Table 4.5. Many models with zero error (i.e. in the order of 1x107%) are obtained
using both types of identification methods through a parametric search of clustering
parameters. These zero error models are obtained over the entire range of clustering
parameters for both the first order and the second order methods. The number of rules
for these zero error models vary from 1 to 24 and 1 to 14 for the first order and the
second order methods, respectively, which are limited by the number of regression

coefficients. As expected, it is found from the results that the performance of higher

order modeling is similar to that of first order modeling for this case of linear system. As

an example, the rule bases with two rules of first order model with o =1 .74x10™ and of



higher order model with ¢ =2.97x107 are given in Figures 4.41 and 4.42. The first

order model in Figure 4.41 corresponds to the set of clustering parameters with »,=0.9

n=1.85, £ =1.0 and £=0.8 while the higher order model in Figure 4.42 corresponds to

clustering parameter values of r,=0.878 n=1.1, € =1.0 and €=0.4. As it can be observed

from the rule base of the higher order model in Figure 4.42, the coefficients of the higher

order terms are correctly identified as negligible.

Thus, in the case of systems of

unknown order, the higher order modeling will still be useful even when the system is

over represented as in the case of the linear system except the computation effort would

become large.

Table 4.5: Input-output data for plane function
X1 X2 Yy X1 X2 Y X1 X> y
-3 -3 -6 -1 -1 -2 1.5 -2 -0.5
-3 -2.5 -5.5 -1 0.5 -0.5 1.5 -1.5 0
-3 -0.5 -3.5 -1 1.5 0.5 1.5 -1 0.5
-3 0 -3 -1 2.5 1.5 1.5 -0.5 1
-3 0.5 2.5 -0.5 -3 -3.5 1.5 0 1.5
-3 1 -2 -0.5 -1.5 -2 1.5 0.5 2
-3 2 -1 -0.5 -0.5 -1 1.5 1.5 3
-3 2.5 -0.5 -0.5 2 1.5 1.5 2 3.5
-2.5 -2.5 -5 0 -3 -3 1.5 2.5 4
-2.5 -1 -3.5 0 -2.5 -2.5 2 -3 -1
-2.5 0 -2.5 0 -1.5 -1.5 2 2.5 -0.5
-2.5 0.5 -2 0 1 1 2 -1 1
-2.5 1 -1.5 0 2 2 2 0 2
-2.5 2 -0.5 0 2.5 2.5 2 0.5 2.5
-2 -2 -4 0.5 -3 -2.5 2 1 3
-2 -1 -3 0.5 -1.5 -1 2 2 4
-2 0.5 -1.5 0.5 0 0.5 2 2.5 4.5
-2 2.5 0.5 0.5 1 1.5 2.5 -3 -0.5
-1.5 -1.5 -3 0.5 1.5 2 2.5 -2 0.5
-1.5 -0.5 -2 0.5 2.5 3 2.5 -1 1.5
-1.5 0.5 -1 1 -1.5 -0.5 2.5 -0.5 2
-1.5 1 -0.5 1 -1 0 2.5 0.5 3
-1 -2.5 -3.5 1 0 1 2.5 1.5 4
-1 -2 -3 1.5 -3 -1.5 2.5 2.5 5
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4.3 FUZZY SYSTEM IDENTIFICATION OF STRUCTURAL TUNING USING

SUBTRACTIVE CLUSTERING

The modeling with fuzzy subtractive clustering has been validated for complex and
simple cases in the previous section as an example of auto generation of models from the
input-output data. The higher order system identification has been developed as a tool
for identifying very complex systems such as structural tuning with minimum number of
rules. The higher order system identification will be very useful when the number BC
parameters is large and the output dynamic performance is complicated with reference to

input BC parameters.

An automatic fuzzy system identification of structural tuning is demonstrated in this
section as an example to boundary conditioning. In many real applications, it may be
possible to measure the input BC parameters and output performance measures
experimentally. When the number of input parameters are large, the insignificant
variabies can be eliminated as given in [48]. Once the relevant BC parameters are
identified for the required output, the input-output relationship can be identified through

subtractive clustering.

In this section, the system identification of structural tuning is performed using
subtractive clustering technique combined with Mamdani, TSK first order and second
order types of regression as seen in the Section 4.2. The function approximation of three

harmonic functions Aj33ss, Ai33zs7 and Aj33see given in Figures 4.4a, 4.5a and 4.6a are
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performed through input-output data representing these surfaces. Only the data pairs

having the A, <0.016 are considered for system identification. The corresponding

input-output data are selected for system identification. The number of data pairs

selected for A33sg, A13ss7 and Ajsssee are 310, 434 and 320 and are given in Tables A.l,

A.2 and A.3 respectively.

4.3.1 Identification of Objective Functions using Mamdani Reasoning

The system of three objective harmonic functions A;s;ss, Ajsssr and Apsses are identified in

terms of fully MISO fuzzy models with fuzzy subtractive clustering. The fuzzy rule base
will be of the from:

R':IF logK,, is A AND logK,,is A} THEN A, is B'
ALSO
ALSO

RY :IF logK,  is 4" AND logK,.is 47 THEN A, is B"
(4.37)

* - . .
where K| and K, are two antecedents Ay, is the consequent which can be any of one
of the harmonic functions. Aij for(i=1land 2) and (j =1,2,....N) are linguistic fuzzy sets

of input rotational stiffnesses and B’ for (j = 1,2.....Njare linguistic fuzzy sets of the

consequent. These fuzzy sets need to be generated through subtractive clustering

technique.
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The clusters are formed using the data given in the Tables A.1 - A3 in the combined
input-output space of rotational stiffnesses and objective functions and they are projected
onto each dimension as shown in Figure 4.14. Each cluster forms a rule and projections
of these clusters are the fuzzy sets of antecedents and consequent. The output from the
model can be estimated for Mamdani type of inferencing as given in the Section 4.1.4.
The modeling least square o is estimated using the Equation 4.32. It is known that the
performance of the model is very much dependent on the clustering parameters and the
pattern of input-output data. The models with minimum error are obtained through
enumerative search of clustering parameters. The range of the clustering parameters such
as accept ratio, reject ratio, squash factor and cluster radius selected for enumerative
search are 0-1.0, 0-0.8, 0.2-2.0 and 0.05-1.0, respectively, that cover entirely the possible
range. The step sizes for accept ratio, reject ratio, squash factor and cluster radius are
selected as 0.2, 0.2, 0.1 and 0.05, respectively. It has been found during the parametric
search that cluster radius and squash factor have strong influence on performance of the
modeling when compared to accept ratio and reject ratio. For example, the variation of
number of rules, N and the error ¢ shown in Figures 4.43 to 4.48 for the fixed vales of
accept ratio and reject ratio indicate the strong influence of cluster radius on the
performance for Mamdani reasoning. The possible models that were obtained for
Ayssss with o £0.0014 through enumerative search and are shown in Figures 4.49, 4.50
and 4.51. The other models for A;3357 (o £0.003) and A ;33566 (o <0.0019 )are shown in
Figures 4.52 to 4.57. These figures that suggest the decrease in cluster radius and penalty
radius improve the error which in turn result in increase of the number of rules. Hence,

optimum values of clustering parameters need to be obtained based on the acceptable
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error. The average error of a=0.002 is used as the limit of acceptance for the models and

it is defined as

\/; (4.38)
u-A

where o is the least square error, u is the number of data points used for modeling and

A is mean of the entire output population.

The variation of model and predicted A,33s5 is shown in Figure 4.58 for at £ =1.0, €=0.2,
n=1.8, r;=0.05, N=125 and o = 5.111e-5 which corresponds to «=0.002. The upper limit
of the least square error used for selecting the model for Aj33ss, Ai33s7 and Ay33s66 are
5.111e-5, 8.468e-5 and 8.67e-5, respectively. The identified system A;;3sg for the
clustering parameters of £ =1.0, £€=0.2, n=1.8 and r,=0.05, with 6=5.1116e-5 and N=125
is given in Figures 4.59. In similar way, the identified system for A33s7 for the clustering
parameters of £ =0.4, £=0.2, n=1.4 and r,=0.05, with c=8.4686¢-5 and N=222 is given in
Figure 4.60 and the rule base identifying A 33566 for the clustering parameters of £ =0.4,
£=0.2, n=0.8 and r,=0.05, with c=8.671e-5 and N=294 is given in Figure 4.61. The
identified systems in Figures 4.59-4.61 can be used for function approximation or for

classification of the harmonics functions.

The number of rules is extremely large because the model is not subjected to any
parameter identification process. The number of rules will increase if the number of BC

parameters increase further.
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Figure 4.43 Variation of number of rules
against squash factor and cluster radius

for A|3358 at € =0.8 and €=0.2

Figure 4.45 Variation of number of rules
against squash factor and cluster radius

for Aisss7at & = 1.0 and €=00

Figure 4.47 Variation of number of rules
against squash factor and cluster radius

for Ai33se6 at € = 1.0 and £ =0.8

Figure 4.44 Variation of ¢ against squash
factor and cluster radius for Aj33sg at £ =
0.8andg=0.2

Figure 4.46 Variation of & against squash
factor and cluster radius for Ajs3s7at € =
1.0and e=0.0

Figure 4.48 Variation of o against squash
factor and cluster radius for A33se6 at € =
1.0and e =0.8
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4.3.2 Identification of Objective Functions using Sugeno Reasoning

We have seen that the Sugeno reasoning involves parameter optimization in obtaining
regression parameters which will result in lower number of rules compared to that of
Mamdani reasoning. The identification of objective functions are carried out in this

section by applying the first order and higher order system identification technique in line

with case studies.

The system identified will be of the form

.41 .41 1 / . pl
R':IF xpis Ay AND xjis 4; THEN A, =Fy, + Py x; + Fy; x»
ALSO

ALSO
RN (IF xyis A AND x5 is AY THEN A, =Pgy + Py x + P} xa
(4.39)

for the first order modeling and

5

RY:IF xyis A} AND xsis A} THEN A, =Py + Plyx = P), xa + Piyxl + Py x5

ALSO

ALSO
IF xpis AN AND x5 is AY THEN A, =PBgy + Py x; + Pgy x3 + Py x¥ + Pl xy
(4.40)

for the second order modeling.



where P,jl‘ for(i,j=01,2:k=12,..,N) are consequent regression parameters that are
optimized by least sguare estimation (LSE) given by Takagi and Sugeno [175],

antecedents x; and x; are log K ;‘1 and log K ;.2 and Ay is the consequent which can be

any one of the harmonic functions. Aij for(i=1land 2) and (j = /.2,...,N) are linguistic

fuzzy sets of input rotational stiffnesses to be obtained through subtractive clustering.

The models of the objective functions were obtained through the parametric search of
first and second order regression using the data points in the Tables A.1 - A.3. The range
of the clustering parameters such as accept ratio, reject ratio, squash factor and cluster
radius selected for enumerative search are 0-1.0, 0-0.8, 0.1-2.0 and 0.12-1.0, respectively,
that cover entirely the possible range. The siep sizes for accept ratio, reject ratio, squash
factor and cluster radius are selected as 0.2, 0.2, 0.1 and 0.02, respectively. The
variation of least square error with penalty and cluster radii was similar with that of other

cases. Hence, only the performance of the models are discussed in this section.

The first and second order models of the objective function Aj;;3ss for o <0.0014
(a0 £0.012) that were obtained by parametric study are shown in Figures 4.62 and 4.63,
respectively. Similarly, the first and second order models of Aj3ss7for o <0.003
(c £0.012) and of Ai33s66 for o <0.0019 (a £0.012) are given in Figures 4.64-4.65
and 4.66-4.67, respectively. These figures present the effect of first and higher order
modeling methods on the performance behavior of models which is similar to that of

previous examples. It is very interesting to note the great reduction in number of rules
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for the higher order system identification when compared to that of first order method.
Thus, the development of higher order methods becomes very useful for identifying the
complex systems such as structural tuning or boundary conditioning. The identified
* models of first and second order with minimum number of rules and error within the
acceptable limits, are given in Figures 4.68-4.69, 4.70-4.71 and 4.72-4.73 for objective
functions  Ajsssg, Arszsy and  Ajsssee. respectively. The final comparison of the
performance of Mamdani models, and first and higher order sugeno clustering models are
given in the Table 4.6 and this comparison explains the necessity for the development of
higher order system identification methods for identifying complicated systems like

boundary conditioning.

Table 4.6 Comparison of performance results of clustering

Subtractive Clustering Parameters
N c g £ N la
A ssss Mamdani 125 | 5.11x10° | 1.0 0.2 1.8 0.05
! [ order 7 ]3.68x10° 0.2 0.0 2.0 0.44
I order 4 2.26x107 0.2 0.0 2.0 0.48
A133s7 Mamdani 222 | 8.46x107 0.4 0.2 1.4 0.05
I order 20 | 4.66x10° |0.2 0.0 2.0 0.30
Il order 6 4.74x107 0.2 0.0 1.4 0.58
Asisee | Mamdani 294 | 8.67x10° | 0.4 0.2 0.8 0.05
[ order 20 6.03x107 0.2 0.0 1.0 0.22
II order 5 6.68x107 0.6 0.4 1.6 0.26
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CHAPTERS

APPLICATION OF BOUNDARY CONDITIONING TO THE
SYNTHESIS OF MICROSYSTEMS

We have studied different fabrication methods of microsystems using XeF; etching in
Chapter 2, theoretical modeling of boundary conditioning in Chapter 3 using equivalent
springs and application of fuzzy system identification to boundary conditioning in
Chapter 4. In this chapter, the application of boundary conditioning to the design
synthesis of microsystems that were fabricated through XeF; etching and other dedicated

MEMS process like MUMPs is demonstrated.

5.1 BOUNDARY CONDITIONING BY STRUCTURAL VARIATIONS

5.1.1 Stiffening of Microsystems

The addition of stiffeners is the common way of modifying the elastic property of the
system which can be extended to microsystems also. In order to demonstrate the
stiffening of microstructures, structures of different geometry were designed through
Mitel 1.5 um process and were post released using XeF, bulk etching. Plate structures
of circular geometry are shown in Figures 5.1a and b, square type diaphragm are given in
Figures 5.1c and d and beam type structures are shown in Figure 5.1.d. The structures
shown in Figure 5.1 are made of Metall, COX, IMO and PASS layers while the stiffeners

are made out of Metal2 layer. The thickness of these layers are given in Table 2.1.
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stiffener

a) A circular diaphragm of Metall +
COX + IMO + PASS with Metal2

stiffeners. Diaphragm diameter is 650um.

stiffener

¢) A square diaphragm of Metall + COX

+ IMO + PASS with Metal2 stiffeners.
Diaphragm side is 600um.

e) Beam structures of Metall + COX +
IMO + PASS with Metal2 stiffeners.
Beam width is 100 um.
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stiffener

b) A circular diaphragm of Metall + COX
+ IMO + PASS with Metal2 stiffeners.

Diaphragm diameter is 650um.

%,
ﬂ‘.
e

= 5

d) A square diaphragm of Metall + COX
+ IMO + PASS with Metal2 stiffeners.
Diaphragm side is 250 um.

Figure 5.1: Microdiaphragms suitable for
sensing pressure, noise level etc., fabricated
through the Mitel 1.5 mm process combined
with isotropic bulk post-processing.

KM Microdiaphragms are stiffened with Metal2
L

stiffeners.



The elastic property of microsystem can be modified by changing the geometry or the
number of stiffeners. The boundary conditioning by such structural modification can be

predicted by combining the analytical formulations in Sections 3.1 and 3.2 as follows:

Consider the structure shown in Figure 5.1c-e represented by a scheme as shown in
Figure 5.2. As in the analysis in Section 3.4.1, the plate structure is divided into N
number of rectangular segments ( i.e. k =1, ..., N ) in a similar way to the Figure 3.27.
Each k™ segment can have stiffeners in a random fashion with NSX; stiffeners in x

direction and NSY, stiffeners in y direction as shown in Figure 3.2.

k'™ plate

element Boundary of the main

/structure

f f

stiffeners

Kr

Figure 5.2: Scheme of a microstructure with stiffeners at random
positions represented by joining many rectangular segments with
artificial springs

The flexural deflection equation for k™ segment is defined as per Equation (3.25) as

287



Wi, ¥) =203 Amn k9m (00 (1)

m n

Combining the analysis of the Sections 3.4.1 and 3.1, the maximum total strain energy

U

and

mae and the maximum kinetic energy 7., of the structure can be obtained as,

—ZUma\:L +ZZUT/\S +ZZUR/\S +ZZUSAS +ZUSXA + ZUSYA

k=1s=1 k=ls=1 k=ls=1

(5.1
N 1 , 11 ,
= Z—pkhkakbkw' IIWk"(x,y)drdy +
k=12 00
N , NSXk R
Z Ep;_bkw Z ek‘jfk'j_“wk (xj,)')d)"*'
\I 1 NSYk 1 5
Z SPkar’ Y e ifi Jwi (x.y;) dx
k=1 - i=1 0
(5.2)

where the strain energy due to stiffeners in y direction for the k™ element is

Usyi =

NSY| 1
jw“kmyi)dx

and the strain energy due to stiffeners in x direction for the k" element is

Usxi =

1
g NSX

Z [ij.W- k(XY )dy

The remaining terms are:

U

UT.k.:

max.k

- strain energy of the k™ plate

- potential energy of s" side translational spring of k" plate
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U - potential energy of s™ side rotational spring of k™ plate and

Us ., - potential energy of s™ side support spring of k™ plate can be estimated as per the

Equations 3.40.

The subscript 'k’ of the stiffener geometry refers to the k™ segment. It is assumed that

stiffener properties remain the same for a plate segment.

Substitution of deflection Equation (3.25) in strain energy and kinetic energy Equations
(5.1) and (5.2), and optimization of Rayleigh quotient with respect to the coefficients of

Aj x result in the following eigenvalue equation:

! S 00 ~00 , -
Z Z [C'""ijyk + Cmm'j.k + Cmm_'j,k - }'Hk (E"’[ F"/ + Jk )]A"m.k - Z Z Dnmij,s Amn.S =0

m n

m n
(5.3)

V-k=12,....,N

where

22 ~00 4 ~00 22 2 02 ~20 20 02 2 11 11
Cmnij.k =EmiFnj +akEmiFnj +Uak(EmiFnj +EmiFnj )+2‘(1_U)akEmiFnj
2

NSYy eril(fri ) i ) fie
£ Y -y )il [T{LJ +1.5[h—k‘J +o.75[h"] EZ0n(yi)e(¥i)

i=1 bi k
NSXk ek ; fk : 3 fk H 2 fk :
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Subscript (r.k) refers to ratio of parameter of k™ segment to that of the first segment and

subscripts (k,i) and (k,j) refer to the ith and jth stiffener of the K" segment.
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The Equation (5.3) represents the boundary conditioning of microsystems due to
structural modification such as adding stiffeners. The solution of the Equation (5.3) will
be useful in applying boundary conditioning to the design synthesis of microsystems
through adding positive stiffeners. The effect of stiffening can be expected to be similar
to that of the results shown in the Figures 3.8 and 3.9. The Equation 5.3 was not solved

explicitly in this chapter for a microsystem as it hasbeen solved in Chapter 3.

5.1.2 Corrugations in Microsystems

Another important way of changing the elastic property of the microsystems through
structural modification is by adding corrugations at anywhere in the structure or at the
support ends. The corrugations that introduce boundary conditioning can be fabricated
and analyzed using the present methods of synthesis of microsystems. This section
shows that it is also possible to fabricate corrugated structure through type-III integration

in order to modify the elastic property of the microsystems.

In order to study how the corrugations affect the structural properties of the
microstructures, structures with corrugations of different geometry were designed
through Mitel 1.5 pm process and were post reieased using XeF> bulk etching. Plate
structures of circular geometry with corrugated beam extensions fabricated out of Mitel
1.5 um process and post-released by bulk etching are given in Figure 5.3. The structures
shown in Figure 5.3 are made of Metall, COX, IMO and PASS layers. The elastic
property of microsystem can be modified by changing the geometry and the number of

corrugations. The micromechanical structure with transverse corrugations is shown in
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Figure 5.3a. These corrugations were fabricated by stacking different layers (especially
Metall and Metal2) of Mitel 1.5 um process in order to weaken the structure rotationally
and obtain larger deflection. The laterally corrugated structure is shown in Figure 5.3b.
This example proves that it is possible to fabricate structures with different stiffness

distribution using the present methods of synthesis of microsystems.

Figure 5.3b Laterally corrugated

Figure 5.3a Transversely corrugated dia . - .

. : phragm of Metall obtained in the Mitel
dxapbrag ! of Met.all. Cox.x ugations are 1.5 pm process. Diameter of the diaphragm
obtained by stacking of different layers is 650 um

(Metall and 2) of the Mitel 1.5 pum process.
Diameter of the diaphragm is 250um

Figure 5.3 Corrugated structures fabricated through the present synthesis of microsystems

These kinds of corrugations change the stiffness distribution locally which could be near
the support in the structure as shown in Figure 5.3 or anywhere else in the structure. The
corrugations near the ends change the elastic property and hence introduce rotational
flexibility to the structure thus making the end conditions different from the classical
clamped conditions. Corrugations present in the structure thus introduce both

translational and rotational freedoms between the adjacent structural parts. As far as the
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modeling of dynamic performance of such microsystems is concerned, the application of
boundary conditioning is helpful as in the case of positive stiffening. In line with the
analysis in Chapter 3 and Section 5.1.1 the change in stiffness can be modeled with the
help of equivalent translational and rotational springs as shown in Figure 5.4. Results

obtained with such models have already been presented in the previous chapters.

Figure 5.4: Scheme representing a corrugated joint with artificial
springs

5.1.3 Different Support Conditions in Microsystems by Design

It is also possible to obtain the required stiffness characteristics of the structure by
providing the required boundary conditions through structural design of the
microsystems, for example, changing the end support conditions of the structure as
schematically shown in Figure 5.5. The variable parameters affecting the structural
stiffness properties could include the geometry of the main structure and number,
position and geometry of the support beams. Fabrication of such structures is possible
through the present synthesis (Mitel 1.5 pm) and also through other dedicated MEMS
processes such as MUMPs. The prediction formulation explained in Section 5.1.1 can be
extended to any such structures in order to find the dynamic behavior. The plate type

micromechanical structures, with support conditions formed by structures of different
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geometry, fabricated out of the Mitel 1.5 um process are shown in Figure 5.6. Similar
examples are shown in Figures 1.18, 1.22, 1.23, 1.25d, 1.28 and 2.26 to 2.30. These
structures are fabricated out of COX, M1, M2, IMO and PASS layers and are suitable for
the release using the proposed fabrication synthesis.

(L L L L LS

YOI VI IIIIIIIIIIIIIIA

(7777777777 777777777,

IS/ S S S S
Figure 5.5 Scheme of a rectangular

plate structure supported with six
support beams

It is possible to fabricate the plate type structures with different support conditions
through other dedicated process such as MUMPs [114]. This process has 7 layers in
total: Si;Ny insulation layer, three polysilicon layers (Poly0O, Polyl and Poly2), two
sacrificial PSG layers and a metal layer. Polyl and Poly2 can be used as structural
layers. The plate type structures fabricated out of Polyl and Poly2 with different support
conditions constituting different boundary conditions are shown in Figures 5.7 to 5.9.

The vibration behavior of such structures can be predicted using the formulation in

Section 5.1.1.
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a) Schematic

Design Backplate Diaphragm Topplate H h T t
SQ7 Poly 0 Poly 1 Poly 2 2.0731 2.004 0.7323 1.5021
— ’_| —;'-‘
- T — T = "f/
. =

b) SEM Micrograph of plate structures of
Polyl and Poly2 with support beams of
different geometry

Figure 5.9 Plate type structures fabricated out of Polyl and
Poly2 with different support beams .
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5.2 BOUNDARY CONDITIONING OF MICROSYSTEMS THROUGH

FABRICATION METHODS

The fabrication of microsystems includes deposition techniques (LPCVD, PECVD,
sputtering, PVD, etc.), thermal growth, bonding, etching etc. The limitations associated
with fabrication techniques modify the elastic properties of the microsystems and hence
influence the vibration behavior of the microsystems. The inherent limitations include
non-classical end support conditions, residual stress in the structures due to thermal

cycles involved in the process, etc.

Bulk micromachining and surface micromachining are the general etching fabrication
methods available for the release of free standing structures of microsystems. The bulk
micromachining could include isotropic or anisotropic etching. The anisotropic wet
etching will result in the inclined support planes as shown in Figure 1.24. The isotropic
bulk etching as part of the present fabrication synthesis results in under-etching as shown
in Figure 2.25a while sacrificial etching forms stepped-up end condition as shown in
Figure 2.25b. Thus the inherent limitations of the present fabrication synthesis using
XeF; etching, which are stepped up conditions (Figures 1.25d, 2.26, 2.27, 5.1, 5.6) and
under etching (Figures 2.14, 2.16b, 2.19, 2.26, 2.27, 2.28, 2.30) of silicon substrate, affect
the dynamic behavior of the microstructures. The quantification of the influence of these
limitations of the present fabrication synthesis in relation to dynamic behavior becomes

very important part of the design synthesis of many microsystems such as pressure
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sensors, inertial sensors, microresonators, etc. whose performance is strongly dependent

upon the dynamic behavior of mechanical structures.

5.2.1 Prediction of the Influence of Support Conditions Resulting from Fabrication

of Microsystems on their Dynamic Behavior

In order to demonstrate the application of boundary conditioning concept to the synthesis
of microsystems, the influence of support conditions resulting from the fabrication of

microsystems on their dynamic behavior is studied.

Performance of the free-standing structures released through surface micromachining is
influenced by natural frequencies that are dependent upon the mass and stiffness
properties of the structure. It is well known that the stiffness of the structure is strongly
dependent on the fabrication process, geometric features and the boundary conditions of
the structures. The formation of stepped-up ends introduce rotational elasticity and make
the boundary conditions intermediate to the classical conditions such as clamped, pinned
and free. Hence, the quantification of the influence of fabrication process on the dynamic
behavior of the system, which will be very useful during the design process, is carried out

using the concept of boundary conditioning.
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5.2.1.1 Modeling of end conditions through rotational stiffness

The stepped-up boundary conditions shown schematically in Figure 5.10 is common for
surface micromachining process such as XeF, etching of the polysilicon layers and
MUMPs [114] (Multi-User MEMS Processes). To demonstrate the effect of different
end conditions that are formed from surface micromachining process on dynamic
behavior, a plate type microstructure (design SQ1) fabricated from polysilicon layers
using the MUMPs process as shown in Figure 5.7b is considered. This kind of structure
i1s common for pressure sensing applications. Similar structure was also made through
the Mitel technology (shown in Figure 2.30). Prediction of vibration behavior of such

structures is possible by the application of boundary conditioning technique.

7Ll
N N Figure 5.10 Structural scheme used for
? § § T prediction of vibration behavior of SQ1
plate type structure shown in Figure
5.7a
77

S —————————

As a general case, modeling of a plate element with boundaries supported by rotational
and translational springs as shown schematically in Figure 3.16 is applied to
microsystems in this section. The plate element is assumed to be supported at all the
four edges with both translational and rotational springs with stiffness per unit length of

Kr (N/m? and Kr (Nm/m), respectively. The mechanical microstructures can be
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modeled by assembling many such plate elements with appropriate change in the
boundary conditions of the elements. An arrangement of the connection between a plate
element and the adjacent elements used for modeling is shown schematically in Figure
3.10b. Each segment is connected to adjacent segments through translational and
rotational springs with stiffness per unit length of K1 and Kg, respectively. The fixed
boundaries of the segments are represented by very high values of rotational and
translational spring stiffnesses. For the present prediction, the structure shown in Figure
5.7b is modeled by assembling 13 number of boundary conditioned plate elements as

schematically shown in Figure 5.10.

The elastic properties of the stepped-up boundaries shown in Figure 5.10 can be
represented by both translational and rotational springs for pure bending as shown
schematically in Figure 5.11. The boundary condition at the stepped-up ends of the
beams is assumed to alter only the rotational stiffness. Hence, different stepped-up end
conditions correspond to different values of rotational stiffness and a high value of

translational stiffness.

Figure 5.11: A scheme for representing stepped-up boundary
conditions using translational and rotational springs
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The geometrical dimensions and the material properties of the structure in Figure 5.7b

used for the estimation of the first four natural frequencies are:

Side of the plate, a = 600 um
Width of the beam, w =200 um
Length of the beam, / =100 um
Thickness of the plate, h = 1.5 um
Modulus of rigidity, E = 170Gpa
Density, p =2300 kg/m’
Poisson's ratio, v =0.42

The flexural deflection equation for k™ segment is defined as per Equation (3.25) as
Wi(2,9) = 20 3 Apn k9m (X)p ()
m n

. . . &
where non-dimensional coordinates are used, x = =%
a

_ T
.Y B
&< and 1, are coordinates of k" plate

a, and by are dimensions of the k™ plate with a, = Z—"

k

A, is the deflection coefficient of the k™ plate

¢,.(x)and ¢,(y) are the boundary characteristic orthogonal polynomials uptom=n=26

generated using Gram-Schmidt process for each plate element so as to satisfy the free

edge conditions on all boundaries of all segments.
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The maximum total strain energy U, and the maximum kinetic energy 7, of the

microsystem are,

54
m:u-ZU k+ZZUTks+Z ZURks ( )
k=1s=1 =ls=1
and
N l 11
=25 Phuab,o® [ [We(x, ydxdy (5.5)
k=1 00
where

U, - Strain energy of the k™ plate element
Uy, - potential energy of s" side translational spring of k™ plate element

U - potential energy of s™ side rotational spring of k™ plate element and are estimated
riks ~ P g pring

using the following equations:

U

max.k

b 11 ,
= kTk Tk ”[ W2, +al W2, +2va; W W_, +2(1-v)a; W}, dxdy
2ak 00

1 I’ 2
Urss =5 Kras [(8W,)dl
0

{

Uns =y Kas. (),

where

Dy - flexural rigidity of the k™ plate

I - length of the side, s

AW, - difference in deflection along the s" side of the k™ plate
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AW,' - difference in slope along the s side of the k™ plate element
W,, - deflection of k™ plate element along side s

Px - mass density of the k" plate element

hy - thickness of the k™ plate element

&) - natural frequency of entire structure

N - total number of plate elements = 13 and

subscripts x,y refer to differentiation with respect to respective coordinates.

Ui s TEpresents structural part while U, ;and U,, represent environmental influence

part of the combined microsystem.

Substitution of deflection Equation (3.25) in strain energy and kinetic energy Equations

(5.4) and (5.5), and optimization of Rayleigh quotient with respect to A;;x result in the

following eigenvalue equation of the plate type microsystem

/ 00 ~00
ZZ[Cmm’j,k +Cmm'j,k —AnkEmiFnj ]4mn,lc _Zsznij,sAmn,s =0

m n m n
vV-k=12,..... N
where

Cosx =EZF® +@}EXF? +va (EQFP + EXFZ)+2-(1-v)aZEF)

mnij .k
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Crmit =K1 410 Eni0,(0)9 (0) + K7, .0, (D6, ()F,° + K7, 50, Enie, (D (1)
+ K14.49n (009, (0VF° + Kz, (@[ E 10, (0)9}(0) + K7 . .0 (V) (DFY
+ K s ERoi (Do (1) + Ky, 8, (0)9, (0)F,Y
Dpnjs A s =[K7 4,10 Eni@, (D@ (0) + K aia, ENe) (D)9 (0)]A4,,,, +
(K7 420, (00, (DFS + K}, , 0%4»,'. 08! (VFL14,,,.,. +
(K7 4304 Eni®, ()0, (D) + Kz, saia,Eng, (009 (D14, ,, +
(K748 (D9, (OVF +Kips — Ze gl (D)) (OVFL 1Ay

54

and

4 s 2
Kr,. iai K = Kg,ia, _ Pralx _ p.ha; o
Dy TR D, T Er.khrz.k T D, ’

\(d¢ )(d ¢j ‘(d’qo ) d*o; d, do,
E” = — o - ] -d . .l=—" l.=_/
"’ 5[( @ N )& ! o Nay )Y %% YTy

Subscript (r,k) refers to ratio of parameter of k"™ segment to that of first plate segment.

=
Krii=

The solution of Equation (5.4) yields both eigenvalues and mode shapes of the plate type
microsystem. Plate segments that have an edge on the boundary of the main structure
side ‘s’ have, Am,s = 0. The required boundary conditions for any segment can be

generated by suitable choice of the values of Kt and Kg.

The vibrational behavior of the microstructure such as mode shapes, natural frequencies

and the vibrational response can be effected by modifying the stiffness values of artificial
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Natural frequency, kHz

W
(o]

20

10

springs which in turn represents the different boundary conditions that are inherent to the

micromachining process.

The eigenvalue equation of this microsystem has been formulated and solved for

KR *q

eigenfrequencies for different values of K ;,a = at the four end supports of the

3
beams. D = % is the flexural rigidity of the plate. The predicted variation of
20—y~

four eigenfrequencies against different rotational stiffness is shown in Figure 5.12.

=3

—&— First
—a&— Second
—a&— Third

—a&— Fourth

T T 1110

a =600 um

1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05

Kra

Figure 5.12: The predicted first four natural frequencies versus the boundary rotational
stiffnesses for a plate type MEMS structure, design SQ1

307



This prediction will help in quantifying the boundary conditioning due to different end
conditions obtained in MEMS fabrication process for plate type microsystems, if the
natural frequncies of the microsystem is available through experiments or other

approximate methods such as Finite Element Method.

5.2.1.2 Verification and quantification of boundary conditioning

In order to verify the present prediction the natural frequencies of the structure in Figure
5.7a are compared with those obtained by Finite Element methods using ANSYS
(clement: SHELL 63) for two different boundary conditions. One of the conditions
corresponds to classical clamped condition that assumes no step at the boundaries. The
predicted values of natural frequencies for no stepped-up condition given in Table 5.1
are in good agreement with the results of ANSYS. In reality, the structure is stepped-up
by the height of 1.5um which is the thickness of the sacrificial oxide layers. The first
four mode shapes of this structure modeled through ANSYS is shown in Figure 5.13.
The predicted first natural frequency using ANSYS for this stepped up structure is 30.589

kHz. The corresponding rotational stiffness, that quantifies the available stepped-up
condition, can be estimated using the results shown in Figure 5.12 as K ;,a =398.11.

Thus, the boundary conditions from various micromachining process which will result in

different rotational elasticity can be defined and quantified through rotational stiffnesses

at the boundaries.
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Table 5.1 Comparison of the first four natural frequencies of the design SQ!1 (Figure
5.7a) for fully clamped boundary conditions i.e. with no step at the boundaries

Natural Frequencies, kHz

First Second Third Fourth
Present 30.844 47.788 47.788 49.303
Prediction
ANSYS 30.869 48.719 48.934 50.591
(SHELL 63)
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Figure 5.13 Four mode shapes of the design SQ1 predicted using ANSYS
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In this demonstration of micro boundary conditioning, the rotational stiffness is the only
boundary condition parameter considered in order to represent the influence of
microfabrication methods on vibration behavior of the structure. In real situations, there
could be many boundary condition parameters as seen in Chapter 4 available influencing

the dynamic behavior of the structure.

5.3 BOUNDARY CONDITIONING OF MICROSYSTEMS THROUGH

ENVIRONMENTAL INFLUENCE

We have studied so far the possible ways of influencing the dynamic behavior of
microsystems by changing the system elastic properties through boundary conditioning
with changes in the geometry and properties of the micromechanical structures, that
could be by design or due to inherent limitations in the fabrication process itself. Apart
from boundary conditioning through structural changes there are other phenomena that
are present in the microsystems that affect the net elastic properties of the system. It has
been seen in the Sections 1.2.5 and 1.4.3 that phenomena such as squeeze film effect,
electrostatic field, Lorentz effect, fringe field, etc. affect the system stiffness. The
boundary conditioning through the environmental influence is relevant only to the
microsystems. The environmental phenomena influence the potential or strain energy
distribution of the entire structure and hence the stiffness of the structure. This influence
can be used to our advantage depending upon the performance requirement. If the
change in potential energy of the structure due to the environmental phenomena can be

quantified, the formulation of boundary conditioning can be extended to predict the
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change in dynamic performance of the microsystems. In this section, the effect of
electrostatic field on dynamic performance of microsystems is presented as an example to

the boundary conditioning through environmental influence.

5.3.1 Prediction of the Influence of Electrostatic Field on Performance of

Microsystems

Capacitive type microsystems find a variety of application such as in sensors for
measuring pressure, noise level, frequency, acoustic intensity, resonance, acceleration,
humidity. Similarly, capacitive type actuators based on electrostatic and fringe field
effects find numerous applications. The capacitive type devices have two electrodes in
common, as shown in Figure 1.7, which are separated by a very thin layer in the order of
a few microns of dielectric medium. When bias voltage V is applied between the

electrodes, electrostatic force will develop between the electrodes.

In such capacitive devices with significant polarization voltage, the diaphragm deflection
is influenced by the electrostatic field. Previous investigations considered the
electrostatic field only as external forces causing static and dynamic deflections in the
diaphragm [187, 193, 194]. The effect of electrostatic field on the static deflection
behavior was considered in [66] where it was found that the static deflection increased in
the presence of electrostatic field. The static deflection of microphone diaphragm

increases with electrostatic field which in tum enhances the field strength.
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In micromachined capacitive devices the gap between the plates is of the order of
micrometers and hence the electrostatic field strength is quite significant. When the
electrostatic energy is comparable to the elastic strain energy in the system, it will have a
significant influence on the dynamics of flexible plate. The change in energy due to the

electrostatic field is given by [66]

-oU V?éC
(5.7)

ow 2 6w

where U is the energy stored, V is the voltage between the condenser plates and C is the

capacitance .

In order to demonstrate the boundary conditioning by electrostatic field, a typical circular
type condenser microphone is selected as shown schematically in Figure 5.14. Similar
strucures (microphones) fabricated out of the Mitel 1.5 pm process and through the
present fabrication synthesis are shown in Figures 1.18, 1.22. 1.23, 2.26, 2.30, 5.1a, 5.1b
and 5.3. Similar capacitive microphones fabricated out of MUMPs are shown in Figures

1.28,5.7t05.9.

The simplified system model of the elastic system under electrostatic field is shown in
Figure 5.15. K, and F; represent the influence of structural (geometry and property) part
and K. and F. represent the influence of environmental part. The effect of electrostatic
force in determining the static deflection limit and snap limit was explained in the Section

1.2.5.2 with the Figure 1.12. On consolidation, for a given bias voltage, the electrostatic
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force pulls the structure through the deflection defined by w. When the electrostatic
force equals the restoring elastic force of the structure, the diaphragm reaches stable
equilibrium position called static limit. If by some means the structure deflects further
than the static limit, then the force and the stiffness requirements follow as shown in
Figure 5.15. Further deflection after snap limit will cause the structure to get snapped to
the backplate permanently. Hence, it becomes very important to predict the static limit,
snap limit, snap voltage and dynamic behavior of the structure under the influence of
electrostatic force for the design synthesis of microsystems. The concept of boundary

conditioning is applied for predicting the electrostatic field influence as follows:

Electrodes

Vout

Back plate Dielectric

Figure 5.14 Schematic of a circular condenser
microphone
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K, - Equivalent Stiffness due to Bending of Diaphragm
K. - Equivalent Stiffness representing Electrostatic Field
F» - Equivalent force due to Bending of Diaphragm

Fe - Equivalent force representing Electrostatic Field

A 4

Fy ‘
\ ' K.
F | K \A ’
- .
A \ F. Ky -~
> — >
<. Operating e w w

range

Static eq. Snap limit

Figure 5.15 Simplified system model of a boundary conditioned elastic system
under electrostatic field.

314



As the interest is to find only the fundamental natural frequency under electrostatic force,
it is obtained using the Rayleigh method [180]. The deflections of the beam and the
diaphragm are assumed, respectively, as

y(x) = (a, +a,)x* (5.8)
w(r)=(a, +a,) (2 - ) (5.9)

The geometrical Boundary Conditions are

y(0)=y(0)=0
w’(0)=0

w(l) =y(1)
w'(1) =-y'(1)
where
x=&/L,r=n/R

a, - static deflection coefficient and

a, - dynamic deflection coefficient.

The deflection expressions y( x ) and w ( r) satisfy the geometrical boundary conditions

as well as the continuity of deflection and slope at the beam and diaphragm junction.
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5.3.1.1 Prediction of static limit, snap limit and snapping voltage

The lumped parameter modeling is used in this Section. The equations for static

deflection are written after neglecting the dynamic part as
, — 2

y(x)=asx (5.10)
w(r)=ag(2-r?) (5.11)

The maximum total elastic strain energy given as

Usmax = Upmae ¥ Ugmax (5.12)

where U, is the strain energy of the support beams and U, . is the stain energy due to
bending of diaphragm and are given by

1
Erl
Ub max =;L—3Nj(y"(x))2dx
£ 0 (5.13)
2a," NEI
= =
7'rD1 . w'(r) 2 . w' (r)
U i max Z_RI w'(r) + . - 2(1=v)w''(r) . dr
0
2
3 4Dr(l+v)a;g (5.19)
- 2

where EI is bending rigidity of beam, L is length of beam, N is number of beams, D is
bending rigidity of plate diaphragm and R is radius of diaphragm. y’ indicates

differentiation with respect to x and w’ indicates differentiation with respect tor. It is

assumed that the deflections are axisymmetric.
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Similarly, the maximum total electrostatic energy of the system, which represents the

environmental influence on system elastic property. is given by

(5.15)

Uemax = Ued max T Uebmax

where U,z max 1S the diaphragm part of electrostatic energy and U 4, 1 support beams

part of electrostatic energy and are given as

3_1 _
Uodax =—F Ddf j( w(r) 2err (5.16)
R* 5 \(d -w(r))
Dd3NLW ! y (x)
Uvopmax =—F — [ | ——— e« (5.17)
2R o \(d - y(x))
where
o 8fY (5.18
- Dd? -18)

g, - permittivity of the vacuum

a

d - effective distance between the electrodes
W - width of the beams and
V - supply voltage

It is possible to consider F as a parameter indicating the strength of the electrostatic field.

The total net strain energy of the microsystem is given by adding Equations (5.12) and
(5.15) as

(5.19)

Umax =U gmax + U e max
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For static equilibrium,

d
U gy = TYmax 5, — (5.20)

da

which results in the following condition:

NET N 4Dn(1+u)]2as _

P
[ L} R?

]
Y A - . 1 <2
F=— IZ::R”———rdr-f—NLWI e | (5.21)
2
2R™ 1o (d—w(as))z 0 (d— Wa, ))'

The static deflection is obtained by minimizing the difference between elastic energy and
electrostatic energy with respect to the static deflection coefficient a,. The resulting
Equation (5.21) is solved in an iterative fashion to obtain the static deflection. Hence, for
the given field strength F and microsystem configuration, the static (Xmun) and snap (Xmax)
limits as shown in Figure 1.12 can be estimated iteratively from the Equation (5.21).
There exists a limiting value of F beyond which the diaphragm becomes unstable and
snaps onto the back plate. The corresponding voltage called snapping voltage, for which

Xmm = Xmax , Can be estimated iteratively using the Equation (5.21)
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5.3.1.2 Prediction of natural frequency under the influence of electrostatic field

The natural frequency of the microsystem is found out using lumped parameter model of
the system based on energy principle as shown in Figure 5.15. The dynamic deflection

equations with reference to the static limit are defined as
= 2 5.22
y(x)y=agyx (5.22)

w(r)=aq(2-r?) (5.23)

The maximum kinetic energy of the beams and the diaphragm are given, respectively, as

;5
mw°LN
Tomax =——— | [yz(x)]dr (5.24)
1
T4 max =phw?R? [ w? (ryrdr (5.25)
0

where m is the mass per unit length of beam and ph is the mass per unit area of the

diaphragm.

The maximum kinetic energy of the entire microsystem can be calculated by adding the
Equations (5.24) and (5.25) as
. .=T, (5.26)

max b max

+ T,

d max

The net total strain energy is calculated using the Equations (5.12) to (5.19) by replacing
the deflection equations with Equations (5.22) and (5.23). It must be noted from

Equation (5.19) that U, decreases with increasing electrostatic energy producing a
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weakening effect on the diaphragm stiffness. This is because the electrostatic field has a

destabilizing effect on the diaphragm.

The natural frequency is calculated using the average properties of the system as follows:

The average deflection for the entire structure can be expressed as

1 1
2R%x j(z — P2 )dr + NWL fx2dx
= 0 (4]
R%z + NWL

(5.27)

Due to this average bending deflection, the equivalent reaction elastic force by the

structure can be estimated from the strain energy Equation (5.12) as

da
Fb - dUsmax = dUsmax (528)
dw da dw

2 +
2NETI . 4Dr (1 +v) 2a

s

L3 R 2
=_ _ (5.29)
1 , 1 ,
2R*x j(z “ P hdr s NWL fx?ax
0 0
R2m + NWL
Then the equivalent average spring constant for bending can be estimated from
dFy, dFy da
b _4p (5.30)

K. = -
b= "ow  da dw
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2NE] . 4Dr(1+v) 5

L R?
== - (5.31)
1 1
2R*n j(z -r? )—.dr + NWL [x?dx
0 0
R%7 + NWL
and using the Equation (5.28).
Similarly, the average force due to electrostatic field is estimated as
F,= dU ¢ max _ dU ¢ max da (5.32)
dw da dw
311 2,2 1 x?
F Dd4 f2rR?| ——— |rdr+ NLW | | ———— ldx
2R" | (d - w(ag ))2 0 (d - v(ag ))- .
=- = (5.33)
1 1
2R j'(z 2 hdr+ NWL [x?ax
0 0
Rz + NWL
The equivalent spring constant for electrostatic force can be calculated from
dF, dF, da
Ke — e _ e (534)
dwv  da dw

using the Equation (5.32).

The effective mass of the entire system is estimated from the kinetic energy defined by

Equation (5.26) as follows:



ZTmax
Meg=—"5 (5.35)
W

1
2 m[;N J' [yz(x)}ir+7rth2 f wz(r)rdr
_ — 0 (5.36)

<

W

Similarly, the equivalent stiffness is calculated by summing the bending stiffness
(Equation (5.30)) and stiffness representing environmental electrostatic effect (Equation

(5.34)) as

Keg =Ky + K, (5.37)

The natural frequency of the complete microsystem under the influence of electrostatic

effect can be estimated using the effective mass and stiffness values as

K
ol = e (5.38)

M

eq
The equivalent stiffness due to electrostatic force is strongly dependent upon the
amplitude for a given bias voltage. For the calculation of natural frequency, the
stiffnesses are estimated near the static equilibrium position.  Thus, boundary
conditioning of capacitive type microsystems is possible through the bias voltage

between the electrodes.
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5.3.2 Application to Proposed Fabrication Synthesis of Microsystems through the

Mitel 1.5 um process

The proposed fabrication synthesis of microsystems in the Chapter 2 includes fabrication
of capacitive sensors by sacrificial post-processing of polysilicon2 as given in the Section

2.7 and Figure 2.20.

The boundary conditoning is demonstrated on a design with the following details as
shown in Figure 5.1b. The diaphragm is made of a metal layer (Metlal2) sandwiched in
between a oxide layer (IMO) and passivation layer (PASS). The geometrical details of
the structure shown in Figure 5.16 is similar to the scheme in Figure 5.14 and are as

follows.

Top plate or diaphragm (IMO+

Dielectric cavity M2 +PASS)

Si substrate

/
IPO Backplate (PO1)

Figure 5.16 Scheme of the capacitive sensor used for prediction of the influence of
electrostatic field

Radius of the diaphragm , R =325 um

Width of the support beams, W =125 um
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Length of the support beams, L = 50 um

Thickness of the lower layer (IMO), hy = 0.3 ym

Thickness of the structural layer M2, h, = 0.8 um

Thickness of the top layer, hy = 1.0 um

Thickness of the insulation layer (IPO) on the backplate (PO1), hyy, = 0.048 um
Modulus of elasticity of the lower layer (IMO), E; = 0.74x10"" N/m?

Modulus of elasticity of the structural layer M2, Ey = 0.69x10'" N/m’

Modulus of elasticity of the top layer, E¢ = 0.74x10" N/m’

Mass density of the lower layer (IMO), pL = 2180 kg/m3

Mass density of the structural layer M2, p, = 2300 kg/m’

Mass density of the top layer, py = 2180 kg/m’

Thickness of the lower layer (IMQO), hy = 0.3 um

Thickness of the structural layer M2, h, = 0.8 ym

Thickness of the top layer, hy = 1.0 um

Thickness of the insulation layer (IPO) on the backplate (PO1), hyp = 0.048 um
The initial dielectric gap, dg = 0.3 um

Dielectric constant of the lower layer (IMO), g, = 3.8

Dielectric constant of the insulation layer (IPO) on the backplate (PO1), e, = 3.8
Dielectric constant of the air cavity, €, = | and

Permittivity of the free space, g = 8.85x10'? F/m

The equivalent properties are calculated using the following equations:

Equivalent dielectric distance, deq = do + hi/eL + hyp/Eup
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ELVOIL +EbVolb +EUV01U

Equivalent modulus of elasticity, E., =
Vol, +Vol, +Vol,,

p Vol, +p,Vol, +p Vol

Equivalent mass density, p,, =
Vol, +Vol, + Vol,:

Equivalent thickness, heq = hy + hy + he

The prediction of static limit, snap limit and natural frequency were carried out for the
above design and the results are given in Figures 5.16 to 5.20. The normal values were
replaced with the equivalent values wherever possible for the prediction. The predicted
variation of average electrostatic force F. (Equation 5.32) and reaction force Fy (Equation
5.28) against deflection positions are given in Figure 5.17. When the field strength is
increased the static limits and snap limits move closer. The increase in static equilibrium
limit is noticed when field strength is increased. It can be seen that at very high field
strengths, for example F=120, static and snap limits are the same and thus dictating the
limit of the field strength that can be applied. The predicted variation of static limit and
snap limit against field strength and bias voltage are shown in Figure 5.18. Bias voltage
of around 11.5 volts at which static limit and snap limit is the snapping voltage as noticed
in this figure. The diaphragm becomes totally unstable after the snapping voltage. The
predicted variation of natural frequency as per the Equation 5.38 is shown in Figures 5.19
and 5.20 against field strength and bias voltage, respectively. Thus this study shows the
possible prediction of environmental influence on the behavior of microsystems that are
fabricated through the proposed fabrication synthesis with application of the concept of

boundary conditioning.
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Figure 5.17 Predicted variation of average bending and electrostatic
force for different field strengths for a condenser microphones
fabricated through the Mitel 1.5mm process.
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5.3.3 Application to Microsystems Fabricated through MUMPs

In this section, boundary conditioning is applied to capacitive type microsystems
fabricated through a dedicated process called MUMPs. The performance of the square
type capacitive devices, shown in Figures 5.7 to 5.9, are also influenced by electrostatic
field. The circular type capacitive sensors shown in Figures 5.21 and 5.22 are selected
for the present demonstration of boundary conditioning. These devices were also
subjected to residual stress that were inherent to the fabrication process apart from the
electrostatic field. Thus, this section also presents the prediction of the effect of residual

stress on the performance of microsystems as an extension to the boundary conditioning

through fabrication process.

5.3.3.1 Prediction of the influence of residual stress on performance of microsystems

Consider the micromechanical structure subjected to residual stress 64. Residual stress is
assumed to be distributed along the circumference. This residual stress changes the

distribution of strain energy over the entire structure.

The vertical shear force due to the residual stress

2.
R, =0 ;h 4 =c h il——wg-l for the diaphragm portion
dr dr~ <
4 42 (5.39)
=o  h a8 _ o h __}EL) for the support beam portion
(ix dr"

The work done by residual stress on the microsystem over the circular diaphragm area
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U,y =Ry -dd-0w(r)
R
=~ (R h-&w(r)2nr - dr (5.40)

0
=-3mac dh

Similarly the work done on the support beams area

U, = _ch'Rv -dA - 0y(x)
L
=—NW [R,h-6v(x)-dx
0
2Nthda

3L

(5.41)

where the deflection expressions are defined by the Equations (5.10) and (5.11) for the

prediction of static and snap limits, and by the Equations 5.22 and 5.23 for the prediction

of natural frequency.

Residual stress present in the structure alters the strain energy distribution of the system

and hence the new strain energy is given by

(5.42)

=U +U +Ucrd+Ucrb

bmax

US max d max

For static equilibrium of the structure, the Equation (5.20)

U
BU gy = —T8% 5y =0
dag

results in the following condition:

2NEI+4Dzr(l+u)_37tO’dh_NWhad 0y -
L R? 2 L [
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P 1 2

Dd3 1 2—-r° X~
F=| [272R? ————5 |rdr + NLW | | 75 idx (5.43)
2R” 1 g (d —w(a, ))- 0 (d — v(ag ))ZJ

This equation presents the combined influence of residual stress inherent to fabrication
process and electrostatic field on the static and snap limits of the device. The static and

snap limits can be estimated iteratively for a given field strength F and residual stress o.

With the revised strain energy formulation given by Equation (5.42), natural frequency
can be found out with the following modifications:
The equivalent reaction elastic force by the structure under the bending and residual

stress can be estimated from the strain energy Equation (5.42) as

Fp = dU s max — dU s max da (5.44)
dw da dw

2NET . 4Dr(l+v) 3rc ,h B NWhO'd

2
L3 R 2 3L |
= _ . (5.45)
1 1
2R%x j(z 2 b+ NWL [x?ax
0 0
R%m + NWL
Then the equivalent average spring constant for bending can be estimated from
dF, dFy da
b_=56 (5.46)

K. = =
dev da dw



Hence

L R} 2 3L |
(5.47)

[21\/51 ,4Dr(1+v) 3no,h _ NWho, |,
K=

2Rz lJ’(z —rYdr+ NWL lszdt
Q

0

R’m + NWL

By substituting the revised value of K;, from Equation (5.47) into the Equation (5.37), the

new natural frequencies under the combined influence of electrostatic field and residual

stress can be estimated using the Equation (5.38).

5.3.3.2 Combined influence of residual stress and electrostatic field on performance

of devices CA and CB

The concept of boundary conditioning for determining the combined influence of
electrostatic field (environmental) and residual stress (limitation of fabrication process)
has been developed in the previous section. [n order to validate the above formulation, it
is applied on two capacitive devices namely CA and CB that are shown in Figure 5.21
and 5.22. These devices were fabricated through MUMPs process. The geometry and

material properties used for the prediction are given in Table 5.2.
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a) Schematic

Figure 5.21 Photograph of the circular type capacitive devices fabricated
through MUMPs (Designs CB and CA). Diameter of the diaphragm is 600um.
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Figure 5.22 SEM micrograph of capacitive devices CA and CB fabricated through
MUMPs. Diameter is 600um.
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Table 5.2 Structural and functional properties of sensors CA and CB

CA CB
Structural (diaphragm) layer Polyl Poly2
Radius of the diaphragm, R pm 300 300
Number of support beams, N 4 4
Width of support beams, W um 102 102
Length of support beams, L pm 100 100
Thickness, hin A 20241 15162
Mass density, p kg/m’ 2300 2300
Modulus of elasticity, E GPa 170 170
Poisson's ratio 0.42 0.42
Dielectric gap, do in A 22000 29869
Residual stress, ¢4, Mpa (compressive) -28 -5

The predicted results under the combined influence of electrostatic field and residual
stress, using the structural parametric values given in Table 5.2, are shown in Figures
5.23 to 5.26. The structural layer, Polyl, for the sensor CA has inherent compressive
stress of 28 MPa while the Poly2 structural layer of the sensor CA has the inherent

compressive residual stress of 5 MPa. Poly0 layer is the backplate for both sensors. The

bias voltage V will be applied between the structure and the backplate.
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Figure 5.23 Predicted variation of average bending force and electrostatic
force under the influence of residual stress at the bias voltage of 8V for two
capacitive type devices fabricated through the MUMPs process.
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Figure 5.24 Predicted variation of static limit and snap limit under the
influence of residual stress against bias voltage for two capacitive type
devices fabricated through the MUMPs process.
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Figure 5.23 shows the predicted variation of average reaction force F, with and without
the influence of residual stress along with electrostatic force F. for a given bias voltage of
8V against deflection positions. The presence of residual stress increased the reaction

force and resulted in a wider operating range (lower static limit and higher snap limit).

Static and snap limits were predicted against bias voltage as shown in Figure 5.24. It can
be seen from the Table 5.3, that the presence of residual stress increased the snapping
voltage from 12.1 to 23.3 for the sensor CA and from 12.3 to 16.8 volts for the sensor
CB. Thus residual stress increased the operating voltage range. The snapping voltage
given in Table 5.3 for the sensor CA was experimentally also found out. The
comparison between the experimental and predicted values is good. The curling of
structures could be the reason for the difference between the two values.

Table 5.3 Results of the snap study

CA CB

Experimental 26.7-273 —

Prediction with 64 = 0 MPa 12.1 12.3
Prediction with Gy = -28 MPa 233 —

cg=-5MPa - 16.8

In order to predict the influence of residual stress on dynamic behavior, equivalent
stiffnesses such as Ky and K, were calculated as shown in Figure 5.15. It can be seen that

stiffness becomes deflection dependent and hence the natural frequencies were estimated
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near the static equilibrium position. The predicted variation of natural frequency against
bias voltage is given in Figure 5.25 for both sensors. It can be seen that residual stress

increased the natural frequency and hence resulted in a wider dynamic operating range.

10)(10 o

o4= -28 MPa %

Natural Freq. Hz

1 . :
0 s 10 15 20 25
V., voits
§x10° S
as- \\
4~ *.““‘"*u
T
Gq4=-5MPa S
3.5 AT UH G Ty, e
~N T .‘
£ “‘%% "
g ° e, L
uw R g
© : .
§ 2.5 “
2 Sensor CB
2 .
1.5- -
G4 =0MPa
1 .
Q.5
[¢] 2 4 6 8 10 12 14 16 18
V. volts

Figure 5.25 Predicted variation of natural frequency against bias voltage
under the influence of residual stress for two capacitive type devices

fabricated through the MUMPs process.
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5.4 APPLICATION OF FUZZY SYSTEM IDENTIFICATION TO BOUNDARY

CONDITIONING OF MICROSYSTEMS

The influence of geometrical variations, fabrication methods, fabrication process
parameters and operational environment on boundary conditioning of microsystems has
been studied so far in this chapter. Considering the nature of complications at the
microlevel, it may not be possible to predict the dynamic behavior under the influence of
many boundary conditioning parameters and it may be necessary to develop the system
from a priori knowledge. It has been seen in Chapter 4 that fuzzy system identification
suits such situations. Hence, fuzzy clustering technique is applied to microsytems in this
section. For simplicity, SISO (single input and single output) modeling is considered just
to demonstrate the application of fuzzy system identification to microsystems. The
poundary conditioning of the MEMS plate type structure (design SQ1) due to stepped-up
end condition, which was explained in Section 5.2.1. is considered for the present
modeling. The input antecedent is the rotational stiffness Kra at the stepped-up ends

and the consequent is the first natural frequency as shown in Figure 5.12.

The concept of boundary conditioning can be used in passive or active way for the
manipulation of dynamic behavior of microsystems. [n passive way, which is the direct
design approach, the input boundary conditioning parameters are varied until the required
performance is met. In active way, which is close to inverse design approach, the input
parameters are selected for the given output. It would be advantageous if the same model

of the system can be used for both active and passive manipulation of the system
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behavior. In fuzzy system identification, passive manipulation is possible through
Generalized Modus Ponens (GMP) inference mechanism as explained in Section 4.1.5.

The GMP reasoning can be written as

Rule base: X 1S KR,a. =y is fq,
New fact: X is KR,a“
New conclusion: yis £,

The GMP reasoning is useful in predicting the new conclusion (f.,)) for a new input
situation (Kgra ) from the rule base or knowledge base depicting the system behavior.
Hence, one can vary the fact Kz,  until the required performance, say, f,,  is obtained.
Kr. and f, represent fuzzy sets of rotational stiffness and natural frequency. The GMP
reasoning will be useful for such direct design of microsystems using boundary

conditioning.

For the case of inverse design, the reasoning of Generalized Modus Tollens can be used
along with ,Mamdani reasoning (Min-Max) as shown below. The needed input can be
obtained for the required output as given below:

Rule base: xis Krpa =y is f,,

New fact: y is f,,‘..

New conclusion: xis Kg,




Using GMT reasoning and the knowledge base, it is possible to predict the rotational
stiffness required for a given natural frequency. The same fuzzy rule base obtained
through system identification technique has to be used for both GMP and GMT
reasoning. This is possible if and only if the relationship between input and output is
continuous. Hence, the continuous variation of first natural frequency against rotational
stiffness shown in Figure 5.12 is considered for system identification. The data used for
system identification are shown in Figure 5.26. Fuzzy subtractive clustering with
clustering parameters of £ =0.8, £=0.2, n=0.5 and r,=0.05 has been applied to these data
and the resulting rule base with & = 9.67666x10* and N=21 is given in Figure 5.27.
Mamdani type inference is applied for both GMP and GMT reasoning. The comparison
between the model and predicted values shows a good agreement as seen from Figure
5.26. With the same rule base and min-max composition, the stiffness parameter has
been estimated for the new frequency of 30589 H:z predicted from ANSYS for the
stepped condition given in Section 5.2.1.2. A value of Kr, = 401.9 that has been
obtained using GMT reasoning is close to the model value of 398.11 which can be seen
from Figure 5.12. Even though the fuzzy system identification has been applied to SISO

system, it can be extended to MIMO sytems also.

The above example validates the use of fuzzy clustering with Mamdani inference
mechanism for GMT reasoning. As the real microsystems are subjected to many
parameters, the fuzzy system identification will be a suitable technique for the

manipulation of boundary conditioning of microsystems.
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5.5 CONCLUSIONS

In this chapter the concept of boundary conditioning has been applied to various aspects
of the synthesis of microsystems. Towards the design synthesis of microsystems,
prediction formulation has been presented for boundary conditioning through structural
changes such as geometry, stiffeners, corrugation etc. Towards fabrication synthesis of
microsystems, MEMS engineers struggie to invent highly compatible fabrication
processes so that in many occasions we have to accept some inherent limitations imposed
by the micromachining process. In such cases, it is important to predict and manipulate
the influence of process limitations such as non-classical support conditions, residual
stress etc. on the system performance. Boundary conditioning concept has also been
applied to predict the influence of support conditions that result from micromachining
processes and residual stress. The present results have been compared with those
obtained using ANSYS. The comparison showed good agreement. The environmental
influence such as electrostatic field aiso affect the design synthesis of microsystems.
Boundary conditioning has also been applied to predict the influence of environments on
the system performance. Comparison with experimental study showed a good
agreement. On consolidation the concept of boundary conditioning has been applied to
different aspects of synthesis of microsystems such as fabrication synthesis and design
synthesis. The fuzzy system identification along with comparison validated the

application of fuzzy logic to boundary conditioning cf microsystems.
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CHAPTER 6

CONCLUSIONS AND EXTENSIONS

6.1 CONCLUSIONS

This thesis discusses the concept of boundary conditioning and uses it for the synthesis of
micromechatronic systems using fuzzy logic. The three main sub areas of the thesis, i.e.
synthesis of microsystems, boundary conditioning and fuzzy system identification are
separately considered before combining them for the design synthesis of

micromechatronic systems.

The success of MEMS in the future will depend upon the integration of higher level of
microelectronics and larger number of micromechanical components on a single chip.
This thesis proposes a fabrication synthesis for a possible integration of microelectronics
and micromechanical components using an industrial CMOS process, namely the Mitel
1.5 um process, along with XeF, gas phase etching, in order to take the full advantage of
miniaturization, multiplicity and microelectronics. The etching was completely

developed as part of the thesis project and described in Chapter 2.

The concept of boundary conditioning was developed in Chapter2 using plate type
structures with edges supported on artificial springs which can be manipulated so as to be
able to describe any general boundary conditions. The Rayleigh-Ritz method along with

boundary characteristic orthogonal polynomials are used in the analysis.
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The boundary conditioning concept has been introduced in this thesis as a unified
technique in order to model, manipulate and quantify the influence of system and
environmental conditions on dynamic behavior of the combined system. There are many
boundary conditioning parameters such as geometry, process methods, environmental
phenomena. Hence, a systemic approach has been used in this thesis in order to
accommodate the influence of many boundary conditioning parameters. The systemic
approach is so general that it can reproduce or identify the system using a priori
knowledge which could be either from the theoretical understanding or from the intuitive
knowledge of an expert or experimental evidence of the system behavior. Any such
systemic inquiry is always approximate with limited certainty. The progress in inquiry is
thus accompanied by an enhancment of certainty as the understanding of the system
improves. The theory of fuzzy logic is a tool that can express qualitatively the
approximation with a scope for further adaptation and hence this becomes right language

for system identification technique.

There are several parameters which influence the final behavior of the microsystems.
Fuzzy system identification was employed in order to capture the effects of many
paramters and arrive at the successful synthesis. This is described in Chapter 4.
Synthesis of boundary conditioning concept, fuzzy logic and system identification has
been successfully applied to the synthesis of microsystems in Chapter 6. Thus, the
present work expounded an exciting new interdisciplinary subspace of boundary

conditioning, fuzzy system identification and synthesis of microsystems along with
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analytical and experimental investigations. This new interdisciplinary subspace has a
tremendous potential for further interesting inquiry. The thesis also outlined many areas

through which the interdisciplinary subspace could be explored.

Conclusions were drawn on the individual aspects of the investigations already in the

respective Chapters. The conclusions from a global point of view are:

Fabrication of MEMS devices and XeF, etching:

1. Integration of micromechanical and microelectronics components through an
industrial CMOS process, namely, the Mitel 1.5 pm Double-Poly-Double-Metal

process is possible through gas phase xenon difluoride isotropic pulse etching.

s

The post-release etch studies on the Mitel designs proved the possibility of fabricating
many devices such as piezoresistive devices, capacitive devices, Lorentz devices.

The post-release XeF» etching resulted in stepped-up end condition for sacrificial type

b

etching and under etched end conditions for bulk etching. These non-classical end
conditions were observed in a more or less quantifiable fashion such that they can be
incorporated in analysis using fuzzy logic for design synthesis.

4. The disadvantages such as stiction, attacking of metal pads associated with wet
etching are avoided by resorting to XeF; etching.

5. Residual stresses and sharp comers associated with CMOS processing should be

incorporated into the design synthesis
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Boundary conditioning:

6. It is possible to model and quantify the influence of structural geometry and
properties variation and operational environment in a unified way using boundary
conditioning.

7. It is possible to manipulate eigenfrequencies as in the case of structural tuning or
tuning of musical instruments. 8.

8. Localization of vibrational response and acoustic radiation is possible through
modification of mode shapes through boundary conditioning. Control of vibrational
response will become easier after localization.

9. Manipulation of arrangement of natural frequencies is possible through boundary
conditioning.

10. The boundary conditioning parameters are numerous in complicated systems such as

microsystems for which fuzzy logic approach is suitable.

Fuzzy svstem identification:

11. Automatic system identification is possible through fuzzy clustering technique.

. Fuzzy system identification can be applied to complicated systems like boundary
conditioning. This has been validated through the application to structural tuning.

13. Fuzzy clustering is suitable for both Mamdani and Sugeno reasoning.

14. Identification of higher order system is possible through higher order optimization

proposed in this thesis.



Svnthesis of microsystems:

Boundary conditioning in microsystems has several effects that are not common to
macrosystems. Operational external environment such as electrostatic force, Lorentz
force, special end conditions such as stepped-up and under-etched, corrugations, residual
stresses affect the boundary conditioning of microsystems. In view of the above, the
concept of boundary conditioning applied to synthesis of microsystems using fuzzy logic

approach is a very significant contribution to the area of MEMS.

6.2 FUTURE STUDIES

A sense of completeness has been achieved in the investigations carried out so far which
have helped in drawing the above meaningful conclusions. However, there are still some
areas which could be explored to expand the scope of the concept of boundary
conditioning in the synthesis of microsystem.

1. Experimental characterization of dynamic behavior of microsystems under the

influence of electrostatic field, Lorentz force, squeeze film damping etc.

[SS]

Integration of micromechanical structures with microelectronics circuits and
development of a complete microdevice. Microelectronics needed for signal
conditioning, signal processing have to be incorporated through the Mitel 1.5 um
process for the piezoresistive and capacitive devices that were released through XeF:

gas phase etching.

3. Modeling the non-linear effects of boundary conditioning with electrostatic force,

Lorentz force etc.



(9]

Quantification of residual stresses present in the microstructures.

Application of fuzzy system identification to a complete microsystem with many
input boundary conditioning parameters and many output parameters

Effect of partial supports on the system behavior using boundary conditioning
technique which could be applied to both macro and microsystems

Manipulation of acoustic radiation through boundary conditioning concept by
modifying the mode shapes in order to achieve required radiation efficiency. This
will be useful for both macro systems and microspeakers.

Incorporation of parameter optimization of fuzzy sets obtained through clustering
technique, automatic generation of optimum rule base i.e. optimum generation of
clustering parameters and automatic generation of unsymmetric fuzzy sets.
Application of boundary conditioning concept for adaptive control of system through
controlling the parameters of the environment. This is possible by controlling the
equivalent stiffness of the system, which could be implemented by using rheological
liquids, semi-active vibration absorbers etc. in the case of macrosystems and by using

bias voltage, Lorentz current etc. in the case of microsystems, as shown in the Figure
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Figure 6.1: Control scheme using boundary conditioning of environment
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APPENDIX A

Table A.1: Input-Output Data For Objective Function Aj33ss

X, X v X Xz v
-0.3000E+01 -0.3000E+01 0.9415E-02 -0.2400E-01 -0.1600E+01 0.9298E-02
-0.3000E+01 -0.2800E+01 0.9415E-02 -0.2400E+01 -0.1400E+01 0.9238E-02
-0.3000E+01 -0.2600E+01 0.9415E-02 -0.2400E+01 -0.1200E+01 Q0.9150E-02
-0.3000E+01 -0.2400E+0L1 0.9427E-02 ~-0.2400E+01 -0.1000E+C1 0.9060E-02
-0.30C0E+01 -0.2200E+01 0.9376E-02 -0.2400E+01 -0.8000E+00 0.8917E-02
-0.3000E+01 -0.2000E+01 0.9355E-02 -0.2400E+01 -0.6000E+00 0.8726E-02
-0.3000E+01 -0.1800E+01 0.9345E-02 -0.2400E+01 -0.2000E+01 0.9367E-02
-0.3000E+01 -0.1600E+01 0.9331E-02 -0.2400E+01 -0.1000E+01 0.9060E-02
-0.3000E+01 -0.1400E+01 0.9264E-02 -0.2400E+01 0.0000E+0Q0 0.9650E-02
-0.3000E+01 -0.1200E+01 0.9175E-02 -0.2400E+01 0.2000E+00 0.1174E-01
-0.3000E+01 -0.1000E+01 0.9047E-02 -0.2400E+01 0.4000E+00C 0.1574E-01
-0.3000E+C1 -0.8000E+00 0.8904E-02 -0.2200E+01 -0.3000E+01 0.9376E-02
-0.3000E+01 -0.6000E+00 0.8741E-02 -0.2200E+01 -0.2800E+01 0.9376E-02
-0.3000E+01 -0.2000E+01 0.9355E-02 -0.2200E+01 -0.2600E+01 0.9388E-02
-0.3000E+01 -0.1000E+01 0.9047E-02 -0.2200E+01 -0.2400E+01 0.9388E-02
-0.3000E+01 0.0000E+00 0.9635E-02 -0.2200E+01 -0.2200E+01 0.9367E-02
-0.3000E+01 0.2000E+00 0.1171E-01 -0.2200E+01 -0.2000E+01 0.9345E-02
-0.3000E+01 0.4000E+00 0.1572E-01 -0.2200E+01 -0.1800E+01 0.9307E-02
-0.2800E+01 -0.3000E+01 0.9415E-02 -0.2200E+01 -0.1600E+01 0.9300E-02
-0.2800E+01 -0.2800E+01 0.9415E-02 -0.2200E+01 -0.1400E+01 0.8228E-02
-0.2800E+01 -0.2600E+01 0.9415E-02 -0.220CE+01 -0.1200E+01 0.9162E-02
-0.2800E+01 -0.2400E+01 0.9383E-02 -0.2200E+01 -0.1000E+01 0.9028E-02
-0.2800E+0Q1 -0.2200E+01 0.9376E-02 -0.2200E+01 -0.8000E+00 0.8874E-02
-0.2800E+01 -0.2000E+01 0.9355E-02 -0.2200E+01 -0.6000E+00 0.8726E-02
-0.2800E+01 -0.1800E+01 0.9345E-02 -0.2200E+01 -0.2000E+01 0.9345E-02
-0.2800E+01 -0.1600E+01 0.9331E-02 -0.2200E+01 -0.1000E+01 0.9028E-02
-0.2800E+01 -0.1400E+01 0.9264E-02 -0.2200E+01 0.0000E+00 0.9650E-02
-0.2800E+01 -0.1200E+01 0.9188E-02 -0.2200E+01 0.2000E+00 0.1174E-01
-0.2800E+01 -0.1000E+01 0.9047E-02 -0.2200E+01 0.4000E+00 0.1573E-01
-0.2800E+01 -0.8000E+00 0.8904E-02 -0.2000E+01 -0.3000E+01 0.9355E-02
-0.280Q00E+01 -0.6000E+00 0.8741E-02 -0.2000E+01 -0.2800E+01 0.935SE-Q2
-0.2800E+01 -0.2000E+0Q1 0.9355E-02 -0.2000E+01 -0.2600E+01 0.9367E-02
-0.2800E+01 -0.1000E+01 0.9047E-02 -0.2000E+01 -0.2400E+01 0.9367E-02
-0.2800E+01 0.0000E+00 0.9635E-02 -0.20002+01 -0.2200E+01 0.9345E-02
-0.2800E+01 0.2000E+00 0.1171E-01 -0.2000E+01 -0.2000E+01 0.9340E-02
-0.2800E+01 0.4000E+Q0 0.1572E-01 -0.2000E+01 -0.1800E+01L 0.9319E-02
-0.2600E+01 -0.3000E+01 0.9415E-02 -0.2000E+01 -0.1600E+01 0.9273E-02
-0.2600E+01 -0.2800E+01 0.941SE-02 -0.2000E+01 -0.1400E+01 0.9207E-02
-0.2600E+01 -0.2600E+CQ1 0.9427E-02 -0.2000E+01 -0.1200E+01 0.9132E-02
-0.2600E+01 -0.2400E+01 0.9383E-02 -0.2000E+01 -0.1C00E+01 0.9032E-02
-0.2600E+01 -0.2200E+01 0.938BE-02 -0.2000E+01 -0.8000E+00 0.8887E-02
-0.2600E+01 -0.2000E+01 0.9367E-02 -0.2000E+01 -0.60C0E+00 0.8702E-02
-0.2600E+01 -0.1800E+01 0.9335E-02 -0.2000E~01 -0.2000E+01 0.9340E-02
-0.2600E+01 -0.1600E+01 0.9298E-02 -0.2000E+01 -0.1000E+01 0.9032E-02
-0.2600E+01 -0.1400E+01 0.9265E-02 -0.2000E+01 0.0000E+00 0.9648E-02
-0.2600E+01 -0.1200E+01 0.9188E-02 -0.2000E+01 0.2000E+00Q 0.1174E-01
-0.2600E+01 -0.1000E+01 0.9047E-02 -0.2000E+01 0.4000E+00 0.1577E-01
-0.2600E+01 -0.8000E+00 0.8904E-02 -0.1800E+01 -0.3000E+01 0.9345E-02
-0.2600E+01 -0.600QE+OC 0.8755E-02 -0.1800E+01 -0.2800E+01 0.9345E-02
-0.2600E+01 -0.2000E+01 0.9367E-02 -0.1800E+01 -G .2600E+01 0.9335E-02
-0.2600E+01 -0.1000E+01 0.9047E-02 -0.1800E+01 -0.2400E+01 0.89340E-02
-0.2600QE+01 0.0000E+0Q0Q C.9635E-02 -0.1800E+01 -0.2200E+0Q1 0.9307E-02
-0.2600E+01 0.2000E+00 0.1174E-01 -0.1800E+01 -0.2000E+01 0.9319E-02
-0.2600E+01 0.4000E+00 0.1572E-01 -0.1800E+01 -0.1800E+01 0.9300E-02
-0.2400E+01 -0.3000E+01 0.9427E-02 -0.1800E+01 -0.1600E+01 0.5264E-02
-0.2400E+01 -0.2800E+0Y 0.9383E-02 -0.1800E+0L -0.1400E+01 0.9199E-02
-0.2400E+01 -0.2600E+01 0.9383E-02 -0.1800E+01 -0.1200E+01 0.9125E-02
-0.2400E+01 -0.2400E+01 0.9376E-02 -0.1800E+01 -0.1000E+01 0.9021E-02
-0.2400E+01 -0.2200E+01 0.9388E-02 -0.1800E+Q1 -0.8000E+00 0.88B44E-02
-0.2400E+01 -0.2000E+01 0.9367E-02 -0.1800E+01 -0.6000E+00 0.8701E-02
-0.2400E+01 -0.1800E+01 0.9340E-02 -0.1800E+01 -0.2000E+01 0.9319E-02

-0.1800E+01 -0.1000E+0Q1 0.5021E-02
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-0.1800E+01 0.0000E+0Q0 0.9643E-02 -0.1000E+01 -0.1000E+0Q1 0.8757E-02
-0.1800E+01 0.2000E+00 0.117SE-01 -0.1000E+01 -0.8000E+00 0.8634E-02
-0.1800E+01 0.4000E+00 0.1582E-01 -0.1000E+C1l -0.6000E+Q0 0.8520E-02
-0.1600E+Q1 -0.3000E+01 0.9331E-02 -0.1000E+01 -0.2000E+01 0.9032E-02
-0.1600E+01 -0.2800E+01 0.3331E-02 -0.1000E+01 -0.1000E+01 0.8757E-02
-0.1600E+01 -0.2600E+01 0.9298E-02 -0.1000E+01 0.0000E+00 0.9693E-02
-0.1600E+01 -0.2300E+01 0.9298E-02 -0.1000E+01 0.2000E+00 0.1192E-01
-0.1600E+01 -0.2200E+01 0.9300E-02 -0.8000E+0Q0 -0.3000E+01 0.8904E-02
~0.1600E+01 -0.2000E+01 0.5273E-02 -0.8000E+00 -0.2800E+01 0.8904E-02
-0.1600E+01 -0.1800E+01 0.9264E-02 -0.8000E+00 -0.2600E+01 0.8904E-02
-0.16Q00E+01 -0.1600E+01 0.9207E-02 -0.8000E+00 -0.2400E+01 0.8817E-02
-0.1600E+01 -0.1400E+01 0.2175E-02 -0.800CE~QO -0.2200E+01 0.8874E-02
-0.1600E+01 -0.1200E+01 0.9071E-02 -0.80G0E+O0 -0.2000E+01 0.8887E-02
-0.1600E+01 -0.1000E+01 0.8974E-02 -0.8000E~00 -0.1800E+01 0.8844E-02
-0.1600E+01 -0.8000E+00 0.8836E-02 -0.8000E+~00Q -0.1600E+01 0.8836E-02
-0.1600E+01 -0.6000E+00 0.8691E-02 -0.8000E+00 -0.1400E+01 0.8782E-02
-0.1600E+01 -0.2000E+01 0.9273E-02 -0.8000E+~00 -0.1200E+01 0.8724E-02
-0.160Q00E~01 -0.1000E+01 0.8974E-02 -0.8000E+00C -0.100CE+Q01 0.8634E-02
-0.1600E+01 0.0000E+00 0.5636E-02 -0.8000E+Q0 -0.8000E+00 0.8524E-02
-0.1600E+01 0.2000E+00 0.1177E-01 -0.8000E+QO -0.6000E+00C 0.8419E-02
-0.1600E+01 0.3000E+0Q0 0.1582E-01 -0.8000E+00 -0.2000E+01 0.8887E-02
-0.1400E+01 -0.3000E+01 0.9264E-02 -0.8000E+00 -0.1000E+01 0.8634E-02
-0.1400E+01 -0.2800E+01 0.9264E-02 -0.8000E+00 0.0000E+0Q 0.9744E-02
-0.1400E+01 -0.2600E+01 0.9264E-02 -0.8000E+00 0.2000E+00 0.120SE-01
-0.1500E+01 -0.2400E+01 0.9238E-02 -0.6000E+00 -0.3000E+01 0.8741E-02
-0.1400E+01 -0.2200E+01 0.9228E-02 -0.6000E+0Q0 -0.2800E+01 0.8741E-02
-0.1400E+01 -0.2000E+01 0.3207E-02 -0.6000E+00 -0.2600E+01 0.8755E-02
-0.1400E+01 -0.1800E+01 0.9199E-02 -0.6000E+0Q0 -0.2400E+01 0.8726E-02
-0.1400E+01 -0.1600E+01 0.9175E-02 -0.6000E+00 -0.2200E+01 0.8726E-02
-0.1400E+01 -0.1400E+01 0.9125E-02 -0.6000E~00 -0.2000E+01 0.8702E-02
-0.1400E+01 -0.1200E+01 0.9043E-02 -0.6000E+00 -0.1800E+01 0.8701E-02
-0.1400E+01 -0.1000E+01 0.8910E-02 -0.6000E+00 -0.1600E+01 0.8691E-02
-0.1400E+01 -0.8000E+00 0.8782E-02 -0.6000E+00 -0.1400E+01 0.8645E-02
-0.1400E+01 -0.6000E+00 0.8645E-02 -0.6000E+00 -0.1200E+01 0.8S80E-02
-0.1400E+01 -0.200JE+01 0.9207E-02 -0.6000E+00 -0.1000E+01 0.8520E-02
-0.1400E+01 ~-C.1000E+01 0.8910E-02 ~-0.6000E+00 -0.8000E+00 0.8419E-02
-0.1400E+01 0.00C0E+00 0.9646E-02 -0.6000E+00 -0.6000E+00 0.8333E-02
-0.1400E+01 0.2000E+0Q0 0.1179E-01 -0.6000E+00 -0.2000E+01 0.8702E-02
-0.1400E+01 0.4000E+0QC 0.1587E-01 -0.600CE+00 -0.1000E+01 0.8520E-02
-0.1200E+01 -0.3000E+01 0.9175E-02 -0.6000E+00 0.0000E+00 0.9867E-02
-0.1200E+01 -0.2800E+01 0.5188E-02 -0.60G0E+00 0.2000E+00 0.1228E-01
-0.1200E+01 ~-0.2600E+CL 0.9188E-02 -0.2000E+01 -0.3000E+01 0.9355E-02
-0.1200E+01 -0.2400E+01 0.9150E-02 -0.2000E+01 -0.2800E+01 0.9355E-02
-C.1200E+0Q1 -0.2200E+01 0.9162E-02 -0.2000E-01 -0.2600E+01 0.9367E-02
-0.1200E+01 -0.2000E+01 0.9132E-02 -0.2000E+01 -0.2400E+01 0.9367E-02
-0.1200E+01 -0.1800E+01 0.9125E-02 -0.2000E+-01 -0.2200E+01 0.9345E-02
-0.1200E+01 -0.1600E+01 0.9071E-02 -0.2000E+01 -0.2000E+C1 0.9340E-02
-0.1200E+01 -0.14C0E+01 0.9043E-02 -0.2000E+01 -0.1800E+01 0.9318E-02
-0.1200E+01 -0.1200E+01 G.B8966E-02 -0.2000E+01 -0.1600E+01 0.9273E-02
-0.1200E+01 -0.1000E+C1 0.8856E-02 -0.2000E+~01 -0.1400E+01 0.9207E-02
-0.1200E+01 -0.8000E+00 0.8723E-02 -0.2000E+~01 -0.1200E+01 0.9132E-02
-C.1200E+01 -0.6000E+00 0.8580E-02 -0.2000E+0L -0.1000E+01 0.5032E-02
-0.1200E+01 -0.2000E+01 0.9132E-02 -0.2000E+01 -0.8000E+00 0.3887E-02
-0.1200E+01 -0.1000E+01 0.8856E-02 -0.2000E+01L -0.6000E+00 0.8702E-02
-0.1200E+01 0.0000E+00 0.9650E-02 -0.2000E+01 -0.2000E+01 0.9340E-02
-0.1200E+01 0.2000E+0Q0 0.1185E-01 -0.2000E-G1 -0.1000E+01 0.5032E-02
-0.1200E+01 0.4000E+00 0.1592E-01 -0.2000E+01 0.0000E+00 0.9648E-02
-0.1000E+01 -0.3000E+01 0.3047E-02 -0.2000E+01 0.2000E+00 0.1174E-01
-0.1000E+01 -0.2800E+01 0.8047E-02 -0.200CE+01 0.4000E+00 0.15S77E-01
-0.1000E+01 -0.2600E+01 0.9047E-02 -0.1000E+01 -0.3000E+01 0.9047E-02
-0.1000E+01 ~-0.2400E+01 0.9060E-02 -0.1000E+01 -0.2800E+01 0.9047E-02
-0.1000E+01 -0.2200E+01 0.95028E-02 -0.1000E+01 -0.2600E+01 0.9047E-02
-0.1000E+01 -0.2000E+01 0.S5032E-02 -0.1000E+01 -0.2400E+01 0.9060E-02
-0.1000E+01 -0.1800E+01 0.9021E-02 -0.1000E+01 -0.2200E+01 0.9028E-02
-0.1000E+01 -0.1600E+01 0.8974E-02 -0.1000E+01 -0.2000E+01 0.9032E-02
-0.1000E+01 -0.1400E+01 0.8910E-02 -0.1000E+01 -0.1800E+01 0.5021E-02
-0.1000E+01 -0.1200E+01 0.8856E-02 -0.1000E+01 -0.1600E+01 0.8974E-02
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-0.1000E+01 -0.1400E+01 0.8910E-02 0.2000E+00 -0.2600E+01 0.1174E-01
-0.1000E+01 -0.1200E+01 0.88S6E-02 0.2000E+00 -0.2400E+01 0.1174E-01
-0.1000E+01 -0.1000E+01 0.8757E-02 0.2000E-00 -0.2200E+01 0.1174E-01
-0.1000E+01 -0.8000E+00 0.8634E-02 0.2000E+00 -0.2000E+01 0.1174E-01
-0.1000E+01 -0.6000E+00 0.8S20E-02 0.2000E-00 -0.1800E+01 0.117SE-01
-0.1000E+01 -0.2000E+01 0.9032E-02 0.2000E+00 -0.1600E+01 0.1177E-01
-0.1000E+01 -0.1000E+01 0.8757E-02 0.2000E+00 -0.1400E+01 0.1179E-01
-0.1000E+01 0.0000E+00 0.9693E-02 0.2000E+00 -0.1200E+01 0.1185E-01
-0.1000E+01 0.2000E+0C 0.1192E-01 0.2000E+00 -0.1000E+01 0.1192E-01
0.0000E+00 -0.3000E+01 0.9635E-02 0.2000E+00 -0.8000E+Q0 0.120SE-01
0.0000E+00 -0.2800E+01 0.9635E-02 0.2000E+00 -0.6000E+00 0.1229E-01
0.0000E+00 -0.2600E+01 0.963SE-02 0.2000E+00 -0.2000E+01 0.1174E-01
0.0000E+0Q0 -0.2400E+01 0.9650E-02 0.200CE+00 -0.1000E+01 0.1192E-01
0.0000E+00 -0.2200E+01 0.9650E-02 0.2000E+00 0.0000E+0Q0 0.1473E-01
0.0000E+0Q0 -0.2000E+01 0.9648E-02 0.4000E-00 -0.3000E+01 0.1572E-01
0.0000E+0Q0 -0.1800E+01 0.9643E-02 0.4000E+00 -0.2800E+01 0.1572E-01
0.0000E+0Q0 -0.1600E+01 0.9636E-02 0.4000E+00 -0.2600E+01 0.1572E-01
0.0000E+Q0O -0.1400E+01 0.9646E-02 0.40C0E+CO -0.2400E+01 0.1574E-01
0.0000E+Q0 -0.1200E+01 0.9650E-02 0.4000E+00 -0.2200E+01 CG.1574E-01
0.0000E+00 -0.1000E+01 0.9693E-02 0.4000E+0Q0 -0.2000E+01 0.1577E-01
0.0000E+0Q0 -0.8000E+00 0.9744E-02 0.4000E+00 -0.1800E+01 0.1582E-01
0.0000E+00 -0.6000E+00 0.9867E-02 0.400CE+0Q0 -0.1600E+01 0.1582E-01
0.0000E+Q0 -0.2000E+01 0.9648E-02 0.4000E+0Q0 -0.1400E+01 0.1587E-01
0.0000E+0Q0 -0.1000E+01 0.9693E-02 0.4000E+QQ -0.1200E+01 0.1592E-01
0.0000E+Q0 0.0000E+0Q0 0.1194E-01 0.4000E+00 -0.2000E+01 C.1577E-C1l
0.0000E+00 0.2000E+00 0.1473E-01

0.2000E+00 -0.3000E+01 0.1171E-01

0.2000E+0Q0 -0.2800E+01 0.1171E-01
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Table A.2: Input-Output Data For Objective Function A 33s7

X X2 Y X X2 Y
-0.3000E+01 -0.3000E+01 0.1523E-01 -0.2400E~01 -0.2800E+01 0.1516E-01
-0.3000E+01 -0.2800E+01 0.1523E-01 -0.2400E+01 -0.2600E+01 0.1516E-01
-0.3000E+01 -0 Z.iuz+01 0.1S523E-01 -0.2400E+~01 -0.2400E+01 0.1515E-01
-0.3000E+01 -0.2400E+01 0.1520E-01 -0.24300E+01 -0.2200E+01 0.1513E-01
-0.3000E+01 -0.2200E+01 0.151SE-01 -0.2400E+01 -0.2000E+01 0.1507E-01
-0.3000E+01 -0.2000E+01 0.1S0SE-01 -0.2400E+01 -0.1800E+01 0.1497E-01
-0.3000E+01 -0.1800E+01 0.1501E-01 -0.2400E+01 -0.1600E+01 0.1485E-01
-0.3000E+01 -0.1600E+01 0.1488E-01 -0.2400E+01 -0.1400E+01 0.1460E-01
-0.3000E+01 -0.1400E+01 0.1467E-01 -0.2400E+01 -0.1200E+01 0.1429%9E-01
-0.3000E+01 -0.1200E+01 0.1436E-01 -0.2400E+01 -0.1C00E+01 0.1380E-01
-0.3000E+01 -0.1000E+01 0.1382E-01 -0.2400E+01 -0.8000E+0Q0 0.1303E-01
-0.3000E+01 -0.8000E+00 0.1305E-01 -0.2400E+01 -0.6000E+0Q00 0.1188E-01
-0.3000E+01 -0.6000E+00 0.1193E-01 -0.2300E+01 -0.2000E+01 0.1507E-01
-0.3000E+01 -0.2000E+01 0.1509E-01 -0.2400E+C1 -0.1000E+01 0.1380E-01
-0.3000E+01 -0.1000E+01 0.1382E-01 -0.2400E+01 0.0000E+0Q0 0.6103E-02
-0.3000E+01 0.0000E+00 0.6123E-02 -0.2400E+01 0.2000E+00 0.4292E-02
-0.3000E+01 0.2000E+0C 0.4302E-02 -0.2400E+01 Q.4000E+00 0.3676E-02
-0.3000E+01 0.4000E+00 0.3652E-02 -0.2400E+01 0.6000E+QQ 0.5058E-02
-0.3C000E+0Q01 0.6000E+00 0.5063E-02 -0.24C0E+01 0.8000E+0Q0 0.8403E-02
-0.3000E+01 0.8000E+00 0.8404E-02 -0.2400E+01 0.1000E+01 0.1308E-01
-0.3000E+01 0.1000E+01 0.1309E-01 -0.2200E+01 -0.3000E+01 0.1515E-01
-0.2800E+01 -0.3000E+01 0.1523E-01 -0.2200E+01 -0.2800E+01 0.151SE-01
-0.2800E+01 -0.2800E+01 0.1523E-01 -0.2200E+01 -C.2600E+01 0.1513E-01
-0.2800E+01 -0.2600E+01 0.1523E-01 -0.2200E+01 ~-0.2400E+01 0.1513E-01
-0.2800E+01 -0.2400E+01 0.1516E-01 -0.2200E+01 -0.2200E+01 0.15Q7E-01
-0.2800E+01 -0.2200E+01 0.1515E-01 -0.2200E+01 -0.2000E+01 0.1S01E-01
-0.2800E+01 -0.2000E+01 0.150%E-01 -0.2200E+01 -0.1800E+01 0.1493E-01
-0.2800E+01 -0.1800E+01 0.1501E-01 -0.2200E+01 -0.1600E+01 0.1481E-01
-0.2800E+01 -0.1600E+01 0.1488E-01 -0.2200E+01 -0.1400E+01 0.1459E-01
-0.2800E+01 -0.1400E+01 0.1467E-01 -0.2200E+01 -0.1200E+01 0.1427E-01
-0.2B800E+01 -0.1200E+01 0.1433E-01 -0.2200E+01 -0.1000E+01 0.1376E-01
-0.2800E+01 -0.1000E+01 0.1382E-01 -0.2200E+01 -0.8000E+00 0.12388E-01
-0.2800E+01 -0.8000E+00 0.130SE-01 -0.2200E+01 -0.6000E+0C 0.1188E-01
-0.2800E+01 -0.6000E+00 0.1193E-01 -0.2200E+01 -0.2000E+01 0.1501E-01
-0.2800E~01 -0.2000E+01 0.1508E-01 -0.2200E+01 -0.1000E+01 0.1376E-01
-0.2800E+01 -0.1000E+01 0.1382E-01 -0.2200E-01 0.0000E+00 0.6103E-02
-0.2800E+01 0.0000E+00 0.6123E-02 -0.2200E+01 0.2000E+00 0.4292E-02
-0.2800E+01 0.2000E+00 0.4302E-02 -0.2200E+01 0.4000E+00 0.3676E-02
-0.2800E+022 0.4000E+00 0.3692E-02 -0.2200E+01 0.6000E+00 0.5060E-02
-0.2800E+01 0.6000E+00 0.5058E-02 -0.2200E+01 0.8000E+00 0.8403E-02
-0.2800E+01 0.8000E+00 0.8413E-02 -0.2200E+01 0.1000E+01 0.1308E-01
-0.2800E+01 0.1000E+01 0.1309E-01 -0.2000E~+01 -0.3000E+~01 0.1509E-01
-0.2600E+01 -0.3000E+01 0.1523E-01 -0.2000E+01 -0.2800E+01 0.1S0SE-01
-0.2600E+01 -0.2800E+01 0.1523E-01 -0.2000E+01 -0.2600E+01 0.1507E-01
-0.2600E+0Q1 -0.2600E+01 0.1520E-01 -0.200CE~-O01 -0.2400E+01 0.1507E-01
-0.2600E+01 -0.2300E+01 0.1516E-01 -0.2000E+01 -0.2200E+01 0.1S01E-Q1
-0.2600E+Q1 -0.2200E+01 0.1513E-Q1 -0.2000E~Q1 -0.2000E+01 0.1497E-01
-0.2600E+01 -0.2000E+01 0.1507E-01 -0.2000E+01 -0.1800E+Q1 0.1491E-01
-0.2600E+01 -0.1800E+01 0.1500E-01 -0.20C0E-01 -0.1600E+01 0.1475E-01
~0.2600E+01 -0.1600E+01 0.1485E-01 -0.2000E+01 -0.1400E~01 0.1454E-01
-0.2600E+01 -0.1400E+01 0.1467E-01 -0.2000E+01 ~-0.1200E+01 0.1420E-01
-0.2600E+01 -0.1200E+01 0.1433E-01 -0.2000E~01 -0.1000E+01 0.1373E-01
-0.2600E+01 -0.1000E+01 0.1382E-01 -0.2000E+01 -G.8000E+00 0.1296E-01
-0.2600E+01 -0.8000E+00 0.1305E-01 -0.2000E+01 -0.6000E+0Q0 0.1182E-01
-0.2600E+01 -0.6000E+00 0.1191E-01 -0.2000E+01 -0.2000E+01 0.1487E-01
-0.2600E+01 -0.2000E+01 0.1507E-01 -0.2000E-01 -0.1000E+01 0.1373E-01
-0.2600E+01 -0.1000E+01 0.1382E-01 -0.2000E+0Q1 0.00C0E+00 0.6067E-02
-0.2600E+01 0.0000E+0C 0.6123E-02 -0.2000E~01 0.2000E+00 0.4261E-02
-0.2600E+01 0.2000E+00 0.4292E-02 -0.2000E+01 0.4000E+00 0.3668E-02
-0.2600E+01 0.4000E+0C 0.36392E-02 -0.2000E+01 0.6000E+00 0.5053E-02
-0.2600E+0Q1 0.6000E+00 0.5058E-02 -0.2000E+01 0.8000E+00 0.8409E-02
-0.2600E+01 0.8000E+00 0.8403E-02 -0.2000E+01 0.1000E+01 0.1310E-01
-0.2600Q0E+01 0.1000E+01 0.1309E-01 -0.1800E+01 -0.3000E+01 0.1501E-01
-0.2400E+01 -0.3000E+01 0.1S20E-01 -0.1800E+01 -0.2800E+01 0.1501E-01
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-0.1800E+01 ~-0.2600E+01 0.1500E-01 -0.1200E+01 -0.1800E+01 0.1412E-01
-0.1800E+01 -0.2400E+01 0.1497E-01 -0.1200E+01 -0.1600E+01 0.1399E-01
-0.1800E+01 -0.2200E+01 0.1493E-01 -0.1200E+01 -0.1400E+01 0.1382E-01
-0.1800E+01 -0.2000E+01 0.1491E-01 -0.1200E+01 -0.1200E+01 0.13S52E-01
-0.1800E+01 -0.1800E+01 0.1481lE-01 -0.1200E+01 -0.1000E+01 0.1300E-01
-0.1800E+01 -0.16C0E+01 0.1467E-01 -0.1200E+01 -0.8000E+00 0.1228E-01
-0.1800E+01 -0.1400E+01 0.1445E-01 -0.1200E+01 -0.6000E+0Q0 0.1122E-01
-0.1800E+01 -0.1200E+01 0.1412E-01 -0.1200E+Q1 -0.2000E+01 0.1420E-01
-0.1800E+01 ~0.1000E+01 0.1365E-01 -0.120CE+01 -0.1000E+01 0.1300E-01
-0.1800E+01 -0.8000E+0Q0 0.1284E-01 -0.1200E+01 0.0000E+0Q0 0.5722E-02
-0.1800E+01 -0.6000E+00 0.1175E-01 ~-0.1200E+01 0.2000E+00 0.4036E-02
-0.1800E+01 -0.2000E+01 0.1491E-01 -0.1200E+01 C.4000E+00 0.3564E-02
-0.1800E+01 -0.1000E+01 0.1365E-01 -0.1200E+01 0.6000E+Q0 0.S5003E-02
-0.1800E+01 0.0000E+00 0.6026E-02 -0.1200E+Q1 0.8000E+00 0.8479E-02
-0.1800E+01 0.2000E+00 0.4234E-02 -0.1200E+01 0.1000E+01 0.1314E-01
-0.1800E+01 0.4000E+00 0.3685E-02 -0.1000E+01 -0.3000E+01 0.1382E-01
-0.1800E+01 0.6000E+00 0.50434E-02 -0.1000E+01 -0.2800E+01 0.1382E-01
-0.180CE+01 0 .8000E+00 0.8401E-02 -0.1000E+01 -0.2600E+01 0.1382E-01
-0.1800E+01 0.1000E+01 0.1310E-01 -0.1000E+01 -0.2400E+01 0.1380E-01
-0.1600E+01 -0.3000E+01 0.1488E-01 -0.1000E+01 -0.2200E+01 0.1376E-01
-0.1600E+01 -0.2800E+01 0.1488E-01 -0.1000E+01 -0.2000E+01 0.1373E-01
-0.1600E+01 -0.2600E+01 0.1485E-01 -0.1000E+01 -0.1800E+01 0.1365E-01
-0.1600E+01 -0.2400E+01 0.1485E-01 -0.1000E+01 -0.1600E+01 0.1353E-01
-0.1600E+01 -0.2200E+01 0.1481E-01 -0.1000E+C1l -0.1400E+01 0.1331E-01
-0.1600E+01 -0.2000E+01 0.1475E-01 -0.1000E+01 -0.1200E+01 0.1300E-01
-0.1600E+01 -0.1800E+01 0.1467E-01 -0.1000E+Q1 -0.1000E+01 0.1257E-01
-0.1600E+01 -0.1600E+01 0.1454E-01 -0.1000E+01 -0.8000E+00 0.1186E-01
-0.1600E+01 -0.1400E+01 0.1436E-01 -0.1000E+01 -0.6000E+00 0.1084E-01
-0.1600E+01 -0.1200E+01 0.139%E-01 -0.1000E+01 -0.2000E+01 0.1373E-01
-0.1600E+01 -0.1000E+01 0.1353E-01 -0.1000E+01 -0.1000E+01 0.1257E-01
-0.1600E+01 -0.8000E+00 0.1276E-01 -0.1000E+01 0.0000E+00 0.5523E-02
-0.1600E+01 -0.6000E+00 0.1166E-01 -0.1000E+01 0.2000E+0Q0 0.3900E-02
-0.1600E+01 -0.2000E+01 0.1475E-01 -0.1000E+01 0.4000E+00 0.3513E-02
-0.1600E+01 -0.1000E+01 0.1353E-01 -0.100CE+0O1 0.6000E+00 0.5026E-02
-0.1600E+G1 0.0000E+00 0.5850E-0G2 -0.1000E+01 C.8000E+00 0.8491E-02
-0.1600E+01 0.2000E+00 0.4194E-02 -0.1000E+01 0.1000E+01 0.1318E-01
-0.1600E+01 0.4000E+00 0.3655E-02 -0 .8000E+0Q0 -0.3000E+01 0.1305E-01
-0.1600E+01 0.6000E+00 0.5038E-02 -0.8000E+Q0 -0.2800E+01 0.130SE-01
-0.1600E+01 0.8000E+00 0.8408E-02 -0.8000E+00 -0.2600E+01 0.1305E-01
~-0.1600E+0L 0.1000E+01 0.1310E-01 -0.8000E+00 -0.2300E+01 0.1303E-01
-0.1400E+01 -0.3000E+01 0.1467E-01 -0.8000E+00 -0.2200E+031 0.1298E-01
-0.1400E+Q1 -0.2800E+01 0.1467E-01 -0.8000E+00 ~0.2000E+01 0.12S6E-01
~0.1300E+01 -0.2600E+01 0.1467E-01 -0.6000E+00 -0.1800E+01 0.1284E-01
-0.1400E+01 -0.2400E+01 0.1460E-01 -0.8000E+Q0Q -0.1600E+01 0.1276E-01
-0.1400E+01 -0.2200E+01 0.1459E-01 -0.68000E+00 -0.1400E+01 0.1256E-01
-0.14C00E+0Q1 -0.2000E+01 0.1454E-01 -0.8000E+00 -0.1200E+0X 0.1228E-01
-0.1400E+01 -0.1800E+01 0.1445E-01 -0.8000E+00 -0.1000E+01 0.1186E-01
-0.1400E+01 -0.1600E+01 0.1436E-01 -0.8000E+0Q0 -0.8000E+00 0.1120E-01
-0.1400E+01 -0.1400E+01 0.1412E-01 -0.8000E+Q0 -0.6000E+00 0.1023E-01
-0.1400E+01 -0.1200E+01 0.1382E-01 -0.8000E+00 -0.2000E+01 0.1296E-01
-0.1400E+01 -0.1000E+01 0.1331E-01 -0.800CE+00 -0.1000E-01 0.1186E-01
-0.1400E+01 -0.8000E~00 0.1256E-01 -0.8000E+00 0.0000E+00 0.5194E-02
-0.1400E+01 -0.6C00E+00 0.1147E-01 -0 .8000E+00 0.2000E+00 0.3703E-02
-0.1300E+01 -0.20C0E+01 0.1454E-01 -0.8000E+00 0.4000E+00 0.3425E-02
-0.1400E-01 -0.1000E+01 0.1331E-01 -0.8000E+00 0.6000E+00 0.4999E-02
-0.1400E+01 0.0000E+00 0.5S857E-02 -0.8000E+00 0.8000E+00 0.8522E-02
-0.1400E+01 0.2000E+00 0.4108E-02 -0.8000E+00 0.1000E+01 0.1323E-01
-0.1300E+01 0.4000E+00 0.3614E-02 -0.6000E+00 -0.3000E+01 0.1193E-01
-0.1400E+01 0.6000E+00 0.5025E-02 -0.6000E+00 -0.2800E+01 0.1193E-01
-0.1400E+01 0.8000E+0Q0 0.8414E-02 -0.6000E+00 -0.2600E+01 0.1151E-01
-0.1400E+01 0.1000E+01 0.1312E-01 -0.6000E+00 -0.2400E+01 0.1188E-01
-0.1200E+01 -0.3000E+01 0.1436E-01 -0.6000E+00 -0.2200E+01 0.1188E-01
-0.1200E+01 -0.2800E+01 0.1433E-01 -0.6000E+0Q00C -0.2000E+01 0.1182E-01
-0.1200E+01 -0.2600E+01 0.1433E-0Q1 -0.6000E+00 -0.18C0E+01 0.1175E-01
-0.1200E+0Q1 -0.2400E+01 0.1429E-01 -0.6000E+Q0 -0.1600E+01 0.1166E-01
-0.1200E+01 -0.2200E+01 0.1427E-01 -0.6000E+00 -0.1400E+01 0.1147E-01
-0.1200E+01 -0.2000E+01 0.1420E-01 -0.6000E+00 -0.1200E+01 0.1122E-01
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-0.6000E+0Q0 -0.1000E+01 0.1084E-01 0.0000E+Q0 -0.1000E+Q1 0.5523E-02
-0.6000E+00 -0.8000E+00 0.1023E-01 0.0000E+00 0.0000E+0Q0 0.2854E-02
-0.6000E+00 -0.6000E+00 0.93438E-02 0.0000E~+GO 0.2000E+00 0.2596E-02
-0.6000E+0Q0 -0.2000E+01 0.1182E-01 0.0000E+00 0.4000E+00 0.3420E-02
-0.6000E+00 -0.1000E+01 0.1084E-01 0.0000E+Q0 0.6000E+00 0.S811E-02
-0.6000E+00 0.0000E+0Q0 0.4732E-02 0.0000E+Q0 0.8000E+00 0.9794E-02
-0.6000E+00 0.2000E+Q0 0.3407E-02 0.0000E+00 0.1000E+01 0.1455E-01
-0.6000E+00 0.4000E+Q0 0.3302E-02 0.2000E+00 -0.3000E+01 0.4302E-02
-0.6000E+0Q0 0.6000E+00 0.5029E-02 0.2000E+00 -0.2800E+01 0.4302E-02
-0.6000E+00 0.8000E+00 0.8S98E-02 0.2000E+00 ~-0.26C0E+01 0.4292E-02
-0.6000E+Q0 0.1000E+01 0.1334E-01 0.2000E+00 -0.2400E+01 0.4292E-02
-0.2000E+01 -0.3000E+01 0.1S0SE-01 0.2000E+00 -0.2200E+01 0.4292E-02
-0.2000E+01 -0.2800E+01 0.150SE-01 0.2000E+0QC -0.2000E+01 0.4261E-02
-0.2000E+01 -0.2600E+01 0.1507E-01 0.2000E+00 -0.1800E+01 0.4234E-02
-0.2000E+01 -0.2300E+01 0.1507E-01 0.2000E+00 -0.1600E+01 0.41394E-02
-0.2000E+01 -0.2200E+01 0.1S01E-01 0.2000E+00 -0.1400E+01 0.4108E-02
-0.2000E+01 -0.2000E+01 0.1497E-01 0.2000E+00 -0.1200E+01 0.4036E-02
-0.2000E+01 -0.1800E+01 0.1491E-01 0.2000E+CQ -0.1000E+01 0.3900E-02
-0.2C00CE+01 -C.16CO0E+C1 0.1475E-01 0.20C0E+00 -0.8000E+QQC 0.3703E-02
-0.2000E~01 -0.1400E+01 0.1454E-01 0.2000Z~00 -0.6C00E+Q0 0.3307E-02
-0.2000E+01 -0.1200E+01 0.1420E-01 0.2000E+00C -0.2000E+01 0.4261E-02
-0.2000E+01 -0.1000E+01 0.1373E-01 0.2000E+00 -0.1000E+01 0.3%00E-02
-0.2000E+01 -0.8000E+00 0.1296E-01 0.2000E+00 0.0000E+00 0.2596E-02
-0.2000E+01 -0.6000E+00 0.1182E-01 0.2000E+00C 0.2000E+00 0.2895E-02
-0.2000E+01 -0.2000E+01 0.1497E-01 0.2000E+00 0.4G00E+00 0.4135E-02
-0.2000E+01 -0.1000E+01 0.1373E-01 0.2000E+00 0.6000E+00 0.5778E-02
-0.2000E+01 0.000CE+00 0.6067E-02 0.2000E+00 0.8000E+00 0.1080E-01
-0.2000E+01 0.2000E+00 0.4261E-02 0.2000E+00 0.1000E+01 0.1545E-01
-0.2000E+01 0.4000E+00 0.3668E-02 0.4000E+00 -0.3000E+01 0.3692E-02
-0.2000E+01 0.6000E+00 0.50S3E-02 0.4000E+Q0 -0.2800E+01 0.3692E-02
-0.2000E+01 0.8000E+00 0.8409E-02 0.4000E+00 -0.2600E+01 0.3692E-02
-0.2000E+01 0.1000E+01 0.1310E-01 0.4000E+00 -0.2400E+01 0.3676E-02
-0.1000E+01 -0.3000E+01 0.1382E-01 0.4000E+0Q0 -0.2200E+01 0.3676E-02
-0.1000E+01 -0.2800E+01 0.1382E-01 0.4000E+00 -0.2000E+01 0.366BE-02
-0.1000E+Q1 -0.2600E+01 0.1382E-01 0.4000E+00 -0.1800E+01 0.3685E-02
-0.1000E+01 -0.2400E+01 0.1380E-01 0.4000E+00 -0.1600E+01 0.3655E-02
-0.1000E+01 -0.2200E+01 0.1376E-01 0.4000E+0Q0 -0.1400E+01 0.3614E-02
-0.1000E~01 -0.2000E+01 0.1373E-01 0.4000E+0QQ -0.1200E+01 0.3564E-02
-0.1000E+01 -0.1800E+01 0.1365E-01 0.4000E+00 -0.1000E+01 0.3513E-02
-0.1000E+01 -0.1600E+01 0.1353E-01 0.4000E+0C -0.8000E+00 0.3425E-02
-0.1000E+01 -0.1400E+01 0.1331E-01 C.4000E+00 -0.6000E+00 0.3302E-02
-0.1000E+01 -0.1200E+01 0.1300E-01 0.4000E+0GC -0.2000E+01 0.366BE-02
-0.1000E+01 -0.1000E+01 0.1257E-01 0.4000E+00 -0.1000E+01 0.3513E-02
-0.1000E+01 -0.8000E+0Q0 0.1186E-01 0.4000E~0C 0.0000E+00Q 0.3420E-02
-0.1000E+01 -0.6000E~CO 0.1084E-01 0.4000E~CO 0.2000E+00Q 0.4135E-02
-0.1000E~01 -0.2000E+01 0.1373E-01 0.4000E+0Q0 0.4000E+00 0.55398E-02
-0.1000E~01 -0.1000E+01 0.1257E-01 0.4000E+00 0.6000E+00 0.8323E-02
-0.1000E+01 0.0000E+00 0.5523E-02 0.4000E+00 0.8000E+00 0.1230E-01
-0.1000E+01 0.2000E~00 0.3900E-02 0.6000E+~0Q -0.3000E+01 0.5C63E-02
-0.10C0E~01 0.4000E+QOC 0.3513E-02 0.6000E-00 -0.2800E+C1 0.5058E-02
-0.1000E-01 0.6000E+00 0.5026E-02 0.6000E+-0Q0 -0.2600E+C1 0.5058E-02
-0.1000E+01 Q.8000E+QQ 0.8491E-02 0.6000E~00C -0.2400E+01 0.5058E-02
-0.1000E+01 0.1000E+01 0.1318E-01 0.6000E~CO -0.2200E+01 0.5060E-02
0.0000E+00Q -0.3000E+01 0.6123E-02 0.6C00E~Q0 -0.2000E+01 0.5053E-02
0.0000E+00 -0.2800E+01 0.6123E-02 0.60C0E+~0QC -0.1800E+01 0.5044E-02
0.0000E+Q0C -0.2600E+01 0.6123E-02 0.60C0E+CO -0.1600E+01 0.5038E-02
0.0000E+00Q -0.2400E+01 0.6103E-02 0.6000E~00 -0.1400E+01 0.5025E-02
0.0000E+Q0 -0.2200E+01 0.6103E-02 0.6000E+Q0 -0.1200E+01 0.5003E-02
0.0000E+00 -0.2000E+01 0.6067E-02 0.6000E+00 -0.1000E+01 0.5026E-G2
0.0000E+00 -0.1800E+01 0.6026E-02 0.6000E-0Q0 -0.8000E+00 0.499S%E-G2
0.CO000E+00 -0.1600E+01 0.5950E-02 0.6000E+00 -0.6000E+00 0.5029E-02
0.0C000E+00 -0.1400E+01 0.5857E-02 0.6000E+00 -0.2000E+01 0.5053E-02

0.0000E+Q0 ~-0.1200E+01 0.5722E-02 0.6000E+00 -0.1000E+01 0.5026E-02

0.0000E+0Q -0.1000E+01 0.5523E-02 0.6000E+00 0.0000E+00Q 0.5811E-02

0.000CE~+~0Q0 -0.8000E+00 0.5194E-02 0.6000E+00 0.2000E+00 0.6778E-02

0.0000E+0QQ -0.6000E+00 0.4732E-02 0.6000E+00 0.4000E+00 0.8323E-02

0.0000E+0Q0 -0.2000E+01 0.6067E-02 0.6000E+00 0.6000E+00Q 0.1050E-01
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0.6000E+00 0.8000E+00 0.1393E-01
0.8000E+00 -0.3000E+01 0.8404E-02
0.8000E+00 -0.2800E+01 0.8413E-02
0.8000E+00 -0.2600E+01 0.8403E-02
0.8000E+0Q0 -0.24300E+01 0.8403E-02
0.8000E+0Q0 -0.2200E+01 0.8403E-02
0.8000E+00 -0.2000E+01 0.8408E-02
0.8000E+Q0 -0.1800E+01 0.8401E-02
0.8000E+00 -0.1600E~0Q1 0.8408E-02
0.8000E+00 -0.1400E+01 0.8414E-02
0.8000E+00 -0.1200E+01 0.847SE-02
0.8000E+00 -0.1000E+01 0.8491E-02
0.8000E+00 -0.8000E+00 0.8522E-02
0.8000E+00 -0.6000E+00 0.8599E-02
0.8000E+00 -0.2000E+01 0.8408E-02
0.8000E+00 -0.1000E+01 0.8491E-02
0.8000E+00 0.0000E+00 0.5794E-02
0.8000E+00 0.2000E+00 0.1080E-01
0.8000E+00 0.4000E+00 C.1230E-01
0.8000E+00 0.6000E+00 0.1399E-01
0.8000E+0Q 0.8000E+Q0 0.1587E-01
0.1000E+01 -0.3000E+01 0.1309E-01
0.1000E+01 -0.2800E+01 0.1309E-01
0.1000E+01 -0.2600E+01 0.1309E-01
0.1000E+01 -0.2400E+01 0.1308E-01
0.1000E+01 -0.2200E+01 0.130BE-01
0.1000E+01 -0.2000E+01 0.1310E-01
0.1000E+01 -0.1800E+01 0.1310E-01
0.1000E+01 -0.1600E+01 0.1310E-01
0.1000E+01 -0.1400E+01 0.1312E-01
0.1000E+01 -0.1200E+01 0.1314E-01
0.1000E+01 -0.1000E+01 0.1318E-01
0.1000E+01 ~-0.8000E+00 0.1323E-01
0.1000E+01 -0.6000E+00 0.1334E-01
0.1000E+01 -0.2000E+01 0.1310E-01
0.1000E+01 -0.1000E+01 0.1318E-01
0.1000E+Q1 0.0000E+00 0.1455E-01
0.1000E+01 0.2000E~00 0.1545E-01
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Table A.3: Input-Output Data For Objective Function A;33see

X: X2 Y Xz X3 A
-0.3000E+01 0.2000E+00 0.1278E-01 -0.1000E+01 0.4000E+00 0.8952E-02
-0.3000E+01 0.4000E+00 0.9473E-02 -0.1009E+01 0.6000E+00 0.7660E-02
-0.3000E+01 0.60C0E+00 0.7969E-02 -0.1000E+01 0.8000E+00 0.8420E-02
-0.3000E+01 0.8000E+00 0.8576E-02 -0.1000%+01 0.1000E+01 0.1078E-01
-0.3000E+01 0.1000E+01 0.1090E-01 -0.1000E+01 0.1200E+01 0.1392E-01
-0.3000E+01 0.1200E+01 0.1402E-01 ~-0.8000E+00 0.0000E+00 0.1535E-01
-0.2800E+01 0.2000E+00 0.1278E-01 -0.8000E+GO 0.2000E+00 0.1164E-01
-0.2800E+01 0.400CE+00 0.9473E-02 -0.8000E+00 0.4000E+00 0.8715E-02
-0.2800E+01 0.6000E+00 0.7964E-02 -0.8000E+00 0.6000E+00 0.7489E-02
-0.2800E+01 0.8000E~+~00 0.8567E-02 -C.8000E+00 0.8000E+00 0.8330E-02
-0.2800E+01 0.1000E+01 0.1090E-01 -0.8000E+00 0.1000E+01 0.1072E-01
-0.2800E+01 0.1200E+01 0.1402E-01 -0.8000E+00 0.1200E+01 0.138%E-01
-0.2600E~C1 0.2000E+00 0.127SE-01 -0.6C00E+0Q0 0.0000E+0Q0 0.1454E-01
-0.2600E+01 0.4000E+00 0.9473E-02 -0.6000E+00 0.2000E+00 0.1103E-01
-0.2600E+01 GC.60C0E+Q0 0.7964E-02 -0.6000E+00 0.4000E+~00Q 0.8330E-02
-0.2600E+01 0.8000E+00 0.8557E-02 -0.6000E+00 0.6000E+00 0.7285E-02
-0.2600E+01 0.1000E+01 0.1090E-01 -0.6000E+00 0.8000E+CO 0.8200E-02
-0.2600E+01 0.1200E+01 0.1402E-01 -0.6000E+0C0O 0.1000E+01 0.1066E-01
-0.2400E+01 0.2000E+00 0.1275E-01 -0.6000E+00 0.1200E+01 0.1384E-01
-0.2400E+01 0.4000E+00 0.8438E-02 -0.2000E+01 0.2000E+00 0.1270E-01
-0.2400E+01 0.6000E+00 0.7964E-02 -0.2000E+01 0.4000E+00 0.9411E-02
-0.2400E+01 0.8000E+00 0.8557E-02 -0.2000E+01 0.6000E+00 0.7941E-GQ2
-0.2400E+01 0.100CE+01 0.1089E-01 -0.2000E+01 0.8C000E+00 0.8546E-02
-0.2400E+01 0.1200E+01 0.1402E-01 -0.2000E+01 0.1000E+01 0.1089E-01
-0.2200E+01 0.2000E+00 0.1275E-01 -0.2000E+01 0.1200E+01 0.1400E-01
-0.2200E+01 0.4000E+00 0.9438E-02 -0.1000E+01 0.0000E+0Q0 0.1590E-01
-0.2200E+01 0.6000E+Q0 0.7948E-02 -0.1000E+01 0.2000E+00 0.1203E-01
-0.2200E+01 0.8000E+00 0.8557E-02 -0.1000E+01 0.4000E+00 0.8992E-02
-0.2200E+01 0.1000E+01 0.1089E-01 -0.1000E+01 0.6000E+00 0.7660E-02
-0.2200E+01 0.1200E+01 0.1400E-01 -0.1000E+01 0.8000E+00 0.8420E-02
-0.2000E+01 0.2000E+00 0.1270E-01 -0.1000E+01 0.1000E+01 0.1078E-01
-0.20C0E+O1 0.4000E+00 0.5411E-02 -0.1000E+01 0.1200E+01 0.1382E-01
-0.2000E+01 0.6000E+00 0.7941E-02 0.0000E+00 -0.1000E+01 0.1590E-01
-0.200CE+01 0.8000E+00 0.8546E-02 0.0000E+00 -0.8000E+00 0.1535E-01
-0.2000E+01 0.1000E+01 0.1089E-01 0.0000E+Q0 -0.6000E+00 0.1454E-01
-0.2000E+01 0.1200E+01 0.1400E-01 0.0000E+0Q0 -0.1000E+01 C.1590E-01
-0.1800E+01 0.2000E+00 0.1266E-01 0.0Q000E+00 0.0000E+00 0.1036E-01
-0.1800E+01 0.4000E+-00 0.9410E-02 0.0000E+00 0.2000E+00 0.8321E-02
-0.1800E+0Q1 0.6000E+Q0Q 0.7814E-02 0.000CE-00 0.4000E+00 0.6818E-02
-0.1800E+01 0.8000E+0O0 0.8538E-02 0.0000E+00 0.6000E+00 0.6663E-02
-0.1800E+01 0.1000E+01 0.1087E-01 0.C00CE+00 0.8000E+00 0.8187E-02
-0.1800E+01 0.1200E+01 C.1401E-01 0.0000E+00 0.1000E+01 0.1083E-01
-0.1600E+01 0.2000E+00 0.1258E-01 0.00002E+00 0.1200E+01 0.1390E-01
-0.1600E+01 0.4000E+00Q 0.9360E-02 0.2000E+00 -0.3000E+01 0.1278E-J1
-0.1600E~01 0.6000E+Q0 0.7871E-02 0.200CE~+00 -0.2800E+G1 0.1278E-01
-0.1600E+01 0.8000E~00 0.8510E-02 0.2000E+0Q0 -0.2600E+01 0.1275E-01
-0.1600E+02 0.1000E+01 0.1086E-01 0.2000E-00 -0.2400E+01 0.1275E-01
-0.1600E+01 0.1200E+01 0.1359E-01 0.2000E+00 -0.2200E+01 0.1275E-01
-C.14C0E+01 0.2000E+00 0.1243E-01 0.2000E+0Q0 -0.2000E+01 G.1270E-01
-0.1300E+01 0.4000E+00 0.9263E-02 0.2000E+0Q0 -0.1800E+01 0.1266E-01
-0.1400E+01 0.6000E+00 0.7823E-02 0.2000E+00 -0.1600E+01 0.1258E-01
-0.1400E+02 0.8000E+00 0.8482E-02 0.2000E+00 -0.1400E+01 0.1243E-01
-0.1400E+01 0.1000E+01 0.1084E-01 0.2000E+00 -0.1200E+01 0.1228E-01
-0.1400E+01 0.1200E+01 0.1397E-01 0.2000E+00 -0.1000E+01 0.1203E-01
-0.1200E+01 0.2000E+00 0.1228E-01 0.2000E+00 -0.8000E+00 0.1164E-01
-0.1200E+01 0.4000E+00 0.9155E-02 0.2000E+GO -0.6000E+00 0.1103E-01
-0.1200E+01 0.6000E+00 0.7746E-02 0.2000E+00 -0.2000E+G1 0.1270E-01
-0.1200E+C1 0.8000E+0Q0 0.8494E-02 0.2000E+00 -0.1000E+01 0.1203E-01
-0.1200E+01 0.1000E+01 0.1082E-01 0.2000E+00 0.0GO0E+QQ 0.8321E-02
-0.1200E+01 0.1200E+01 0.139SE-01 0.2000E+00 0.2000E+00 0.7437E-02
-0.1000E+01 0.0000E+CO 0.1590E-01 0.2000E+00 0.4000E+00 0.6643E-02
-0.1000E+01 0.2000E+00 0.1203E-01 0.2000E+00 0.6000E+00 0.6897E-02
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X X; v X X3 Y
0.2000E+00 0.8000E+00 0.8570E-02 0.8000E+Q0 0.1200E+01 0.1551E-01
0.2000E+00 0.1000E+Q1 0.1120E-01 0.1000E+01 ~-0.3000E+01 0.1090E-01
0.2000E+00 0.1200E+01 0.1420E-01 0.1000E+01 -0.2800E+01 0.1090E-01
0.4000E+00 -0.3000E+01 0.9473E-02 0.1000E+0Q1 -0.26G0E+QL 0.1090E-01
0.4000E+00 -0.2800E+01 0.9473E-02 0.1000E+01 -0.2400E+01 0.108S5E-01
0.4000E+00 -0.2600E+01 0.9473E-02 0.1000E+01 -0.2200E+01 0.1089E-01
0.4000E+00 -0.2400E+01 0.9438E-02 0.1000E+01 -0.2000E+01 0.1089E-01
0.4C000E+00 -0.2200E+01 0.9438E-02 0.1C00C0E+0Q1 -0.1800E+01 0.1087E-01
0.4000E+00 -0.2000E+Q1 0.9411E-0Q2 0.10C0E+01 -0.1600E+01 0.1086E-01
0.4000E+00 -0.1800E+01 0.9410E-02 0.1000E+01 -0.1400E+01 0.1084E-01
0.4000E+00 -0.1600E+01 0.9360E-02 0.1000E+01 -0.1200E+01 0.1082E-01
0.4000E+00 -0.1400E+01 0.9263E-02 0.1000E+0Q0L -0.1000E+01 0.1078E-01
0.4000E+00 -0.1200E+0Q1 0.9155E-02 0.1000E+01 -0.8000E+QQ 0.1072E-01
0.4000E+00 -0.1000E+01 0.8992E-02 0.1000E+01 -0.6000E+00 0.1066E-01
0.4000E+00 -0.8000E+00 0.8715E-02 0.1000E+Q1L -0.2000E+01 0.1089E-01
0.40002+00 -0.6000E+00 0.8330E-02 0.1000E+01 -0.1000E+01 0.1078E-01
0.4000E+00 -0.2000E+01 Q0.9411E-02 0.1000E-01 0.0000E+00 0.1083E-01
0.4000E+00 -C.1000E+01 Q.8992E-02 0.1000E+01 0.2000E+00 0.1120E-01
0.4000E+0Q0 0.0000E+00 0.6818E-02 0.1000E+01 0.4000E+00 0.1195E-01
0.4000E+00 0.2000E+QQ 0.6643E-02 0.1000E+01 Q0.6000E+00 0.1284E-01
0.4000E+00 0.4000E+00 0.6997E-02 0.1000E+0Q1 0.8000E+00 0.1377£-01
0.4000E+00 0.6000E+00 0.7667E-02 0.1000E+0Q1 0.1000E+01 0.1448E-01
0.4000E+00 0.8000E+00 0.9445E-02 0.1000E+01 0.1200E+01 0.1550E-01
0.4000E+00 0.1000E+01 0.1195E-01 0.1200E+01 -0.3000E+01 0.1402E-01
0.4000E+Q0 0.1200E+01 0.1460E-01 0.1200E+01 -0.2800E+01 0.1402E-01
0.6000E+00C -0.3000E+01 0.7969E-02 0.1200E+01 -0.2600E+01 0.1402E-01
0.6000E+00 -0.2800E+01 0.7964E-02 0.1200E+01 -0.2400E+01 0.1402E-01
0.6000E+00 -0.2600E+01 0.7964E-02 0.1200E+01 -0.2200E+01 0.1400E-01
0.6000E+00 -0.2400E+01 0.7964E-02 0.1200E+01 -0.2000E+01 0.140CE-01
0.6000E+00 -0.2200E+01 0.7948E-02 0.1200E+01 -0.1800E+01 0.1401E-01
0.6000E+00 -0.2000E+01 0.7941E-02 0.1200E+01 -0.1600E+01 0.139%E-01
0.6000E+00 -0.1800E+01 0.7914E-02 0.1200E+01 -0.1400E+01 0.1397E-01
0.6000E+Q0 -0.1600E+01 0.7871E-02 0.1200E+01 -0.1200E+01 0.1395E-01
0.6000E+00 -0.1400E+01 0.7823E-02 0.1200E+01 -0.1C000E+01 0.1352E-01
0.6000E+Q0 -0.1200E+01 0.7746E-02 0.1200E+01 -0.8000E+00 0.1389E-01
0.6000E+00 -0.1000E+01 0.7660E-02 0.1200E+01L -0.6000E+00 0.1384E-01
0.6CC0E+QO -0.8000E+0Q0 0.7489E-02 0.1200E+01 -0.2000E+0Q1 0.1400E-01
0.6000E+0Q0 -0.6000E+00 0.7285E-02 0.1200E+01 -0.100CE+0Q1 0.1392E-01
0.600CE+00 -0.2000E+0Q1 0.7941E-02 0.120CE+01 0.0000E+00 0.1390E-01
0.8000E+00 -0.1000E+01 0.7660E-02 0.12C0E+01 0.2000E+00 0.1420E-01
0.6000E+0Q0 0.0000E+00 0.6663E-02 0.1200E+01 0.32000E+0Q0 0.1460E-01
0.6000E+QQC 0.2000E+00 0.6897E-02 0.1200E+01 0.6000E+00 0.1515E-01
0.6000E+00 0.4000E+0Q0C 0.7667E-02 0.1200E+01 0.8000E+Q0 0.1551E-01
0.6000E+Q0 0.6000E+00 0.9026E-02 C.1200E+01 0.1000E+01 0.1550E-01
0.6000E+00 0.8000E+00 0.1066E-01 0.1200E+01 0.1200E+01 0.1532E-01
0.6000E+0Q0 0.1000E+01 0.1284E-01 0.1200E+01 0.1400E+01 0.1567E-01
0.6000E+00 0.1200E+01 0.1515E-01 0.1400E+01 0.1200E+01 0.1567E-C1
0.800CE+0Q -0.3000E+01 0.8576E-02 0.13500E+01 0.1400E+01 0.1491E-0L
0.8000E+00 -0.2800E+01 0.8567E-02 0.1300E+01 0.1600E+01 0.1485E-01
Q0.8000E+00 -0.2600E+01 0.8557E-02 0.1400E+01 0.1800E+01 0.1485E-01
0.8000E+00 -0.2400E+01 0.8557E-02 0.1400E-01 0.2000E~01 0.13291E-01
0.8000E+00C -0.2200E+01 C.8557E-02 0.140CE+0QO1 0.2200E+01 0.1496E-01
Q.8000E+00 -0.2000E+01 0.8546E-02 0.1400E-01 0.2400E+01 0.1502E-01
0.8000E+00 -0.1800E+01 0.8538E-02 0.2400E+01 0.2600E+01 0.1S04E-01
0.8000E+00 -0.1600E+01 0.8510E-02 0.1400E+01 0.2800E+01 0.1503E-01
0.8000E+00 -0.1400E+01 0.8482E-02 0.1400E+01 0.3000E+01 0.1507E-01
0.8000E+00 -0.1200E+01 0.8494E-02 0.1600E~01 0.1400E+01 0.1485E-01
0.8000E+0Q0 -0.1000E+01 0.8420E-02 0.1600E+-01 0.1600E+01 0.1397E-01
0.8000E+00 -0.8000E+00 0.8330E-02 0.1600E+01 0.1800E+0Q1 0.1376E-C1
0.8000E+00 -0.6000E~+00 0.8200E-02 0.1600E+01 0.2000E+01 0.1366E-01
0.8000E+0Q0 -0.2000E+01 0.8546E-02 0.1600E+01 0.2200E+01 0.1358E-01
0.8000E+00 -0.1000E+01 0.8420E-02 0.1600E+01 0.2400E+01 0.1355E-01
0.8000E+0Q0 0.0000E+00 0.8187E-02 0.1600E+01 0.2600E+01 0.1358E-01
0.8000E+00 0.2000E+00 0.8570E-02 0.1600E+01 0.2800E+01 0.1356E-01
0.8000E+00 0.4000E+0Q0C 0.944SE-02 0.1600E+01 0.3000E+0Q1 0.1357E-01
0.8000E+00 0.6000E+00 0.1066E-01 0.1800E+01 0.1400E+01 0.1485E-01
0.800CE+00 0.8CO00E+0Q0Q 0.1213E-01 0.1800E+01 0.1600E+01 0.1376E-01
0.8000E+00 0.1000E+01 0.1377E-01 0.1800E+01 0.1800E+01 0.1305SE-01
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X X2 v 0.2400E+01 0.3000E+01 0.1111E-01
0.1800E+01 0.2000E+01 0.1277E-01 0.2600E+01 0.1400E+01 0.1504E-01
0.1800E+01 0.2200E+01 0.1266E-01 0.2600E+01 0.1600E+01 0.1358E-01
0.1800E+01 0.2400E+01 0.1260E-01 0.2600E+01 0.1800E+01 0.1251E-01
0.1800E+01 0.2600E+01 0.1251E-01 0.2600E+01 0.2000E+01 0.1187E-01
0.1800E+01 0.2800E+01 0.1249E-01 0.2600E+01 0.2200E+01 0.1146E-01
0.1800E+01 0.3000E+01 0.1248E-01 0.2600E+01 0.2400E+01 0.1122E-01
0.2000E+01 0.1400E+01 0.1491E-01 0.2600E~01 0.2600E+01 0.1107E-01
0.2000E+01 0.1600E+01 0.1366E-01 0.2600E+01 0.2800E+01 0.1100E-01
0.2000E+01 0.1800E+0Q1 0.1277E-01 0.2600E+01 0.3000E+01 0.1094E-01
0.2000E+01 0.2000E+01 0.1225E-01 0.2800E+01 0.1400E+01 0.1S03E-01
0.2000E+01 0.2200E+01 0.1202E-01 0.2800E+01 0.1600E+01 0.1356E-01
0.2000E+01 0.2400E+01 0.1195E-01 0.28C0E+01 0.1800E+01 0.1249E-01
0.2000E+01 0.2600E+01 0.1187E-01 0.2800E~01 0.2000E+01 0.1184E-01
0.2000E+01 0.2800E+01 0.1184E-01 0.2800E+~01 0.2200E+01 0.1142E-01
0.2000E+01 0.3000E+01 0.1176E-01 0.2B800E+01 0.2400E+01 0.1114E-01
0.2200E+01 0.1400E+01 0.1496E-01 0.280CE+01 0.2600E+01 0.1100E-01
0.2200E+01 0.1600E+01 0.135%E-01 0.2800E+01 0.2800E+01 0.1088E-01
0.2200E+01 Q.1800E+01 0.1266E-01 0.2800E+01 0.3000E+01 0.108SE-01
0.2200E+01 C.20Q0E+QL ¢.1202E-0C1 0.300CE-Q1 0.1400E+01 0.1507E-01
0.2200E+01 0.2200E+01 0.116SE-01 0.3000E+01 0.1600E+01 0.1357E-01
0.2200E+01 0.2300E+01 0.1157E-01 0.3000E+01 0.1800E+01 0.1248E-01
0.2200E+01 0.2600E+01 0.1146E-01 0.3000E+01 0.2000E+01 0.1176E-01
0.2200E+01 0.2800E+01 0.1142E-01 0.3000E~01 0.2200E+01 0.1137E-01
0.2200E+01 0.3000E+01 0.1137E-01 0.3000E+01 0.2400E+01 0.1111E-01
0.2400E+01 0.1400E+01 0.1S02E-01 0.3000E+01 0.2600E+01 0.1094E-01
0.2400E+01 0.1600E+01 0.135S5E-01 0.2000E+01 0.2800E+01 0.108SE-01
0.2400E+01 C.1l800E+01 0.1260E-01 0.3000E+02 0.3000E+01 0.1079E-01
0.2400E+01 0.2000E+01 0.11SSE-0Q1
0.2400E+01 0.2200E+01 0.1157E-01
0.2400E+01 0.2400E+01 0.1129E-01
0.2400E+01 0.2600E+01 0.1122E-01
0.2400E+01 0.2800E+01 0.1114E-01
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