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An array of Carbon Black@B) filled polyurethane sensors is developed to
identify the location and intensity of a single acoustic source. The manufacturing
procedure of the proposed array is outlined, in details, and several prototypes are
manufactured. Charamtzation of the viscoelastic and piemsistive material
properties of different samples of ti@B filled polyurethane is carried out using
Dynamic, Mechanical, Thermal AnalyzddITA) and uniaxial compression testing.

The structural, dynamical, and samgy performance characteristics of the array sensor
are modeled mathematically using the theory of finite elements and utilizing the well
known localization theories of phased arrays.

The experimental performance characteristics of the proposed arsay aen
evaluated in comparison to an array of conventional condenser microphones. The

purpose of such an experimental effort is to demonstrate the capabilities and



limitations of the proposed array sensor as compared with conventional condenser
microphores. Furthermore, the obtained experimental results are utilized to validate
the theoretical predictions of the localization of acoustic sources.

It is envisioned that the propos€ filled polyurethane array sensor presents
acost effectiveand viable mans for identifying the location and intensity of acoustic
sources which can vary from stationary to moving sources in air or underwater
Accordingly, the applications of such an array sensor are only limited by our

imagination.
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Chaplt erl ntroducti on

1.1 Overview

Acoustic source localization is a wstablishedpractice that has been
successfully implementeth a widerangeof applications. For instance, lgps and
submarines use SONAR kocateunderwater objectsln seismologyacoustic source
localization techniqueare exploitedo identify the origin of earthquakes and other
seismic events. Increasinglgcoustic sowre localization techniques aa¢so being
applied in moderrcommunication technologiesAs an example, ideoconferencing
technologyhas started incorporatirgpurce localization to track the camera to voices
in conference room§l9]. Acoustic source localization capabilities are also being
integrated into robotics technologyReference[25] and Referencg24] propose
methods for using acoustic source localization to allow rolwtsack and locate

sound sorces within their environment.

Traditionally, acoustic source localization hagolved measuring the incident
pressure from an acoustic source using an array of microphones. Array processing
techniques are then applied to thé&rophone signals to identify the location of the
source. Although the use of microphones in acoustic source localization applications
has been very successful, the approach presents some performance limitations.
integral component of array processiperformance is the size and density of the
sensor array the higher the array density, the higher the localization resolution and

noise rejection Recently,there havebeen many attempts to measure pressure using



new types of sensarsvhich have the gential of being able to offer higher array
densities, at lowecosts than an equivalent array density of traditional microphones
Reference[10] presents a technique for using presseesitive paint to optically
measure pressel fluctuations. Referenc2] presents a technique for using a
piezoelectric polymer as a hidrequency membrane hydrophone. The
aforementioned are just two examples of many other novel approaches to increase

array densitiesdr acoustic source localization applications

This thesidocuses on the use of an arraycafbon black filled polyurethane
conductive polymer composite sensors to perform a source localization measurement.
The following sections presents a backgroundidferent methods for measuring the
pressure from an acoustic soyr@e brief background on the array processing

technique applied in this thes&d an outline of the scope of this thesis

1.2 Background onPressure Measurement

Traditionally, electretcondenser microphones have been used in acoustic
source localization applications.  These microphones offer precise pressure
measurements, but can become expensive when appleghi density sensor arrays.

As a result, he aerospace industry has devatedsiderable attention to developing
Microelectromechanical Systems (MEMS) pressure transducer arrays as -@dsiver
alternative to electret condenser microphone arrays. Refefericand Reference

[21] provide extensive reviews of the current MEMS pressure sensor technology, as

well as the technologies capability to measure fluctuating pressure. Refi2éhce



and Referencgl4] demonstrate how MEMS pssure transducer arrays can be used

to perform acoustic source localization measurements.

While MEMS microphones may offer a loweost alternative to electret
condenser microphones in high array density applications, they still require
considerable resoces to manufacture The MEMS manufacturing process utilizes
specialized machinery and equipment, and usually is executed in a clean room. This
thesis proposes leveraging recent developments in the field of smart paints and
conductive polymer sensors aslowercost alternative to both traditional electret

condenser microphones, as well as MEMS pressure sensors.

Considerable attention has been focused recently on the development of a
wide variety of smart paints to be used as sensors for vibration, rmidehealth
monitoring applications. These smart paints are radically different from conventional
paints, which have been traditionally used on structures to provide protective and
decorative functions. One type of smart paint that is currently awailabémart
piezoelectric composite paint, which consists of piezoelectric powder embedded in
epoxy resins. This type of s3ma rcto nppaoisnitt efso,
which consist of piezo particles randomly dispersed in a polymer m§gtix[11],

[12], [13]).

Smart piezoelectric composite paints hageeived considerable acceptance
as aneffective class of sensors as they combime attractiveattributes of both
polymer and piezoelectric particles. For example, these paints offer the high-electro

active properties of piezoelectric materials and the mechanical flexibility of polymers.



However, the piezoelectric composite must be coated wytrdaof electrodes and
then poled using a very high voltage to impart the sensing capability to the paint, as
demonstrated graphically ifigure 1.1. Such complex manufacturing processes
make this type of paint verykpensive. Furthermore, expensive charge amplifiers are
needed to monitor the capacitivegrsals of the smart paint sensor, making smart
piezoelectric composite paints costly alternatives to traditional and MEMS

microphones if used in an acoustic sour@alization application.

Electrode Lead Wire __ Piezoelectric
\1 : / Paint

Host Structure

! Piezoelectric Paint
7 Sensor Array

Host Structure with
Curved Surface

Figure 1.1: Smart piezoelectric composite painf31].

Another type of smart paint that is currently available is pressure sensitive
smart paint, shown ifigure1.2. This type of smart paint modulates light intensity
through a repeatable chemical interaction of the sensing layer with atmospheric
oxygen. In order to measure the response of the paint, an expensivalgiector
such as a photoultiplier tube is required10]. Similar to smart piezoelectric
composite paints, pressure sensitive smart paints would costly alternatives to
traditional or MEMS microphones if used in an acoustic source lotaliza

application.
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Figure 1.2: Pressure sensitive smart painf10].

As a more cost effective approachist thesis proposes using an array of
conductive polymer composites to perform acoustic soucadization. In this class
of sensors, inherently insulating polymers can be made conductive when mixed with
electrically conducting fillers, such as carbon black particles. The electric conduction
mechanism is attributed to percolation and tunnelingcef@9], [30]). When
subjected to tensile loading, the separation between adjacent filler particles increases,
causing the electrical resistivity to increase. Upon apphicaof compressive
loading, the reverse scenario occurs. In this manner, strain sensing can be achieved.
The sensitivity of the sensor to the applied strain depends on various factors including
the type of polymer matrix, type of conductive filler, mmdhof filler loading, and

degree of strain.

Referencg1l] demonstrated experimentally that a Carbon Bl4CB) (filled
polyurethane conductive polymer composite could be used to measure the strain
experienced by a cantilevered beawnbjected to base excitation. Refereftke

further demonstrated that there is a relationship betweehhage in Resistivity



( RIR) of the CB filled polyurethane sensor, and tB¢rain (J experienced by the

sensor. This retenship isillustratedin Figure1.3 below.
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Figure 1.3: Relationship between theChange in Resistivity BIR) of the CB filled polyurethane
sensor, and theStrain () experienced by the sesor.

The blue line inFigure 1.3 represents a linear approximation of the
relationship between thstrain ({ and Change in Resistivity BIR), given by the

following equation:
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Figurel.3 indicates that the relationship in equat{@r®.1)is only valid under
the following conditionif an error of less than +10%between the linear
approximation, and the exacelationship between th&train (J and Change in
Resistivity( BIR), is desired
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Reference[4] expanded upon the above application and proposed using a
layer of CB filled polyurethane to measure the incident pressure from an acoustic
souce. The experimental setup used in Refer¢fzean electromechanical speaker
positioned above a 1/f6inch thick layer ofCB filled polyurethane, is presented

below inFigure 1.4.

Speaker

Figure 1.4: CBfilled polyurethane sensorpositioned below an electromechanical speaker.

The experiment consisted of generating a single tone with the
electromechanical speaker, and then measuring the compressional strain induced in
the CB filled polyurethane layer due to the incident pressure wave. The experiment
was conducted with a 100 Hz and 1 kHz tone. The results are presented below in

Figurelb5.
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Figure 1.5: Reaults from Reference[4].
The results irFigure 1.5 indicate that the€B filled polyurethane is capable of
measuring the pressure wave emitted by the elaetthanical speaker at both 100
Hz and 1 kHz. The phase delay between the input signal and the signal measured by
the CB filled polyurethane sensor is most likely due to the time it takes for the

pressure wave to travel from the speaker and reach the sensor.

The purpose of this thesists expand upon the work of Refererjdgand use
an array ofCBfilled polyurethane sensors to perform acoustic source localization. In
order to accomplish this task, an array processing technique must be applied to the
signals masured by theCB filled polyurethane. The following section provides a
background on array processing, and details the technique that was applied in this

study.

1.3 Array Processing

Array processings anestablishegbractice thatnvolves leveraging thsignals

measured by an array of distinct sensors to increase the fidelity of a measurement.

The goals of array processing are to combi



SO as to enhance the sigh@h oi se rati o beyond utpdt,dot of
characterize the field by determining the number of sources of propagating energy,
the locations of these sources, the waveforms these sources are emitting, and to track
the energy of sources as they move in spase In this thesis, the author focuses on
using a conventional array processing technique to perform an acoustic source
localization demonstration. The following section provides a brief description of
array processing, the array processing technique appliethis thesis, and a

discussion of practical considerations when implementing array processing.

Consider a acousticsouce that emits a sign&¥), and an array af sensors

that measure the signadg(y¥). This scenario is illustrated below kigure1.6.

Figure 1.6: Pressure waves impinging on an array of receivers.

As evident inFigure 1.6, there is aPhase Delayd betweenthe signals

measured byhe sensorsxXy(Y), relative to the sourcsignal S¥). Thisrelationship

a



between the source and receivers is represented mathematically by the following

expression:

(X =alghst)

(1) (1) (1.3.1)
The vector {a(g)} in equation(1.3.1) is referred toin array processing

literature as theSteering Vector The Steering Vectons composed of complex

exponential functions, as follows:

{@({()}:{ej% ejqn}T

(1) (1.3.2)

The Phase Delayqd,) in equation(1.3.2) depend on the location of the
sensorswith respect to the source signal, the frequency of the source,sibeal
medium in which the source is locateahd the assumption about the wavefront

propagating from th source. For a source that produces a spherically spreading

wavefront,the Phase Delaygd,) are given by the following relationship:

=M - kr
qn - C - (133)
where ¥ = The frequency of the source (Hz)
c= The speed of sound of the medium where the sour
operating
M= The distance between the source and theemsor
= Wavenumber

Typically, while assumptions can be made about the type of source, the only
information that is known from equatidt.3.1)is theoutput signalbf the n sensors
in the sensor arrayX(¥)}. However, throgh array processing, these output signals
can be linearly combined to determine the location of the source sighal.linear

combination of the sensor outputs amounts to spatially filtering the sensor field such

10



that a signal from a particular angle,smt of angles, is enhanced by a constructive
combination and noise from other angles is rejected by destructive interf§8hce

Let Y(¥) represent a linear combination of theensor output signals, as follows:

Y(w)= {W})“ &)
? (1)

(En (1.34)

The vector {v} in equation(1.34) represents th8patial Filterapplied to the
n sensor output signals{¥)}, and H represents thelermitian In array processing,
it is often convenient tanalyze théOutput PowerP(¥), of the sensor array, which is

given by the following expression:

(1.3.5)

Plugging equatiofil.34) into equatior(1.3.5)yields the following:
1
P(w) = = {wh™ < ()} fx (et
nin) {8’3;3/ {QEPK}L) (1.3.6)

Equation(1.3.6)can be simplified as follows:

()= " [,

(©n)  (n) (1) (1.37)

where [Gy] = The CrossPower Spectral Densitie€CPSD) between the
sensors of the array

Different array processing techniques correspond to different choices for the
Spatial Filter{w} [18]. In recent years, there halseen many advances in acoustic
source localization through array signal processing. Refef@®{eand Reference
[15] provide excellent overview of some of the advances in array processing
techniques. HFothis thesis, conventional Bartlett array processing is sufficient to

demonstrate the effectiveness of (@B filled polyurethane sensor arrayBartlett

11



array processing involves maximizing t@eitput PowerP(¥) of the sensor array. It
can be shown that the following formulation of tBpatial Filter (w) maximizes the

Output PowelP(¥) in equation1.3.7):
(9]
m}
ek o1 e @26)

(1)

Plugging equatiofil.3.8)into equation(1.3.7) yields the following:
Pl Jenlg)
ngn
{em {& (2.3.9)

(13 n31

Pa(w) =

Bartlett array processing involves making an assumption about the type of
source in the field. Th8patialFilter (w) characteristics, and then t@eitput Power
P(¥) of the arrayare calculated based on this assumed source loc@pnepeating
this processfor m different assumedsource locationsthe array output can be
Asteeredo to i deutpatPdwgr Thehidea isnthat themmaximum

power calculaté through this process will correspond to the actual source location.

When implementing array processing techniques, there are many details that
need to be considered that affect the performance of the array. First, the sensors that
compose the array apally sample the output signal from the source. Similar to the
Nyquist Frequencyin temporal sampling theorem, there is a minimum spatial
sampling interval necessary to prevent aliasing of the signal. miiienum Spatial

Sampling Interva(d) is givenby the following equation:

2f 2 (2.3.190
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where c= The speed of sound of the medium where the sour

operating
f= Frequency of the source (Hz)
o= Wavelength of the output signal from the source

Another important consideratidn array processing is the shape of the spatial
filter. Thespatial filter consists of a single main lobe that accepts energy from signals
from angles that fall within the main lobe, and rejects signals from all other angles.
Acoustic source localizath involvesii st eer i ngo this main | obe i
to locate the area of maximum output povwenich corresponds to the location of the
source The main lobe width decreases with the number of sensors used and the
width of the array. Eitheracton serves to increase the arrt
improve resolutiorj15]. Due to the finite nature of practical sensor arrays, the spatial
filter also includes side lobes, which accept signals from angles outside tred spati
extent of the main lobe.These side lobes become particularly important when
attempting to localize a single source amongst other sources, as it is difficult to

di stinguish between the source of interest

This thesis focuses on identifying the location of a single source using an
array of CB filled polyurethane sensors. The experiment was setup to minimize
extraneous noise sources. Therefore, minimizing the width of the main lobe, and
minimizing the presencef side lobes in the spatial filter to improve resolution were
not a high priority. However, there has been extensive research into maximizing the
spatial extent of the array through clever choices of the spatial filter implemented

when processing the agr output data.
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1.4 Scope of the Thesis

In this thesis, the author proposes using the outputs from an ai@B/fitied
polyurethane sensors to perform acoustic source localizafibe.thesis is organized

into theeightchapters.

Chapter 2presents a ekcription of the procedure developed to manufacture
the CB filled polyurethane sensors. This procedure builds on the work accomplished
by Referencdl], and includes lessons learned in the attempt to improve the process
to produe similar material properties from sensor to sensor. In array processing, it is

important that all of the sensors in the array perform similarly.

Chapter 3presents the results of material property characterization testing.
The testing presented in th@hapter was designed to demonstrate that different

samples of th€Bfilled polyurethane had similar material properties.

Chapter 4 presents structural model of theconductive polymer sensor
system. The model includes a modbalcking structure of tharray, as well as a

model of the dynamics of the sensors themselves.

Chapter 5 presents a model of an acoustic source. The results include
expected pressure measurements at each of the sensor locations. This chapter also
includes a theoreticalemonstrdaon of the array processing technique discussed in
Chapter 1, and describes how to manipulate the output signal fro@Bteensors to

perform source localization.

14



Chapter 6 presents the results of an experimental acoustic source localization
using an amy of conventional condenser microphones. The purpose of this
experiment was to demonstrate that acoustic source localization could be successfully

performed using the array processing technique described in Chapter 1.

Chapter 7 presents the resultsusing an array ofCB filled polyurethane

sensors to perform acoustic source localization.

Chapter 8 summarizes the major conclusions and recommendations from this

work.
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ChaptMan®fiacturing Procedure

2.1Introduction

Conductive polymers are mategalhat exhibit changes in resistivity when
subjected to mechanical stress or strain. This effect is often referred to as
piezoresistivity. This investigation focuses on a polyurethane composite with
conductivity properties induced by the inclusion ofbcar black particles during the
manufacturing process. In this case, the conductive polymer being investigated is a

composite of 20% carbon black particles and 80% polyurethane.

2.1.1Polyurethane

The polyurethane used in this study is a-pest polymer manufactured by
Forsch Polymer Corporation. Part A of the {part polyurethane is Isocyanate 110A
and Part B is Polyol 5000B. The manufacturer suggests that the two components are
combined such that there is a ratio of 100 parts of Polyol 5000B (P#ot48) parts
of Isocyanate 110A (Part A) by weight. The material properties of thepanto
polymer are listed below ihable2.1.

Table 2.1: Manufacturer advertised material properties for polyurethane.

Property Value
Hardness, Shore A 5862
Tensile Strength, Ultimate (psi) 1,400
Elongation (%) 480
Tear Strength (PLI) 175

2.1.2Conductivity

The conductivity of the composite being investigaiedinducedby the
inclusion of carbon blackQB) particles during the polyurethane mixing process.

Numerous studies have shown that the ratioC8f particles to the polyurethane

16



determines the level of conductivity of the material. Thstadies have identified a
percolation threshold effect, whereeth is an extreme change of certain physical
properties, including conductivity, within a narrow concentration range of the filler
material[5]. With respect to conductivity, the percolation threshold effect nsiaife
itself as a dramatic increase of conductivity by several orders of magnitude in a rather
narrow concentration range of the filler material around the percolation thrg¢Shold
Reference[l] contains a literature review of investigations into the percolation
threshold effect on conductive polymer materials. Referdifealso presents
experimental data indicating that for the polyurethane @Bgarticles usedni this

study, the highest conductivity is attained by creating a composite with a ratio of 20%

CB particles to 80% polyurethane.

2.1.3Carbon Black (CB) Particles

The carbon black particles used in this study are acetylene black purchased
from Alfa Aesar @mpany (Ward Hill, MA). The particles have average particle
size 42 nm, a surface area 75/gna density 1.75 g/chand a bulk density 94i5

102.5 kg/n.

2.1.4Polyurethane Manufacturing Process

The manufacturer of the twgart polyurethane, Forsch lgmer, recommends
processing parameters to follow in order to achieve their advertised material
properties. The manufacturerds processing
1. Melt and process Polyol 5000B at 120 to 160 degrees F.
2. Melt Isocyanate 110A if frozen aDQ degrees F., otherwise use atSB)

degrees F.
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3. Mold temperature: 120 to 160 degrees F.

4. Mix Ratio: 100.00 parts Polyol 5000B to 40.00 parts Isocyanate 110A by
weight.

5. Degas mixture if possible or poegas Polyol in dispensing equipment
prior to casting.

6. Pot life: (200g mass) (100 degrees F) 5-8 minutes

7. Demold: 12 hours or 3815 minutes with maximum process and mold
temperature.

8. PostCure: 1624 hours at 140 degrees F.

It is important to note that the manufacturing process described above does
not take mto account the addition of a large percentage of filler material to the
mixture. In the case of this experiment, carbon black particles made up 20% of the
mixture. The manufacturing process was altered to accommodate the inclusion of

filler material. The altered manufacturing process is discussed later in this Chapter.

2.2 Manufacturing Procedure Development

The recommended manufacturing procedure of theparb polyurethane is
described earlier in this Chapter. However, this procedure does nohtakecount
the addition of filler material during the manufacturing process. Initial attempts to
manufacture 20%CB filled polyurethane blocks using the procedure in 1 did not
yield successful results; the manufactured blocks contained numerous i@iednal

surface aHpockets. Several iterations of modified manufacturing procedures were

18



applied before a finalized procedure was established. The sections below provide

background on the development of the manufacturing procedure used in this study.

2.2.1Inclusion of CB Patrticles in Polyurethane

The recommeded manufacturing procedure recommended by the
manufacturerdoes not address tredition of filler materials tahe polyurethane
mixture. Therefore, several procedures for combining @ik particles © the
polyurethane were evaluated in this studye block ofCB filled polyurethane used
in this study had a total volume of 1 $rwhich required a relatively small amount of
material to create. Thereforall of the mixing processes investigatedthis study
involved combining the threeomponentgPart A and Part B, an@B particles) in a

approximately 350 mplastic mixing cup.

The first mixing procedure evaluated in this study involved combining all
three components simultaneously in a plastigimg cup and mixing them by hand
using a tongue depressor. It should be noted that the two components of the
polyurethane (Part A and Part B) are initially liquid in form. When the two
polyurethane components were combined, without the additi@Bqgfaticles, they
remained in liquid form until they began to cure. As the mixture began to cure, its
viscosity increased and the mixture became more difficult to mix by hand using a
single tongue depressor. The additiorC&8f particles at the beginning ofehmixing
process significantly increased the viscosity of the composite material. When all

three components were combined, the resulting material was more like a paste than a
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liquid, and was very difficult to mix by hand using a tongue depressor.

Conseqently, other methods of mixing the three components were investigated.

Another mixing procedure also involved combining all three components
simultaneously in a plastic mixing cup. However, this time a Makita DA391D model
hand drill was used to mix the@mponents instead of a tongue depressor. A % inch
diameter, 6 inch long bolt was used, instead of ahitilito mixthe three components

together.

It was just as difficult to mix the three components together using the drill as
using a tongue depressohdditionally, theCB filled polyurethane blocks made using
this procedure contained more air pockets than the blocks made with material mixed

by a tongue depressor.

One of the main issues with mixing the three component materials together
was that theomposite material began to cure a few minutes after the two parts of the
polyurethane are combined. Due to the short amount of time available to mix the
components, and the high viscosity of the material when all three components were
combined simultanawsly, it was difficult to uniformly mix the three components
before they began to cure. As a result, different methods of combining the three

materials were investigated, rather than combining all three simultaneously.
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The first method involved slowlydding CB particles to Part B, which
produced a very viscous paste similar to adding all three components simultaneously.
The difference being that the mixture could be mixed to a uniform consistency using
a tongue depressor for a long amount of time euththe material curing. Once a
uniform mixture was achieved, Part A of the tpart polyurethane was added.
However, this procedure was ineffective because Part A and Part B did not react with

each other to form polyurethane.

Another method investiged involved combining Part A and Part B of the
two-part polyurethane, and then slowly adding BB particles to the mixture.
Adding the CB patrticles slowly allowed each little amount of the particles to be
uniformly mixed in before more particles wergdad. However, this procedure was
ineffective because Part A and Part B began to cure before all &Blparticles

could be added to the mixture.

One final method of combining the three component materials involved
modifying the tongue depressor methiact investigated. The three components
(Part A, Part B, an€B particles) were combined simultaneously in a plastic mixing
cup and mixed by hand using a tongue depressor until the mixture attained-a paste
like consistency. Then, the material was regtb¥rom the plastic cup and kneaded
by hand until the material was uniform. This method proved to be the most effective
in producing a uniform consistency of the composite material. The finalized

procedure is presented in detail later in this Chapter.
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2.2.2Amount of CB Filled Polyurethane

The size of theCB filled polyurethane block used in this study was
determined to be 4014011/ 160. After some
chosen as the optimal amount to creade@l 4 0 Iblock.1 Bsig the mxing ratios
provided by the manufactureand the desire to have a 20% ratioGB particles to
total weight, a 35g block of material requires the following amounts of the constituent
materials:

1 7 gCBparticles

1T 8gPartA

1 20gPartB

2.2.3Vacuum Treatment

The recommended manufacturing procedure in Se2tibsuggests degassing
the polyurethane prior to placing the material in a mold to cure. In order to degas the
CB filled polyurethane, the mixture was placed under a vacuum. The vacuum

chamber systemsed in this study is presentedrigure?2.1.
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Vacuum

Vacuum
Chamber

Figure 2.1: Vacuum pump used inCB manufacturing process.

The CB filled polyurethane was placed inside the chamber and the pump was

turned on to remove thar from the chamber.

The length of time that the mixture can be placed under vacuum is limited by
the gel time of the polyurethane, which is approximately 6 minutes. In other words,
the CB filled polyurethane must be placed in the mold to begin curotater than 6
minutes after the twpart polyurethane is combined or the material will begin to set.
Since it takes approximately2minutes to completely mix theB particles with the
two-part polyurethane, the degassing time was conservatively s#d aeconds.
However, the blocks of material created using this degassing time contained
numerous surface air pockets. After several iterations of manufacturing blocks using
different degassing times, it was discovered that degassiricBtfited polyurethane
for a minimum of 2 minutes provided the best results with the fewest surface air

pockets.
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2.2.4Curing

After the polyurethane has been degassed and placed into a mold to cure, the
manufacturer recommends leaving it in the mold to cure f@rHbursat room
temperature. Following the2 hour period, the manufacturer recommends removing
the material from the mold and allowing it to continue to cure at a temperature of 140
degrees F. In this study, the blocksGR filled polyurethane manufactureding
these recommendations contained large internal and surface air pockets. These air
pockets affect the material properties of the block. As a result, several attempts were
made to develop a curing procedure that would prodtiBefilled polyurethane

blocks without air pockets.

The first attempt to develop an acceptable curing procedure involved applying
pressure to the mold containing @8 filled polyurethane during the initia-2 hour
room temperature curing period. The pressure was applied bsirtydraulic press

presented ifrigure2.2.
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Figure 2.2: Hydraulic press used inCB manufacturing process.

Following the 12 hour curing period in the hydraulic press, ®B filled
polyurethane block was removed from the mold and placed in an oven to cure at 140
degrees F. Prior to placing tl@B filled polyurethane in the oven, there were no
noticeable surface air pockets in the blocks made using this method. However,
surface air pockets ave visible when th€B filled polyurethane block was removed
from the oven after 22 hours. Placing the mold in the hydraulic press did reduce the
number of surface air pockets as compared to blocks that were manufactured without

using the press.

Since @plying pressure to the mold did seem to havee#fact on the

presence of surface air pockets, several blocks were manufactured by leaving the
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mold in the hydraulic press for 22 hours instead of-treating the material at 140
degrees F. The purpose loéattreating the polyurethane at 140 degrees F is to
accelerate the curing time of the material. As a result, it was felt that not including

this step would not alter the properties of @&filled polyurethane composite.

The blocks manufactured byagging the mold in the hydraulic press for 22
hours did not have any noticeable surface air pockets. In order to verify that the
exclusion of the heat treatment step from the manufacturing process did not
significantly alter the material properties of tl@&B filled polyurethane, these
properties were measured over time on several samples GBthiéed polyurethane.

An additional purpose of these material property tests was to determine if leaving the
mold in the hydraulic press also prevented the fdonaof internal air pockets,
which if present would also affect the material properties of @ filled

polyurethane. The results of these tests are presented and discussed in Chapter 3.

2.2.5Mold Design

The original mold used to manufacture @B fill ed polyurethane blocks was
a twopiece mold made of polycarbonate. This material was selected because it is

easy to machine. A picture of the original mold is presented bel&vwgume?2.3.
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Figure 2.3: Polycarbonate mold. The black material on the surface of the polycarbonate mold
above isCB filled polyurethane that cured to the mold when the mold release failed.

The two pieces inFigure 2.3 were machlmed so that when they were
assembl ed, one piece slotted into the othe
mold piece also contained a recessed channel to allow e2Beited polyurethane
to exit the mold. A temporary mold release was applietheéosurfaces of the mold
that would be in contact with tHeB filled polyurethane to prevent the material from
permanently adhering to the mold after curing. The temporary mold release was a
water soluble mold release manufactured by Resin Crafts anceaygslied by hand
each time a new block was manufactured. After approximately 1 hour, the liquid
mold release cured and formed a thin film on the surface of the mold pieces. Once
the mold release cure@B filled polyurethane was placed in the bottomcgieand
compressed between the top and bottom pieces to create a block with the desired
shape. Once th€B filled polyurethane block was finished curing, it was removed

from the mold. The mold release was then removed using water.

One issue with this ptcular procedure was the type of mold release used to

prevent theCB filled polyurethane from adhering to the mold surface. Once cured,
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the mold release formed a thin film that was very sensitive to slight disturbances. On
several occasions this filmr®during the manufacturing process. As a result, blocks

of CB filled polyurethane had to be discarded because they stuck to the surfaces of
the mold and tore upon removal from the mold. The mold then needed to be sanded
to remove the pieces of th@B filled polyurethane that attached during the curing
process. Th€Bfilled polyurethane that cured to the mold pieces is evideliguare

2.3.

Another issue with this particular procedure involved properly alignieg th
two mold pieces. Recall that the curing process involves placing the mold in a
hydraulic press for 24 hours to cure. In order for the mold to form the proper cavity
shape, the two pieces had to be aligned exactly in order to slot together. The
alignment process often required rotating one of the pieces to line up exactly. As
discussed above, the slight disturbance of rotating one of the pieces frequently
resulted in a tear in the mold release film. Additionally, the compression process in
the hydrauk press began to deform the soft polycarbonate material of the mold when
the two mold pieces were not aligned exactly. This deformation of the mold resulted

in a cavity that was not the desired shape.

In order to prevent the mold release issue fronuwtwy, permanent mold
release options were investigated. It was decided to apply Teflon® coating to the
mold surfaces that come in contact with 8B filled polyurethane. It was not

possible to apply this coating to the polycarbonate mold pieces. résuli, a new
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mold was constructed of aluminum. The new mold with the Teflon® coating is

presented ifrigure2 4.

Figure 2.4: Aluminum mold with Teflon® coating.

As pictured inFigure 2.4, the mold design was also changed to correct the
alignment issues discussed above. Rather than having the two pieces slot together to
form a 4014011/160 cavity, the cavity is
the other piece is completely flat. The piece with the cavity also includes four

recessed channels to allow excess material to exit the mold during curing.

2.3 Finalized Manufacturing Procedure

This section presents a step-step procedure to manufaatuthe CB filled
polyurethane blocks used in this study. The materials necessary to produce these

blocks are listed below ihable2.2.

Table 2.2: List of materials necessary to manufacture theCB filled polyurethane block used in
this study.

Quantity Item

1 Mixing cup

3 Measuring spoon

1 Aluminum mold with TefloM coating

1 Scale

7 grams Carbon black particles

8 grams Isocyanate 110A (Manufactured by Forsch Polymer)
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20 grams Polyol 5000B(Manufactured by Forsch Polymer)

Tongue depressor

Temperature controlled oven

Hydraulic press

Vacuum pump

RlR(RRP|-

Timer

Step I Polyol B can become frozen at room temperature. To return the Polyol B to
the liquid state necessary for mixing, @atinto a temperature controlled oven. The
oven used in this study wasDelta Design Model 5900 Set the temperature to 160
Degrees F and leave the Polyol B in the oven until it has completely returned to a

liquid form. This process typically takebaut 1 hour.

Step 2:Prepare the hydraulic press, vacuum pump, and mold to recei@Bthiéed

polyurethane composite.

Step 3 Using the scale and one of the measuring spoons, carefully measure 7 grams

of theCB particles into the mixing cup.

Step 4 Remove the Polyol B from the temperature controlled oven once it has
liquefied. Using the scale and a different measuring spoon than used fGBthe

particles, carefully measure 20 grams of the Polyol B into the mixing cup.

Step 5 The Isocyanate 1108oes not solidify at room temperature so it does not
need to be placed in the oven like the Polyol B. Using the scale and the third
measuring spoon, carefully measure 8 grams of the Isocyanate 110A into the mixing

cup.
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Step 6: Immediately after Step 4tart the timer and slowly begin mixing tkaB
particles into the Isocyanate 110A and Polyol B mixture. It is important to mix

slowly at first to avoid dispersing the fil@B particles into the air.

Step 7: Once theCB patrticles are sufficiently mixedio the Isocyanate 110A and
Polyol B mixture (approximately 1 minute after beginning the mixing process), begin
mixing faster. Continue mixing until the mixture is a silky smooth paste and until the

time indicates 4 minutes have passed since addingdbgaisate 110A.

Step 8: After 4 minutes of mixing, scrape t@B filled polyurethane paste into the

bottom half of the mold.

Step 9:Place the top half of the mold on top of @B filled polyurethane. Do not

press down on the top half of the mold.

Step 10: Place the mold into the vacuum chamber and run the pump until the time

reads 6 minutes.

Step _11: When the timer reads 6 minutes, remove the mold from the vacuum

chamber and place it immediately into the hydraulic press. Leave the mold in the

pressfor 24 hours.
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Step 12:Remove the mold from the press. Remove the cOefilled polyurethane

sample from the mold.

2.4 Summary
Chapter 2 presents the method developed to manufactur€Bhélled
polyurethane sensors. It includes the necessarydiegis, tools, a stepy-step

manufacturing procedure, and lessons learned in the development of this procedure..
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ChaptMat 8r.i al Property Character

The purpose of this testing is to characterize the viscoelastic properties of a
carbon black(CB) filled polyurethane composite material. These viscoelastic
properties will be used in a mathematical model of @& filled polyurethane
composite subjected to an acoustic field, and will be determined through the use of
Dynamic Mechanical AnalysisDMTA). The objectives of this testing are the

following:

1. Establish the parameters of the manufacturing process.

2. Determine the effect @B inclusion on the polyurethane material properties

3. Demonstrate that the manufacturing process can produce samiles w
consistent viscoelastic properties.

4. Investigate theeffects of polarization of the material on its viscoelastic
properties.

5. 1dentify the composite material 6s mater

model

3.1 Background

3.1.1 Complex Modulus

The Stress(ll) andStrain (J of viscoelastic materials can be described by the

following equation:

s=FEe (3.1.1)
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where E = Complex modulus of the viscoelastic material

The Complex ModulugE’) can be expanded into its reél pand maginary
(E § édomponents as follows:
E =Ei+iEj (3.1.2)

Typically, theComplex ModulugE’) is written in the following form:

E' =Ei{l+ih) (3.1.2)
where E°= Storage Modulus of the material
s € Loss Factor of the material

TheLoss Factor(d) can be described by the following equation:

_Ej
=% (3.1.3)

The Storage Modulus(E p and Loss Factor (d) will be measured

experimentally and used to model tBBfilled polyurethane.

3.12 DMTA Testing

Dynamic Mechanial Analysis DMTA) testing was performed on samples of
theCBfill ed polyurethane composite to det e
properties. Specifically, this testing identified t8®rage ModulugE P and Loss
Factor (d) of the composite materiaDMTA can be simply described as applying an
oscillating force to a sample and23anal yzin
The Dynamic Mechanical AnalyzeDMTA) supplies an oscillatory force, causing a
sinusoidal stresto be applied to the sample, which generates a sinusoidal strain. By

measuring both the amplitude of the deformation at the peak of the sine wave and the
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lag between the stress and strain sine waves, the storage modulus and loss factor can

be calculated23].

DMTA experiments can be classed as temperditone studies, frequency
studies, and dynamic stressain curves. Temperatutiene scans hold the frequency
constant as the temperature or time at temperature changeserfeneqoans vary the
frequency at a set temperat28]. The method used in this study to determine the
viscoelastic properties of theB filled polyurethane, timéemperature superposition,
combines these two scans into one expent. Timetemperature superposition is
described as a Aimet hod of reduced vari ab
frequency scans relative to a reference curve performs the superp@siiomfter
the curves are shifted,glcombined curves, the master curve, can be used to predict
behavior over a wide range of frequencig3]. Further description of the
methodology behind timeemperature superposition testing is describedejoth in

Referencd23].

DMTA tests are performed in commercially available machines known as
dynamic mechanicahermalanalyzers. Small samples of the material of interest are
placed in the machine and tested using one of many different testifgpdset
including bending, torsion, and extension tests. The method used in this study is the
extension test. Extension or tensile analysis is performed on samples of all types and
is one of the more commonly done experimg¢B8. Preparation of the sample for

an extension test involves gluing blocks, in this case aluminum, on two opposite faces
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of a rectangular test sample. The blocks are then loaded by an oscillatorysgtress (

Figure 3.1 provides an exaple of a test sample with end blocks attached, as well as

the loading direction.

/ —————————————— Vibrator

Displacement
Transducer

Drive Shaft

Temperature
Enclosure

\\ Sample

|
Pliquid Nitrogen

Clamps

Tension Head Thermocouple

Damping

Specimen Shaker

Figure 3.1: Example of DMTA test sample configuration[19].

This geometry is more sensitive to loagliand positioning of the sample than
most other geometrid23]. Any damage or distress to the edges of the sample as
well will cause inaccuracies in the measurements. A nick in the edge will also often
cause early failure, asacts as a stress concentrator. After loading a film or fiber in
extension, it is important to adjust it so that there are not any twists, the sides are

perpendicular to the bottom, and there are no crirjRI&s
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Referencd1] demonstrated that in addition to deformities in the test samples,
proper specimen preparation, maintaining appropriate aspect ratio (span to thickness
ratio) to reduce the transverse shear deformation, and sufficient loadingieat tor
measure correct properties froBMTA test. If these conditions are satisfied,
Referencd27] demonstrated th@MTA testing can accurately calculate the dynamic

stiffness values of a material to within 1% of the actadli®.

3.13 Polarization

Referencgl] demonstrated that polarization, or exposing the polymer to an
electric field, produces a change in the response of the material to applied strain; for a
sinusoidal applied stss, theCB filled polyurethane sample that had been polarized
exhibited a sinusoidal response with significantly decreased noise than the response
of nonpolarized samples. Objectiv& of this testing was to expand upon this
discovery and determine the emjific effect of polarization on theviscoelastic
propertiesof the CB filled polyurethane compositePolarization was achieved by
placing theCB filled polyurethane samples between two conductilages A 20V
DC voltage was then applied acrode plates, and theCB filled polyurethane
samples were polarized by thenerateclectric field. The samples remained in the

electric field for a total of 10 minutes.

3.2 DMTA Testing Results

DMTA tests were conducted on several samples of the conductive ggolym
composite.Thi s study wil | r e f e rCBftilled palysretmapel e s 0

cut from larger blocks Additionally, samples are referred to by the naming
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convention B#S#, where B# corresponds to the block number and S# corresponds to
the samfg number cut from that block The samples tested measured
3/80 V/16d 1 1 /. Tabld3.1 belowpresents a list of thBMTA tests performed and

associated details.
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Table 3.1: List of DMTA tests performed.

Test | Block | Sample | CB | Cure Time Polarization Time After
# # # % Before Voltage (V) Polarization

Testing (Hours)
(Hours)

1 1 1 0 360+ - -

2 2 1 20 | 120+ - -

3 2 2 20 | 120+ - -

4 2 3 20 | 120+ - -

5 3 1 20 | 120+ - -

6 3 2 20 | 120+ - -

7 3 3 20 | 120+ - -

8 4 1 20 | 96 - -

9 4 1 20 | 120 - -

10 |4 1 20 | 144 - -

11 4 1 20 | 168 - -

12 |4 1 20 | 312 - -

13 |4 2 20 | 264 - -

14 |4 3 20 | 288 - -

15 |5 1 20 | 144 -

16 |5 2 20 | 168 5 24

17 |5 2 20 | 192 5 48

18 |5 2 20 | 216 5 72

19 |5 2 20 | 240 5 96

20 |5 2 20 | 312 5 168

21 |5 3 20 | 336 5 192

22 |5 4 20 | 360 5 216

23 |6 1 20 | 120 20 -

24 | 6 2 20 | 168 20 24

25 |6 2 20 | 192 20 48

26 |6 2 20 | 216 20 72

27 |6 2 20 | 288 20 144

28 |6 3 20 | 312 20 168

29 |6 4 20 | 336 20 192

30 |7 1 20 |24 - -

31 |7 1 20 | 168 - -

32 |7 2 20 | 192 20 24

33 |7 2 20 | 216 20 48

34 |7 2 20 | 240 20 72

35 |7 2 20 | 312 20 144

36 |7 2 20 | 336 20 168

37 |7 3 20 | 360 20 192

38 |7 4 20 | 384 20 216
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A procedure similar to that described in Referefi@3 was used to perform
the timetemperature supgosition analysis on the acquirBd/TA data. TheDMTA
tests were run frorrb0 to +50C in 5 C steps and the data was shifted to a reference
temperature by 1C , by the storage shear modul us on
ratio of 0.4995. The stress dretsamples was applied on an axis perpendicular to the

7/ 160 x 1/ 160 face.

3.2.1 OvenCuring vs. PressCuring

Objective 1 of the material property tests was to establish the parameters of
the CB filled polyurethane manufacturing procesSeveral blocks bthe CB filled
polyurethane were originally fabricated using oven curing as in [1]. However, these
samplesoften formed air bubble®n the surface of the material. These air bubbles
couldindicate the presence stibsurface voids, which wouldreateinhomogeneous
material properties throughout a single block of @8 filled polyurethane
Inhomogeneous material properties throughout a block are undesirable siG& all
filled polyurethane sensors used for beamforming will be cut from the same block
Consequently, different methods of allowing the manufactured blocks to cure were
explored. The final solution was to leave @B filled polyurethane block in the
hydraulic press (see Chapter 2) for an extended period of time instead of aagn cur
Therewere not any blocks manufactured containing surface air bubbles th&ing

presscure method
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Block 2 in Table 3.1 was oven cured for 24 hours following manufacture.
Three samples of Block 2 were cut IOMTA testing(B2-S1, B2S2, and B2-S3).
Block 2 did not appear to have any significant surface bublBésck 3 in Table3.1
was placed in a hydraulic press for 24 hours following manufacture. Three samples
of Block 3 were cut foDMTA testing (B3S1, B3S2, B3-S3). Theviscoelastic
propertieof these (6) samples are presented belokigare3.2 throughFigure3.5.

10 Storage Modulus
10

B2-S1
B2-S2
—B2-S3
B3-S1

10 / —B3-32
/ 7

E' (Pa)

10 10 10* 10° 10° 10"

Frequency (Hz)
Figure 3.2: Comparison of Block 2 (ovencured) and Block 3 (presscured) storage moduli.
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Figure 3.3: Comparison of Block 2 (ovencured) and Block 3 (presscured) loss factors.
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Figure 3.4: % difference in storage modulus referenced to B51.
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Figure 3.5: % difference in loss factorreferenced to B1S1.

Figure 3.2 presents a comparison of tB¢orage Modulu®f ovencured and
presscured samples. For a better comparidéigure 3.4 presents the % difference
betweerthesamples when compared to sample®R2 Figure3.4 indicates that there
can be up to an 18% difference in tB#orage Modulusralues ofthe different
samples Additionally, theredoes not appear to betr@nd between oveauredand
presscured blocks. Similar observations can be enadout thd.oss Factorresults
presented inFigure 3.3 and Figure 35. The data indicates that there is not a
discernabldlifference inviscoelasticproperties between ovenured and pressured
samples. However, to avoid any inhomogeneity due to surface -@usialce voids,
the presscured method was implemented for all remaining blocks manufactured for

this study and is included in the manufacturing procedure presented in Chapter 2

3.2.2Impact of CB Inclusion on Polyurethane Material Properties

Objective?2 of the material testsvas to determine the effect 6B inclusion

on the polyurethane properties. Block ITeble was made only of the polyutene

43



specified in Chapter.2 Testing of Block 1 indicated that the polyurethane had a
Specifc Gravity of 1.035 and aShore A Hardnes®f 59 @ 1 second. These
properties fall within the ranges advertised by the manufacture, presenietle

2.1

These measurements were repeated on Block 3, which was wctaneda
following the procedure in Chapt21(20% fill ratio of CB, presscured). TheSpecific
Gravity of Block 3 measured 1.96, and tBhore A Hardnessf Block 3 measured 76
@ 1 second. The increase in density of@filled polyurethane block is exgted
due to the inclusion of th€B particles Theincreaseof the Shore A Hardness
measurement indicates that t@d filled polyurethanehas a higher resistance to

permanent indentation than the polyurethane alone

Figure3.6 andFigure 3.7 present a comparison between 8terage Modulus

and Loss Factorof Block 1 (polyurethane only) and Block 3 (20@B fill),

respectively.
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Figure 3.6: Comparison of Block 1 (polyurethane only) and Block 3 (20%CB fill) storage
moduli.
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Figure 3.7: Comparison of Block 1 (polyurethane only) and Block 3 (20%CB fill) loss factors.

10

The results indicate that Block 1 (polyurethane only) hasuahmower
Storage Modulughan Block 3 (20%CB fill). Consequently, inclusion of th€B

particles in the polyurethane significantly stiffens the resulting composite. This
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outcomeis expected, and consistent with the results ofShere A Hardnestests
The Loss Factordataindicate that the inclusion of ti@B particles increases thess

Factor at lower frequencies when compared to the polyurethane only.

3.2.3 Consistencyof Viscoelastic Properties

Objective 3of the material tests was to demonstrétat the manufacturing
process can produce samples with consistent viscoelastic propeBlesk 4 was
manufactured using the procedure outlined in Chapter DMTA tests were
performed on a total of (3) samples from Block 4.-84was tested at 96 hsyand
then for every 24 hours until 312 hours post creation. Additionalh&B4vas tested
264 hours post creation, and 88 was tested 288 hours post creatiofhe

viscoelastic properties of the Block 4 samples are presented bel&igure 3.8

throughFigure3.11.
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Figure 3.8: Comparison of Block 4 sample storage modulus over time.
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Figure 3.11 % difference in loss factor referenced to B451-96.

Figure3.8 presents a comparison of tBeorage Modulusf the various Block
4 samples. For a better comparisbigure 3.10 presents the % difference between
the samples when compared to sampleSB4-96. Figure3.10indicates that there is
not a significant difference in the storage modulus properties €81Bdver time, as
the results only vary up to about 5%. Additionally, Bterage Moduluyalues of
B4-S2 do not vary signifiantly than the values measured of-84. However, the
Storage Modulusf B4-S3 varies significantly from the other Block 4 samples. This
observation will be explored later in this section when repeatability o€Bhélled
polyurethane properties is mopared between blocks, abdtweensamples within a
block. Similar observations about thess Factorresults can be made by examining

Figure3.9 andFigure3.11

Further invesgation into Objective 3 was conducted by comparing the

viscoelastic properties of samples from Blocks 3, 4, 5, 6, and 7. The viscoelastic
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properties of these samples are presented beldwgure 3.12 throughFigure 3.15.
Note that Blocks 5, 6, and 7 were polarized. However, the results preseRtgdran
3.12throughFigure3.15 were obtained prior togtarization.
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Figure 3.12 Comparison of storage modulus results for various unpolarized blocks.
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Figure 3.13: Comparison of loss factor results for various unpolarized blocks.
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Figure 3.14: % Difference in storage modulus results referenced to B$1.
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Frequency (Hz)
Figure 3.15: % Difference in storage loss factor results referenced to BS1.

Figure3.12 presents a comparisor the Storage Modulusf the Block 3, 4,
5, 6 and 7 samples. For a better comparisagyre 3.14 presents the % difference
between the samples when compared to sampi8 B3 igure 3.14 indicates that a

majority of the samples hav&torage Moduluyalues that fall withint10% of the
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reference sampleThe inconsistent sample B&1-C024 result may be caused by a
local inhomogeneity such as a ssioface air void. Similar obserats about the

Loss Factorresults can be made by examinifiggure 3.13 and Figure 3.15.
Therefore, samples cut from a single block @B filled polyurethanecan have
viscoelastic propertiesthat vary within 10% sampl®-sample. This result is
acceptable for this investigation due to the method of manufacturing the material. It
is expected that improved manufacturing methods would decrease the variability of

the material propeds of the samples

3.2.4 Polarization Effect on Viscoelastic Properties

Objective 4 of the material tests was to investigate the effects of polarization
oftheCBf i | | ed pol yurethane on its viscoel ast:i
fabricated umg the preedure presented in Chapter Due to the nature of the
DMTA testing, it was not possible to test an unpolarized sample, polarize it, and then
retest the sample. Polarizing the unpolarized test sample would require destructively
altering the ample, which would affect thBMTA test results. Recall that Section
3.2.3 demonstrated that there is not a significant difference between samples taken
from a single block, or from different blocks. Therefore, an unpolarized sample was
tested from a gen block, the remaining block was polarized, and t&nmore
polarizedsamples were removed and test&mple 2 from a given block was tested
every 24 hours after polarization. Samples 3 and 4 of a given block were tested to
verify the consistency o¥iscoelastic properties between samples within in given

block. This procedure was repeated on Blocks 5, 6, and 7.
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The Block 5 data is presented belowFigure3.16 throughFigure3.19. Note
that the polarized samples are referred to by the naming conventi&#8#\V#,
where B# corresponds to the block number, S# corresponds to the sample number
from that block, C# corresponds to the number of hours since that block wasl create

and V# corresponds to the number of hours since polarization.

10 Storage Modulus
10

B5-S1-C144

B5-S2-C168-V024
B5-S2-C192-V048
B5-S2-C216-V072
B5-S2-C240-V096

10
_ —— B5-52-C312-V168
5 B5-S3-C336-V192
L‘u’ —— B5-S4-C360-V216
10°
7 |
10
10° 10° 10* 10° 10° 10"

Frequency (Hz)
Figure 3.16: Storage modulus values of Block 5 samples.
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Loss Factor
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0.6 B5-S2-C312-V168
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T —

10° 100 100 10° 18° 10"
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Figure 3.17: Loss factor values of Block 5 samples.
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Figure 3.18 % Difference in Block 5 sample storage modulus values referenced to £3-C144.
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B5-S2-C192-V048

20l 7/~ B5-S2-C216-V072
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Figure 3.19: % Difference in Block 5 sample loss factor values referenced to B51-C144.

Figure3.16 presents a comparison of tBerage Modulusalues of the Block
5 samples. Note that while testing SampleE5C240V096 the sample came loose
from the mounting blocks. Therefore, the data from this sample does not accurately
represent the visctastic properties of the sample. The mounting blocks were
reatached for the remaining testsFor a better comparisoRigure 3.18 presents the
% difference between the samples when compared to the unpolarizee 8534+
C144. The data indicates that while the viscoelastic properties of Sample 2 change
with time, they do not appear to follow a consistent trend. Additionally, the results of
testing multiple samples of Block 5 are consistent with the resultstofgesultiple
samples of the unpolarized blocks in that there does not appear to be a significant
difference in viscoelastic properties between samples. Similar observations can be
made about théoss Factordata presented ifigure 3.17 and Figure 3.19. As a

consistency check, this series of tests was repeated on Blaokl 8lock 7 The
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Block 6 DMTA test data results are presented belowigure 3.20 throughFigure

3.23.
Storage Modulus
10
10
B6-S1-C120
B6-S2-C168-V024
B6-S2-C192-V048
B6-S2-C216-V072
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_ “, //’ B6-S3-C312-V168
E ,/I/'/ B6-54-C336-V192
“ ==
8 /
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7
10
10° 100 100 100 1° 10"
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Figure 3.20: Storage modulus values of Block 6 samples.
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0.6 B6-S3-C312-V168
- ——B6-54-C336-V192
0.4
0.2 \
0 0 2 4 6 8 10
10 10 10 10 10 10

Frequency (Hz)
Figure 3.21: Loss factor values of Block 6 samples.
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Figure 3.22: % Difference in Block 6 sample storage modulus values referenced to £3-C120.
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Figure 3.23 % Difference in Block 6 sample loss factor values referenced to B&1-C120.

The Block 7DMTA test data results angresented below irFigure 3.24

throughFigure3.27.
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Figure 3.24: Storage modulus values of Block 7 samples.
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Figure 3.25: Storage modulus values of Block 7 samples.
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Figure 3.26: % Difference in Block 7 sample storage modulus values referenced to £52-C168.
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Figure 3.27: % Difference in Block 7 sample loss factor values refenced to B#S1-C168.

Figure3.20 andFigure3.27 indicate that th®MTA testing results of Block 6
and Block 7 are consistent with the results from Block 5. The results fsimgte

Block 5, Block 6, and Block 7 indicate that there is not a significant difference
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between viscoelastic properties of unpolarized and polarized samples. Additionally,

once a sample is polarized, the properties do change in time following any trend.

3.2.5 Average Viscoelastic Properties

Referencql] demonstrated that polarization, or exposing the polymer to an
electric field, produces a change in the response of the material to applied strain; for a
sinusoidalapplied stress, th€B filled polyurethane sample that had been polarized
exhibited a sinusoidal response with significantly decreased noise than the response
of nonpolarized samples. Therefore, the viscoelastic properties of the pol&fzed
filled polyurethane blocks will be used in this study. Due to the consistency of the
Blocks 5, 6, and 7 results, an average of the viscoelastic properties of each sample
was calculated and used as the representative viscoelastic propertie € Bffilkexl

polyurehane. These properties are presented beldwgumre3.28 andFigure3.29.

Storage Modulus

1010 r :
Avg. -
9
10 :
0 -
al -
hd ~
L
10’

10° 10° 10° 10° 10° 10"

Frequency (Hz)

Figure 3.28 CBfilled polyurethane storage modulus.
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Loss Factor
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Figure 3.29: CB filled polyurethane loss factor.
3.3Summary

The following conclusions can be drawn fraMTA testing of theCB filled
polyurethane:

1. Ovencured blocks tend to contain surface bubbles, which could indicate
subsurface voids and lead tthomogeneous properties throughout the block.
Presscured blocks do not exhibit any surface bubbles. However, there is no
discernabledifference in the viscoelastic properties of the egared and
presscured blocks.

2. The addition ofCB particles stiffes the polyurethane and increaghs Loss
Factor at low frequencies.

3. The variability in viscoelastic properties between different samples d@Bhe

filled polyurethane is withimn acceptable variation.
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4. The viscoelastic properties of ti@B filled polyurehane do not appear to
change significantly over time.
5. Polarization of theCB filled polyurethane does natiscernablyaffect the

viscoelastic properties as compared to the unpolarized case.

The following Chapters will use the results from Section 3.2&xfore the use

of the CB filled polyurethane as an array of pressure sensors to leaatizacoustic

sources location.
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Chapt@ar lanS8h aack Model

The primary objective of this study was to use an arrayCBf filled
polyurethane sensors to aseire the sound pressure from an acoustic source in a
sound field, and identify the sourceds
array of sensors to sample a sound field and filter those samples to favor signals from
a particular direction isfhown asacoustic source localizationA more general term
for acoustic source localizatios spatial filtering; using an array to spatially sample a
sound field at different locations and then combining those samples to receive sound
from one direction Wile attenuating signals from other directid@$. The purpose
of this Chapter is to develop an analytical model of @i filled polyurethane
sensors, and the structure on which these sensors are mounted. The results of this
Chapter will be used in Chapter 5 to study the reality of the u€lBgfilled

polyurethane sensors to execute acoustic source localization

4.1 BaseVibration Model

4.1.1 Introduction

The purpose of this section is to present a model of the dynamic resgonse
the aluminum plate that serves as the base oCBw#lled polyurethane sensor array
This model will be used in conjunction withe acoustic model developed in Section
5.1, and theCB filled polyurethane model developed in Sectiofl, 40 study the

response of th€B filled polyurethane sensor arr&tyincident pressure waves.
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The platewas an aluminum platemodeledin Matlaka using finite element
anal ysis (FEA) techniques, including Kirch

this FEM modelelied heavily on the derivatioms Referencg3].

4.1.2 Single Element Definition

A single-element of the plate model is presented belofigare4.1.

-

Figure 4.1: Single-element of aluminum plate FEM.
Figure4.1 indicates that four nodes bound a single element of the plate FEM.
The motion of each of these nodes is comprised of (5) degrees of freedom (DOF); (3)
translational DOF, and (2) rotational BO The DOF of the element are deked in

further detail below:

-

u, Y Displacement of thplate elemengx-direction)
V, Y Displacement of thplate elemeny-direction)
W, Y Displacement of thplate elemen(z-direction)
Gy =- % =-w, ¥ :)r(}gular displacement of thglate elementibout the y
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Angular displacement of thglate elementbout the x
axis

The indexk above is given bk =i, j, m, n wherei, j, m,and n represent each
of the four nodes of the singidement. The right-handrule was used to determine

the orientation and signs of the ab@rgular displacementg)(

The dimensions of the single plate element are related to the dimensions of the

assemled plate by the following equations:

L
2a=—> (4.1.2.1)
M
L
2b=—2 (4.1.2.2)
N
where 2a= Size of the single plate element in thainection
2b= Size of the single plate element in thaingction
L= Length of the assdated plate in the xlirection
Ly= Lengthof the assembled plate in thelyection

= Number of elements in thadirection
= Number of elements in thedyrection

4.1.3 Generation of Interpolation Equationsi Single Element

The Nodal Displaement Vectof D} for each node of a single plate element

is given by the following expression:

Pd=tuc v we -w, w,f (4.1.3.1)

B5
The Nodal Displacement VectdDg} for the entire elemens given by the

following expression
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(4.1.3.2)

AT
pJ=l) b} ) ol
261 B5 25 B5 B5 y
Finite element analysis utilizes interpolation to describe the motion of
elements of the structure. To interpolate is to approximate the value of a function
between known values by operating on the known values with a formula different
fromthefuc t i on it sel f. I n the case of finite

the DOF to be found at the nodes of each element. The interpolation function is

referred to here as the shape function

The motion in the -irection,w(x,y), is assumed to baescribed by a linear
shape function. Since each element haBD@F (4 nodes, DOF per node), a shape
function with 20 constants must be appliéithe followingshape functions, written in
vectorform, will be used to represent theflectionsu(x,y), (x,y), andw(x,y) of a

single aluminum plate element

3( (y) {95( )Y)}{a} (4.1.3.3)

820 201

&(x,(y) :{952(’(’){)}{‘9 } (4.1.3.4)

B1 B20 201

W(X (y {§$ ){’ (4.1.3.5)

820 201

The vector &} in equationg4.1.3.3)through(4.1.3.5)is defined as follows

fel ‘1#9 RN {ﬁa}y (4.1.3.6)

201 B4 B4 1312
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The vectors{ ai}, { a2}, and{as}, {asz 1}, { asz, and{as3 in expression

(4.1.3.6)are composed of the followingpnstants

{If:i} = {ai a & a4} (4.1.3.7)
ﬂii} ={as 8 & as} (41.3.8)
@)=l b b b b b b b b b b b} 4139

B12

The vectors §1(x,y)}, {f2(x,y)}, and {fz(x,y)} in equations(4.1.3.3) through

(4.1.3.5)are composed of the following terms:

boyd=l1 x v w {d (413.10)
fd=lio 1 x v xv {o (413.11)

B8

{gsg(X,)Y)}:}:{O} 1 xy xX xyy xX Xy xy y Xy x;fg (4.1.3.12)

The boundary conditions at the four nodes of the sialglment, based on the

geometry presentien Figure4.1, are presented below Trable4.1.

Table 4.1: Boundary conditions of singleelement.

@ x=-aand y=-b u=u V=V W =W Wx = Wk, Wy = Wi
@ x=-aandy=-b u=uy V=Y wW=Ww Wyx = Wk j Wy = Wy
@Mm=-aandw=-b |U=uUn V= \h W=Wn | Wx=Wem | Wy=Wm
@x=-aandy=-b |[u=u V=W W = Wh Wx = Wi,n Wy = Wyn
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Applying the boundary conditions to the shape functions in equétibr3.3)
through equatior4.1.3.5), theNodal Displacement VectdiDs} in equation(4.1.3.1)

can be expressed as follows:

ISREVALE) 41.3.13

261 2020261

The matrix B] in equation(4.1.3.13 is given by the followingexpression

eLA]z

dal

Al = gx’]u (4.1.3.14)

20220

dAlL

és20U

The individual matricesAy] (k =i, j, m, n)in equation(4.1.3.14)are given by

the following:

(D~ (D~ (D~ (D~ (D~ D~ (D

120

=g pnl s
e&)) HE) (¢
.u{f szJ’k)}

e Hy
c8)) ) )

(4.1.3.15)

®; D
N
[«« e el e el o o o o o e e e O

The vectors fi(xW} { 2%y} and {f3(x.W)}, are the shape functions
given in equationg4.1.3.10) through(4.1.3.12) evaluated at the four nodesj, m,

andn, respectively.
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Solving for{ a} in equation(4.1.3.13 yields the following:

{al= Ao} (4.1.3.16)

261 2620 2061

4.1.4 Displacement & Velocity Fields Single Element

The following vector represents thHeisplacement Field{ g} of the plate

element:
eulx y)a & ulxy) o
sv(xy): 1 ovxy)

=] wley)li= wixy) b

51 %qy(x, y)i i_ Wx(x’y)i (414.1)
ool byl

TheDisplacements equation4.1.4.1)are defined as follows:

-, Displacement of thplate elemengx-
u(x y)Y direction)

v(x y) ¥ Displacement of thplate elemen(y-
%Y direction)

Displacement of thplate elemenfz-
wx, y) Y direction)

_ i - Angular displacement of thate element
(X y)=- W( y)=-w(xy)¥ about the yaxis

iy — 2 Angular displacement of th@ate element
ALY W(X’ y) WV(X’ )Y about the »axis

Similar to the derivation of thModal Displacemen¥ectorsin Chapter 4.2.3,
the Angular Velocitie®f the topconstraining layer are assumed to be fumstiof the
displacement in the-direction Recall that equations (4.2.3.3) through (4.2.3.5)
describe the motion of the tagonstraining layer. Plugging these equations into

equation (4.2.4.1) yields the following:
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; {gglj((jjg{)} o
2 y
gu(x, y)g @ u(x, y) Q g {952 )Z(O)Y)} ﬂ
)] 1 ote) T g fboph 4
fab=1wboy)u=i whoy) u=g (76 y)ife) (414.2)
ot lg oyl L-wxyl € W
Ll L)y € &R
Y RPUYEY € vy
€oy My U
620w

Equdion (4.2.4.2) is composed of theShape Functionsestablished in
equations(4.2.3.10)through (4.2.3.12) and the unknown constants solved for in

equation(4.2.3.16) Plugging equatiori4.2.3.16)into equation(4.2.4.2)yields the

following:
; SN 4
é 320 l:l
gu(xy)a & ulxy) o ggztﬁg@} u
Do)t V() | ¢ Kl §
fd=iwley)u=i wey) G=g eyt P (4.1.4.3)
) A e A
AN R Y K SR L N
For BTV Eunlan) b
Eoy My U
é&) 1323 ( g

Equation(4.2.4.3)can be simplified as follows:
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e N} o

é "z U

¢ u(xy) 0 é{N,} u

! v(x,y)l g 20 3
{Q}J w(x, y) L:e{'N;)} 4p.} (4.1.4.5)

e g i

AR B AN e

5 ¢ € ra U

A TOXL e, §

7 8 20 H

e X a
&N o e%i{zg)} y
¢ b u € frloy) U
Ny u &N
e b U & gl
é{INso} @_g 3132){ 3 ]-1
g ﬁ\lzo} U=¢ uilx y)}gzﬂéo (4.1.4.6)
- \ )(\ e
g 5uu ¢ ) Ly
ey, U Sufrlxy) 8
& w0 H e&),uy)( u

@ 20 g

TheVelocity Fieldis given by &king the timederivative of equatio4.2.4.5)

as follows:
¢ N} o
& d(xy) @ g{lhzf} y
I wx, y) e %o U
d ’ eIN.} U
E{Q}zﬁ‘ﬂ}:{ w(x,y) B:‘? {'2{} ug.} (4.1.4.7)
51 51 %_ W, x,y)} g_ Q.\l }ngol
LAY S
P y
. & 50 H

4.1.5 Kinetic Energy T Single Element

TheKinetic Energy(T) of an object is given by the following equation:
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1~ . 1~ T
== Vnr{v}c[v} dv =2 pr{V} {v}av (415.1)

where, {v} = Vector of velocities of the object
} = Density of the object
V = Volume of the object
A detailed derivation of equation (4.2.5.1) is presentedAppendix A
Plugging theVelocity Fieldcalculated in equatio(4.1.4.7) into equation(4.1.5.1),

and integrating over th&olume (Ve) of the plate element, yields the following

expression for th&inetic Energy(Te):

T = b gy g

(e1)
& #(xy) 0
% ¥(x, y)%

F 72T M ) 45 5959 9 e e e
R

The Density (}) of the plate elementis independent of th&/olume (V).

Therefore, equatio®.1.5.2) can be rewritten, and simplified, as follows:
& u(xy)

' ¥, y)

3 ) ) 5 399, gl e

(%, y)

k)y())(

d '\,

e

D 2t N enfin o N Y
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- _rfg()(S g(x )V, += r%.xS Tgx AV, +...
(131) &) ) 31) )K|r15:t|l§Ene)rg)ydueto)m ;))Ian)ano;clm) ) yalg )(

e rm(x y Q(x y)d\, +...

&) ) % ) 5”)) )( (4.1.5.3)

KineticEnergyduetobending

4= rfg >3(y g(ﬁ(y d\, += rfg ﬁ(y)Tgy,(ﬁ(y)dV
&)9)1”3))3”5)) )Y ) ) ¥ )¢

KlnetlcEnergyduetorotatlonalntema

As indicated in equadn (4.1.5.3), theKinetic Energy(Te) of the plate element
is a combination of th&inetic Energydue to inplane motionKinetic Energydue to
bending, andinetic Energydue to rotational inertia.The Kinetic Enery due to
rotational inertia of the platelementis assumed to be negligibleConsequently,
equation(4.1.5.3)can be simplified as follows:

= —r ) dlx,y)dv, + > " Tlx ) ¥x,y)dV, +..
fﬂgg(() Fﬁ ggy)(

(131) &)) ) § )))3 ) ¥

Kmau:Energ)duetom planerotion

41 fﬁé(xy g(xydv (4.1.5.4)
&) %) % ) S“b )(

KineticEnergyduetobending

For simplification, equatiof4.1.5.4)can be rewritten as follows:

=Toe *Tor

(131) (e1)  (®2) (4.1.5.5)

The individual components of equati¢#.1.5.5) are given by the following

equations:

Tpe_ rfﬁ(.;(ly g(p(g y)dV, += re%xS gxg

l3 1 B1 131 131

Q
8dve (4.1.5.6)

Tpe rf-@(xS g(xS gxg gxg

(1) VeC (11 (11 (131 (121
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Tbe = f@(;(ly Q(;y (4.15.7)

131

where Tpe= Kinetic Energy due to #plane motion
Toe= Kinetic energy due to bending

Consider equatio4.1.5.6), which represents thi€inetic Erergy (Tp,e) due to
in-plane motion. Plugging théelocityrelationships equatio(.1.4.7) into equation
(4.1.5.6), yields the following:

Tpe f@(xs ?;(XS gxs g"g

(132) VeC (1 (11 (1] (1

__,%N

VeG 1220 2031- (;1320 201

Tpe——r%@}wwlr{.wl}aﬁ} YT el

(121) VeG1320 201 1220 261 120 201 120 201+

6
y) %V,
0)

T

IOOOz

el Bt ol

220 2001+ C 1220 201+

Tpe“ ﬁﬁ}le NN Shﬁ} (4.15.9

131 Ve 1220 20‘1 1320 261 120 U2031

The time-derivative of the Nodal Displacement Vecto{De}, the Nodal
Velocity Vector{ﬁe} represents the velocity of the element at the nodal bowsda

Therefore, theNodal Velocity Vectois independent of the eleme¥blume (Ve).
Applying this observation to equati¢4.1.5.8) yields the following:

o
Tpe“iﬁe} & @Nl}TﬂN NN} 8dV (4.15.9)
(131) 1340 VeC 201 1220 201 1320 ~+ 2031

A similar derivation canbe applied to equatiorf4.1.5.7), yielding the

following:
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Tbe {ﬁ} ﬁ,Ng} Nt dV‘jﬁ (4.1.5.10)

131 1320 Ve 21 1320 20‘1
Appendix A relates th&inetic Energyo f a b o thfinitesinmal Magss 6

(dm) andVelocity (v). Applying this relationsipi to equation4.1.5.9) and equation

(4.1.5.10)yields the following:

Tp e —ﬂﬁe} [Q/' ,(]ﬁﬁ} (4.1.5.11)

131 B20 L3209 201

Tbe —ﬂﬁ} Lg}/'t(]ﬂﬁ} (415.12)
131 B20 o@p0 201

From equatior{4.1.5.9)and equatiorf4.1.5.11) theMass Matrix[Mpd of the
plate element, due to-plane motion, is given by the following:

@A = RN+ LY w1513

20320 VeC 21 120 201 1220 +

From equation(4.1.5.10) and equatior(4.1.5.12) the Mass Matrix[Mp of

the plate elementlue to bendings given by the following

Lg/l J= rﬁlN TNV,

20320 Ve 201 120 (4.1.5.19

Expanding the integration limits of eqiaats (4.1.5.13)and (4.1.5.14, based

onthe geometry ifrigure, yields the following:

+h/2 b a3
bﬂ ] AN Nl} {iNl}"'{'Nz} {lNz}od)dde (4.15.15
2@20 h/2 baQZ(M 820 201 13320~ A1.5.
+h2 b aj
[Q/' =1 F AN N 0d><dydz w1519
(20?20) +h/2 b aC 201 1320— Jd.o.
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The vectors Ni}, { N2}, and {N3} are not functions of thez-direction
Consequently, evaluating the integral with respect toztbeection in equations
(4.1.5.19 and(4.1.5.16 yields the following:

Lgl' J= fhn%'\' FN +HNF ) dedy (4.1.5.17)

20;20) -b-aC 261 120 201 1320—

Livl J=rn n%Ng} {,N3}°d>dy (4.1.5.18)

2@20) "baG 201 r20 T

Recall that equationf4.1.5.5) describes théinetic Energy(Te) of a single
plate element as a combiiwan of theKinetic Energy(T, ¢ due to inplane motion,
and theKinetic Energy(Tp¢ due to bending. Plugging equatiof1.5.11) and

(4.1.5.12)into equation(4.1.5.5)yields the following:

=Toe *Tos

(l3 1) (®1)  (P1)

8y B+ ) o)

23 .2920) 2p1 ) 23 .2()20) 21 (41.5.19)

in-planemotion bending

The Total Mass Matrix[M¢] of the plate element can be described by the

following equation:

=Rt el

(20 20) (20; 30 (20 20 (41.5.20

In summarythe Kinetic Energy(Te) of plateelement can be described by the
following expression, where th€otal Mass Matrix[M¢ and its componentsare

presented in equatioi$.1.5.20 (4.1.5.17) and(4.1.5.18), respectively:

_1
g {5 [i\"]‘;ﬁ (4.1.5.21)

13 B20 2620 261
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4.1.6 Strain Field i Single Element

Applying an external force to an elastic solid produces intestralssesand
Strainswithin the solid. Casider the singkelement of an elastic solid, presented

below inFigure4.2.

rXZ I

z O'H

0 T

| zy

—
ZIR

]

| Ityz
T

]

]

]

]

1

]

]

Figure 4.2: Stress field in an elastic solid element due to external forces.
From Figure 4.2, the Stress Fieldof the element can be described by the

following matrix:

St 0o s
XY= w\xy) s,\Xy) £,XYy)
{?7332) &.(xy) t,00y) Sabuy e

Note that the followingShear Stressrelationships exist due to force
equilibrium:
2y (xy)=2,(x V) t(xy)=1,(xy) t.(xy)=t,(xy)

The Stresscomponents in equatigqd.1.6.1)are defined as follows:

SXX(X, y)Y Normal stress in the-g plane acting in the-glirection
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s, (% ¥)Y Normal stress ithe xz plane acting in the-glirection
(X y)Y  Normal stress in the-x plane acting in the-direction
~(% Y)Y  Shear stress acting on they plane in the ydirection
E Y)Y  Shear stress acting on thezplane in the sdirection

S
t
£,
t,.(xy)Y  Shear stress acting on thezyplane in the-tlirection

The correspondinétrain Field produced in the elastic solid is given by the

following:
) 9.(xy) g.(x)e
{f( )()} (X ; ew(x,;/g gyzgx, yga (41.6.2)

Note that the followingShear Strain relationships exist due to force
equilibrium:

(% ¥)=g,(xy) G.(x ¥) =g, (x ) 9% ¥)=g,(xy)

The Straincomponents in equatidd.1.6.2)are defined as follows:

~Normal strain in the xdirection, or the ratio of the extension of t
exx(x, y)Y elastic solid in the xlirection to the original length in the-direction,
when subjected to an external force in thainection

~ Normal strain in the adirection, or the ratio of the extension of t
e, (%, y)Y  elastic solid in the yirection to the original length in thegirection,
when subjected to an external force in thadingction

) Normal strain in the lirection, or the ratio of the ésnsion of the
ezz(x, y)Y elastic solid in the -zlirection to the original length in thedirection,
when subjected to an external force in tkgirection

Total shear strain in the -y plane, or for small deformation
combination of the r& of the extension of the elastic solid in the
direction to the original length in the-girection and the ratio of th
extension of the elastic solid in theliyection to the original length i
the xdirection, when subjected to an external shear loadhe xy
plane

g, (x.y)Y

Total shear strain in the-g plane, or for small deformations, t
combination of the ratio of the extension of the elastic solid in-tt
direction to the original length in thedirection and the ratio of th
extension of the elastic solid in thalzection to the original length ir
the ydirection, when subjected to an external shear load in the
plane

g, (x.y)Y

e



Total shear strain in the-x plane, or for small deformations, t
combination ofthe ratio of the extension of the elastic solid in the
9, (xy) ¥ directiqn to the origingl Iength in thedir_ection and t.ht.a ratio of th

extension of the elastic solid in thelizection to the original length ir

the xdirection, when subjected to an externakahload in the x
plane

Based on the descriptions above, Ma@rmal Strainan equation(4.1.6.2) can

be described in terms of tiBsplacementsf the elastic solid as follows:

e,(xy)= “dx (4.1.6.3)
_duxy
e,(xy)= \(dy ) (4.1.6.4)

4z (4.1.6.5)

The Displacementn the x-direction u(x,y), is composed of two components:
a component due fa-planemotion of the elastic solid in thedirection, uy(x,y), and
a component due tbending of the elastic solid about thgaxis uy(X,y). These

Displacementsire displayed below Figure4.3 andFigure4 4.

Figure 4.3: Displacement inthe x-direction due to in-plane motion of the elastic solid in the x
direction.
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Figure 4.4: Displacement in the xdirection due to bending of the elastic solid about the-gxis

The total Displacementn the x-direction, u(x,y), is given by the following
expression:

w(x)
|n—3p§)lan>§zgtlon bend(mg

(4.1.6.6)

From Figure4 4, it is evident that th®isplacemenin the x-direction due to

bendingabout they-axis, ux(X,y), can be described by the fmNing equation

4 xg) =)=

(4.1.6.7)
Note that the smakngle approximation was applied in equati@nl.6.7)

Plugging equatior{4.1.6.7) into equation(4.1.6.6) yields the totalDisplacemenbf
the elastic solid in the-direction, as follows:

dw(x,y)
u(y) = u,(xy)- 2 (4168)

Plugging equatioif4.1.6.8)into equation(4.1.6.3)yields theNormal Strainof

the elastic solid in the-direction U(x,y), as follows:

e, (xy)= du(x, y) _ du, (x.y) d & dwxy)e
o dx dx dx dx H

79



du(x,y) _ du,,(x, y) ] ZdZW(X, y)
dx &) dX)( &) 'd)§2( (4.1.6.9)

duednplanmotion duédending

&,(xy)=

A similar derivation can be followed that yields the tdd&placementn the
y-direction, v(x,y), and theNormal Strainof the elastic solid in the-direction,
Gy(x.y), as follows:

_ dw(x, y)
v(x,y)=v,(xy)- Zd—yy

(4.1.6.10)

e,(xy)= dxy)  Mplxy) z—dzw();’ y)
dy oM gy M (41.6.11)

dueédnplanmotion duédendinc
For a general elastic solid, timsplacemenin the z-direction, w(x,y) would
be a function of the following componenis:planemotion of the elastic solid in the
z-direction and bendingof the elastic solid about theaxis However, due to the
nature of the elastic solid in this study (thin elastic platés assumed hein that the
bendingof the elastic solid about theaxis is negligible compared to theending
about thex- and y-axes Therefore, theDisplacemenin the z-direction w(x,y), is

only a function of thén-planemotion in thez-direction

To express th&hear Straingn equation(4.1.6.2), consider~igure4.5, Figure

4.6, andFigure4.7 below.

80



i % """"""" L
I i 8 ulx,y) I |6 wixy) ] i wixy)
| t i l
% —suley) | —uley) % | —>vixy)
1 { l { i
—_all X =) X i A H y
— dx —» -« dx —» — dy —>
Figure 4.5: Deformation of Figure 4.6: Deformation of Figure 4.7: Deformation of
the elastic solid in the x -y the elastic solid in the x -z the elastic solid in the y -z
plane. plane. plane.

ConsiderFigure 4.5, which depicts the deformation of the elastic solid in the
x-y plane. For small displacements, the small angle approximation yields the
following relationships:

sin(a)° a° dvxy)

dx (4.1.612)

(Vo po dUXY)
sin(6)° b dy (4.1.6.13)

From Figure4.5, the totalShear Strainn the xy plane,a(X,y), is given by

the following equation:

g,(xy)=a+b (4.1.6.14)

Inserting equatiorn4.1.6.12) and equatior{4.1.6.13)into (4.1.6.14) yields the

following expression for th8hear Strainn the xy planeg,(x,y):

)= du(xy), dv(xy)

g(xy dy X (4.1.6.15)

Recall equation (4.1.6.8) and (4.1.6.10), which desdbe the total
Displacementof the elastic solid in the-direction and y-direction, respectively.

Plugging these two relationships into equafi.6.15), and simplifying, yields:

)= d¢ dw(x.y)e, d & __dwix,y)e
g, (xy)= 3 gJ o~ H+dx”(x’y) z y
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du,(x y)_ Zdzw(x, y)+ dv,(x, Y)_ ZdZW(X' y)

9% y)= dy dxdy dx dxdy

_ dup(x’ y) av, (x.y) d>w(x, y)
)— d + g - 22—0I 5
&)Y )y ))F e &)y N (4.1.6.16)

dueédn-planmotion duedbending

9,(xy

Following a similar procedte for Figure 4.6 and Figure 4.7 yields the
following expressions for thBhear Strainn the xz pane,aAX,y), andShear Strain

in the yz planeyAX,y) respectively:

du,(x, y) . dw(x, y) z d’w(x, y)

galx.y)=
& )ddgec)in—lp Ia)nmz Sc))(n( &dz :jbxt?ni(in( (41617)
g.(xy)= dv, (6 y) , dw(xy)  d*w(xy)
o dfy.y,d dygl (4.1.6.18)
&)dfezn-plalmZtioyn( &d?leéobenzd(ing

For a general, isotropic, elastic body, the following constitutive equations

relate theStresseandStrains

e.xy)=glsbx)- s, 03)- 5.0 41619
e, (xY)= £l5,(x)- s (xy)- s.x )} 41620
e (xy)= é{szz(x, y)- s o(x¥)- 5,,(xY)} (4.1.6.21)
g% y)=él‘xy(x, y) (41.6.22)
g,(xy)= é t,(xy) (4.1.6.23)
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1
g.(xy)= G t.(xy) (4.1.6.24)

where Elastic Modulus of the elastbody
Shear Modulus of the elastic body

E=
G
3 Poi ssonbds Ratio of the el a:

TheP o i s s o n(8) selat&sahsShearModulus(G) to theElastic Modulus

(E) for an isotropic elastic solid, as follows:

o1+ 0) (4.1.6.25)

Applying the relationship in equatiqd.1.6.25)to equation4.1.6.19) through

equation(4.1.6.24), and rewriting in matrix form, yields the following:

( ) é'l -u -u 0 0 0 zgsxx(xy)g

é Ui |

yy(x y) &y 1 -u 0 0 0 l\jsw(x,yl

e,(xy )u_ig—u -u 1 0 0 0 §sz(x,y)fu
.gxy (xyf Eg0 0 0 2+u) O 0 §Gly(xY)i (416.26)

( ) g 0O 0 O 0 2+u) O tllil z‘yz(x, y)}

&%Q (x)y/()y 60 0 0 O 0 201+ u)%tya,(x)y()g,

StrainFidd StressFidd

Equation (4.1.6.26) establishes a general expression to relateStaa Field
and Stress Fieldof an isotropic elastic solid. The remainder of this segti@sents
the Strain Field and StressField relationships for thepecific elastic solids used in

this model.

It is assumed herein that thplate elementundergoesPlane Stress
Consequently,hte Strain Field{ S} and Stress Field (g} of the plateelement were

developed using the following assumptions:

1. Plane sectins remain perpendicular to the neutral axis of the solid.
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=0
t,(xy)=t ( y) =0

2. Normal Strainnly exist in thex-direction () andy—direction(Qy).
e,(xy)=0

Consequently, equatiqd.1.6.26) can be reduced to the following:

%’éexx (, y)TG . g 1 -u 0 ;Lales Ly )?
(X y)u —Z~u 1 0 S ( X, )u
b EF; 0w by
i’%y(x)%);/ 60 0 201+ u)gl& j“’( ) 2;, (41.6.27)
StrainField Stresg-ield
where Ei1= Elastic Modulus othe plate element

th= Poi ssonods plReeteinemt of t he
Applying equation(4.1.6.16), equation(4.1.6.9), and equatior(4.1.6.11) to

equation(4.1.6.27), yields the following:

€ duxy) ZW(X y Y

i dx 0 el u 0 gfs (x,y)ﬂ

1 d ’ 2 I 1 77 XX ~

!1 ‘(dxyy) ""(X y) b:Eg-u 1 0 ﬁsw(xiy)h

0 | A % I

i) ) cruny) €O O 2Ll b

l d Stressield

k)9 ) fzn?d) Y

€ duxy) 0 & dwxy)d

! X P 1 e1 w0 s, (% y)a

R SV 7 31) % PP g

: iq o/ § ES. 2(1+u)“r, (xy)l,  (4.1.628)

o) vl I zzdwx,y){ ¢ bty by
Stresg-ield

k)9 ) k) ) P

StrainFieldd ueoin-planenotion Sitr: |e|dduaobending

For simpliaty, the vector containing th&trainsdue toin-plane motion(S, o),
the Strainsdue tobending(S, ¢, and theStress Fieldle), for the plate elementre

defined as follows:
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_édulxy) dixy) &duxy) dxy)d
{'Sp,e}_ ™ dy é@ dy | dx % (4.1.6.29)

F1 I

{IS” }=. ZédZW(X, y) d*w(x,y) ) d2w(x, y)a'
N dy? dxdy y (4.1.6.30)
{if} Stoule) s, 09) 0,0 (4.1.6.31)

Recall that theDisplacemenfField of the topconstraining layer is given by

the following expession:

¢ it o
€ mx U
e uxy) o ) |
[ T et
)y e
=1 wixy) u=e ¥ Up] (4.1.45)
51 %-WX X,y),:\ & Q}[:(}ngoal
& Y oefn ¢

Applying equation(4.1.4.2) to equation(4.1.6.29) equation(4.1.6.30), and

simplifying, yields the following:

é, %]
b
é 1 20) u
{Fp,e} =é ig[-\'?(}y U0} (4.1.6.32)
(1) é& (132? } 320;1
ot N
R
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For simplicity, let the matrice$}, J and By d be defined as follows:

x

e o
e u
e u
.. ¢ )
=€ U
(?2’0) é (13280y l:" (41639
Ay N
Py Ny
e (2 20) g
e a
A u
Dy
(:9 (120) u
ve) = ENa}, U (4.1.6.35)

Applying equation(4.1.6.34) and equation(4.1.6.35) to equation(4.1.6.32)

and equatiort4.1.6.33), respectively, yields theflowing:

15, [p..ip.

(3:(1) (320 (201) (4.1.6.36)
{lsu,e} = ZI.Pb,eJ{'De}
(1) (320) (202) (4.1.6.37)

Applying equation(4.1.6.36) equation(4.1.6.37) and equatior{4.1.6.31) to

equation(4.1.6.28) yields the following:

86



el -u

0O o
1 r AY
{,Sp,e}+{,'5u,e} = ng u 1 0 gt (4.1.6.39)
+

(1) (1) g 0 0 2(1 U)H (1)

Solving for theStress FieldUe) in equation(4.1.6.38) yields the following:

é'l - U 0 Q1F ~

fft=ESv 1 0 Y I{Pp,e}Jf{Fu,e}y

G) g0 0 2+ugl ey Y

é,]_ U 0 ﬂ "

¢ (A

J=E& 1 o dls tes
tl) 1 §0 ; - U)E'} (;1 {4::1) ; (4.1.6.39

2

For simplicity, the relationship between tB&ain Fieldand Stress Fieldor

theplate elemenis referred to as th8tructural Rigidity(D) is defined as follows:

S 2
] E gl Y 0 U
D] = 1
[lssg) 1- u? gé 0 (1-0u)3 (4.1.6.40)
2 Y

Plugging equatioid.1.6.40) into equation4.1.6.39), and simplifying, yields:

e=pils. )b

@) @) (1) (#1) Y
e} = D ,e} + D ,e}
{'(21) (Ii:;;j{%l) (®3) (31) (4.1.641)

From equation(4.1.6.41), the Stressin the plate elementlue toin-plane

motion(l, ¢ andStressdue tobending(ly ¢ are defined as follows:

s =Pl

(3;1) (333) (331) (41642)
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{Foel = [PASc) (4.1.6.43)

1)  (®3) (31

4.1.7 PotentialEnergy i Single Element

ThePotential EnergyU) of an object is given by the following equation:

Aadsiav =, A {shov (417

U=

NI

where, {Q = Vector of strains of the object
{0} = Vector of stresses of the object
V = Volume of the object
A detailed derivabn of equation(4.1.7.1) is presented in Appendix B. The
Potential EnergyU.) of a single plate element can be described as a combination of

the Potential Energy(U,¢) due to inplane motion, and thPotential Energ (Upe)

due to bending, as follows:

lIJe: ,e+ b,e
(1) lfppl) lfm) (4.1.7.2)

Considerthe Potential Energy(Upe) due to inplane motion of the plate
element. Applying equatiof.1.7.1) for this case, and integrating ovhe Volume

(Ve) of the plate element, yields the following expression:

_1 T
Y 2 i {9? ‘(’e}dVe (4.1.7.3)

(1 Ve (3) (1)
Recall from equatior{4.1.6.42) that theStress(ly ¢ and Strain (S, in the
plate element due to-planemotion are related by thetructural Rigidity(D) of the

element as follows:

s d=pols.

@) @3 (= (4.1.6.42)
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Plugging equatiof4.1.6.42) into equation4.1.7.3) yields the bllowing:

Yoo =5 Apoel PR, v,

(21) Ve (@3 (3 (31 (4.17.4)
Plugging the expression relating tBerain Field (S, ¢ of the plate element
due to inplane motion to thé&lodal Displacement Vectdb.) presented in equation

(4.1.6.36) into equatior(4.1.7.4), yields the following:

Yoo = % A, !ii]){,'sp,e}dve

(122) Ve (123) (31)

l{lplféﬁP}T ;(e] ][5 ](P (41.7.5

20 (o0 (@3 (z 20) (20
The matrx [By d is defined in equation.Now consider thd?otential Energy
(Upe) due to bending of thelgge element. Applying equatigd.1.7.1) for this case,

and integrating over th&olume (V) of the plate element, yields the following

expression:
— E }T }dV
be e b,e e
l!JM) ZVﬁiUs) (1 (4.1.7.6)

Recall from equatior{4.1.6.43) that theStress({, ) and Strain (S, ¢ in the

plate element due to bending are related byStinectural Rigidity(D) of the element

as follows:
+=1P]
{'(;3?1) [l {Ijjl (4.1.6.43

Plugging equatioi4.1.6.43) into equation(4.1.7.6) yields the following:

Yoo = 5 AT [P Jav,

(1) Ve (3) (33) (31)

(4.1.7.7)
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Plugging the expression relating tBérain Field (S,¢) of the plate element
due to bending to the Nodal Displacement Vecto(D.) presented in equation
(4.1.6.37) into equatior(4.1.7.7), yields the following:

t,Jbe =~ s ols.dov

(1) Ve (©3) (3) (1)

1
e Eveﬂ IR [PD]QD (4178)

(131 (®20) (203) (#3)(320) (261)

The matrix[By d is defined in equatiof4.1.6.35) The Nodal Displacement
Vector{De} represents the displacement of the plate element at the nodal boundaries.

Therefore, th&Nodal Displacement Vectas independent of the elemeviblume(Ve).
Applying this observation to equatio@.1.7.5 and equation(4.1.7.8) yields the
following:

l{p)f {P Tgi‘[PpeHD][Ppe]dV ‘{121 (4.1.7.9

(B1 (20 &% (203) (320 (2
(20) %e 203) (20 201 el
The Potential Energyof an elastic bodycan be described by the following

relationship:

_1
U =Zkx (41.7.11)

where k= The stiffness of the elastic body
x = Displacement of the elastic body
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In this case, the ditgcement is represented by thodal Displacement

Vector {De}. Applying the relationship in equatiof.1.7.11)to equation(4.1.7.9

and equatior4.1.7.10 yields the following:

o =21 il

-~ e

131 1320 2020 2C1

(4.1.7.12)

(4.1.7.13)

From equatior(4.1.7.9) and equatior{4.1.7.12) the Stiffness Matri{Kpd of

the plate element, due to-plane motion, is given by the following:

o= Fp. TP, v

(2020 Ve (203) (33 (320)

(4.1.7.14)

From equatior{4.1.7.10 and equatiorf4.1.7.13) theStiffness MatriXKy,¢] of

the plate element, due b@nding is given by the following:

. D dv,
[E(obzo)] v ['Bb] [' ]['SZO] (4.1.7.15)
Expanding the integration limits of equatiofsl.7.14)and(4.1.7.15) based

on the geometry ifigure, yields the following:

s J= v [olp. e

(2620) -h/2-b- 9(203) (3 3320) (41716)
+h/2 b aa

[Fbe An @ [Pb I [ID][Pv ]Od’dydz (41.7.17)

(2020 -h2- (203) (F20)

The vectors Ni}, { N2}, and {Ns} that comprise the matrice8{d and By d
are not functions of the-direction Consequently, evaluating the integral with

respect to the-directionin equationg4.1.7.16)and(4.1.7.17)yields the folowing
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g
ngge hi pe]T[.D][,Bp,e]gdmy (4.1.7.18)

0 Pag(e03) (33 (20 +

3

ool %ﬂ LD][PD ]Od)dy (4.1.7.19)

(2020) “b-ag(203) (33 (v20) +

Recall that equatiofd.1.7.2) describes th&otential EnergyUe) of a single
plate element as a combination of fatential EnergyU,¢) due to inplane motion,
and thePotential Energy(Uy ¢) due to bending. Plugging equatiof#sl.7.12)and

(4.1.7.13)into equation(4.1.7.2)yields the following:

e =Yoo + e

(1) (1) (22
__ﬂD }T% ekD}+ ﬂD }T[‘(be]ﬁD}
(1 (1320 (203 20) (2v2) (220) (20 20)(201)

. Q
1
llJe = E{|De}T b ;(,e]+ [Fb,e]' De} (41.7.20)
(1) (220) Cleo20) (2020 201)

The Total Stiffness MatriXK¢] of the plate element can be described by the

following relationship:

ol =l

(20 20) (203 20 (2020 (41721)

In summary, thePotential Energy(Ue) of the plate element can be described
by the following expressions, where thEotal Stiffness Matrix[Kg and its
components are presented in equatiqdsl.7.21) (4.1.7.18) and (4.1.7.19)

respectively:

= —{P Y [|K ]{ID ) (4.1.7.22)

(1220) (2¢20)(2¢1)
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4.1.8 Generation of Global Kinetic & Potential Energy Equations

The previous sectiorgerived the formulas for calculagrtheKinetic (T¢) and
Potential (Ue) energies of a single plate elemerm. complete finite element model
typically consists of aivixN array, or mesh, or these individual elemeniote that
M describes the number of elements inxfdirection andN describes the number of

elements in theg-direction Figure4.8 presents the details of the meshed model of

the plate.

Node 1- y-direction

- | NElements |
171 \.
LT

01,

kth Node:
Up
Vi
Wik
ak,x

A%
U

| |
I LY 1

x-direction

Figure 4.8: Assembly of individual plate elements into the complete platgystem.

The following equations descrébthe Global Kinetic Energy(T) and Global

Potential EnergyU) of the platerespectively

T :% el (4.18.1)

(1) (#nDOF) (nDOF nDOF)(nDOF 1)
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o Kkl o

(#nDOF) (nDOF nDOF)(nDOF1)

W

1
(13 1) 2 (4 1.82)

where NnDOF = Total Degreesof Freedom (DOF) in thelate
{0} = Global Deflection Vector of the plate

{ﬁ} _ Timederivative of the Global Deflection Vector of the plat
From Figure4.8 and equatiorf4.1.3.2), the Global Deflection VectofD}, and

itos ti m@},dre givervby the foll@ving equations, respectively:

T

F fl
D} = Dl} 2} AN e}" (4.18.3)
n{DOF31 Jf{iPS {{3)5 g)lage,g
{6} :Fﬂﬁ} ﬂﬁ} {? }ET (4.18.4)
wort [es ws P adt g

Recall tha{D,}, wherek = 1, 2 , ispnebkateded.1.3.1) TheTotal

Nodes(nNode$ is related to the number of elements in #direction (M), and

number of elements in thedirection (N), by the fdlowing equation:

nNodes= (M +1)(N +1) (4.185)

The Total DOF (nDOF) and Total Nodes(nNode$ are related by the

following equation:

NDOF =r (Nodes (4.18.6)
Referencd6] showed that the glob#lass[M] and Stiffress[K] matrices are
linear combinations of th&lass[M¢] and Stiffness[K¢] matrices of the individual

elements. Using a similar approach tReference[6], the globalMass[M] and
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Stiffness[K] matricescan be calculated usingehfollowing formulas, which are

functions of the single elemektass[M¢] and Stiffnesg§K¢] matrices

M) = ] [IV'] u (4.18.7)

nDOI3 nDOF nDOI3 20 203 20 20 nDOF

Kl =l (4158

(nDOFNDOF)  (nDOF20) (26 20)(2G nDOF)

The transformation matrixT] in equations(4.18.7) and (4.18.8) can be

generated by applying the followirigrmula

)= 0. E,ooi)

T (I,])=
™ (it =€, (i) (4.18.9)
where m= 1:M elements in the-direction
n= 1:N elements in the-direction

= 1:20 DOF per element
j = 1:nDOF total DOF of the plate

The variableEn,in equation(4.18.9) is described by the following vector:

H
Wgﬂ 135 ;Ss {éimg }E{/j (4.18.10)

The variables,, wherel = 1:4, aredescribed by the followingxpression

of a series of numbers:

"q I +4:[ar] (4.18.11)

where r=  The number of DOF per node= 5 in this study)

The variablesy, wherel = 1:4, are described by the following equations:
a =D (4.18.12)

a,=D+1 (4.18.13
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g =D+N+1 (4.18.14

a,=D+N+2 (4.18.19
D=a+h (4.18.16
a=m+n (4.18.17)
b=(m-1YN-1 (4.18.18

4.1.9 Equations of Motion

Consider the following @uation:

L=T-U (4.1.9.1)
where L = The Lagrangian of the assembled plate
T= The Kinetic Energy of the assembled plate
U = The Potential Energy of the assembled plate
Plugging equation(4.18.1) and equation(4.18.2) into equation(4.1.9.1)

yields the following:

=28 M {8 % o Kl {o (4.1.9.2)

(©1) 2(13nDOF) (nDOP nDOF)(nDOF1) (#nDOF) (nDOP nDOF)(nDOF1)
The Equation of Motion(EOM) of the assembled platan bedescribed by

the following equation:

dduL § L

RG5O

dtei{D} 2 D} (4.1.93
where {Q} = Vector of the external forces and moments acting on the

Plugging equatioif4.1.9.2)into equation(4.1.9.3, and simplifying, yields the

following Equation of Motio(EOM) of the assembled plate system:
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Ml ¥+ Kkl =

(nDOP NDOF)(nDOR1)  (NDOR NDOF)(NDOR1)  (nDOF1) (4.1.9.4)
For the case where there is Bmternal Load appliedto eachDegreeof-
Freedom(DOF), the vector ofExternalLoads{Q} in equation(4.1.9.4)is given by
the following:
¢ g
& =1R R} - Ryl (4.1.9.5)
nbor1 | ®s5 B5 B5 fl
The components of thexternal Loadsvector,{Qy}, wherek = 1, 2, énNodes

can be described by the following:

ﬂQk}:{Fx,k Fye Fao - My My,k} (4.1.9.6)

B5

where Fxx= Translational force in the-girection
Fyx= Translational force in the-direction
F.x= Translational force in the-direction
Myxkx= Moment about the-gxis
F.x= Moment about the-axis

4.2 Plate Model Results

The following section presents a model of the plate that reflects the
dimensions, materials, and boundary conditions of the plate that was experimentally
analyzed in Chaptef. A comparison of the modeled results and experimentally

measured results is preset inChapter 7

4.2.1 Plate Model Details

An aluminum plate wasselectedas the base to mount théB filled

polyurethane sensors. The properties of the plapresented below ifiable4.2:
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Table 4.2: Plate properties.

Length (m) 0.3048
Width (m ) 0.3048
Thickness (mm ) 0.3960
Density (g/cm 3) 2.70
91 61 ¢8O -dréd o1 OO j |70
0T EOCOIT 180 2A0EI 0.3

To model the plate, a mesh density was selected to accommodate the
geometry of the array ofB filled polyurethane sensors and allow for each sensor
location to coincide with a node of timodel Therefore, a mesh density ofX&2
elements was selectedtor a 32x32 element plate, with (BDF per nodethe Total
DOF (nDOF) is 5445.

nDOF = (32+1)3 (32+1)3 (5) =544&

The plate implemented experimentally was clamped on all 4 edges.
Therefore, a clamped boundary condition was applied to the platelmoTo
implement this boundary condition, the responses dD@lF of nodes on the plate

edges were set &ero.

4.2.2 Natural Frequencies & Mode Shapes

Consider thdnomogeneousatural response of the plate when not subjected to

external forcing. Rewriting equation(4.1.9.4)for the homogeneousase yields the

following:
] + Kl P ={9
(nDC[HF\B/InDOF)(niil) (nDOLPnDOF)(n{DOFBl) (nliOFl) (4.22.1)

Assuming a harmonic solution to equati¢h22.1), the Nodal Deflection

Vectorcan be written as follows:
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o = e

(hDOF1)  (nDOF1) (4.2.2.2)

Plugging equatioi4.2.2.2)into equation4.22.1), and simplifying, yields the

following:

M) & ﬁx} ew8+ Kl X} e = {d

dt

(nDOP nDOF) ¢lnhDor1) + (nDOP nDOF)(nDOR 1) (nDOP1)
-w M] xper+ K] {xte= {d
(nDOP nDOF)(nDOF1) (nDOP nDOF)(nDOF1) (nDOR1)
e g
ew M 3+ K] §x) = {d (4.2.2.3)
g (nDOF nDOF)(nDOR1)  (nDOF nDOF)(nbor 1) (nDOF1)

A solution to equatioid.2.2.3)existsif the following is true:

-w Ml X+ K X = 9

nDOF—‘nDOF (nDOP1) nDOPnDOF nDOFBl) (nDOP1) (4224)

Rearranging equatiof@.2.2.4)yields the following eigenvalue problem:

[&41‘1 Kl Xt =w {x}

(nDOF nDOF)(NDOF nDOF)(nDOF1) (nDOP1) (4-2 2. 5)

The Mode Shapesand Natural Frequenciesof the plate system can be
determined by solving the eigenvalue problem in equdddh2.5) There are many
different methods to solve equati¢f.2.2.5) In this caseMATLAB ® was usedo
model the plate and solve the eigenvalue probldfigure 4.9 shows the first (6)
calculatedMode Shapeand Natural Frequencie®f the plate described in Chapter

4.2.1.
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Mode 1 (37 Hz) Mode2 (76 Hz)

Mode 3 (76 Hz Mode 4 (113
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Figure 4.9: First 6 mode shapes of the aluminum plate calculated using the model derived in
Chapter 4.

To validate the plk@ model derived in this Chapter, the results were compared
to the results calculated by Leissa in Referd@0¢ Leissa only presents tiNatural

Frequenciedor the first (5)Modesof the fully-clamped boundary condition casa.
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comparison of the first (5Natural Frequenciescalculated by Leissa, and by the

model presented in this study, is presentetiaible4.3.

Table 4.3: Comparison of plate model results to dewed results from LeissaError! Reference
source not found.

Mode Model Results Leissa
1 37 Hz 37 Hz
2 76 Hz 76 Hz
3 113 Hz 113 Hz
4 137 Hz 137 Hz
5 138 Hz 138 Hz

Table 4.3 indicates excellent agreement between the model presented herein
and the results derived by Leissa. The only difference appears to be that the model
presented herein calculates a repededeat 76 Hz The model results presented in

this Chapter are comaped to the experimental results in Chapter 7.

4.2.3 Forced Response

To calculate the forced response of the modeled aluminum plate, a 1 N force
was applied to each node, but only to #adirection translationaDOF. The force
applied to allx-direction and y-direction translationalDOF, and all rotationalDOF
was zero.Figure4.10 presents a-Blimensional representation of the distributed force
on the plate. Note that whileigure 4.10 only depicts thez-y plane the force is

distributed over the entirey planesurface.

101
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Figure 4.10: Force distribution on aluminum plate model.
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Similar to Section 4.2.2, if a harmonic input force and harmonic salaie

assumed, thEquation of Motiornin equation(4.1.9.4)can be rewritten as follows:

ol e K pd G e w23

(nDOP nDOF)(nDOR1)  (NDOP NDOF)(NDOR 1)+ (nDOP1)

of g

Simplifying equation(4.2.3.1)yields the following:

~ 1

s aeWZ Ml o+ K] § o) (4.2.3.2)

(nDOP1) g (nDORNDOF)  (NDOP NDOF)= (nDOR1)
For simplification, let theReceptancenatrix (H), or the relationship between

the ExternalLoads{ Q} and theGlobal Deflection Vecto{D}, be defined as follows:

1

(4.2.3.3)

o o0,

w M)+ K]

(nDOPNDOF)  (NDOR NDOF)

bl -

(nDOR nDOF)

O g

Plugging equatiorf4.2.3.3)into equation(4.2.3.2)yields the following:

v = i) {Q} (4.2.3.4)

(nDOR1)  (nDOR NDOF)(nDOR1)

Figure 4.11 and Figure 4.12 present themagnitude and phase of theput

Receptancef the plate at th€€B sensor locations. The resuleflect the natural

frequencies calculatad Section 4.2.2.
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Input Receptance of Plate @ CB Sensor Array Locations (No CB)
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Figure 4.11: Input receptance (magnitude) of the plate @B sensor array locations (NCB).

Input Receptance of Plate @ CB Sensor Array Locations (No CB)
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Figure 4.12: Input receptance (phase) of plate @B sensor array locations (NaCB).
The CB sensor array processing experimental validation, presented in Chapter
7, focuses on frequencies between 1kHz and 1.1KHgure4.13 presents thénput

Receptancef the plate over this frequency range.
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Input Receptance of Plate @ CB Sensor Array Locations (No CB)
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Figure 4.13: Input receptance (magnitude) of the plate @CB sensor array locations (NdCB),
900Hz- 1100Hz

Figure4.13 indicates thathere are severglatemodes in the frequency range
of interest. The effects of the modes of the base structure will have to be adcounte
for when attempting to do phased array processing witiCBisensors. Depending
on the excitation, it is possible that these modes will not be exciggure 4.14
presents theDisplacementof the plate, at theCB sensor locations, due to the

distributed 1 N input force.Figure 4.15 focuses on the 1kHz to 1.1kHz frequency

range.
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Di§placement of Plate @ CB Sensor Array Locations (No CB)
10

[EnY
o
o

'
N

=
o

IS

Magnitude (m)
=
o

'
[e)]

[N
o

10°

200 400 600 800 1000 1200 1400
Frequency (Hz)

Figure 4.14: Displacement of plate @CB sensor array locations (NA&CB) due to 1N distributed
force.
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Figure 4.15: Displacement of plate @CB sensor array locations (NaCB) due to a 1N distributed
force (9001100Hz)

The results indicate thaot all of the plate modes are excited byevenly
distributed vertical force. Chapter 4.5discusses how to account for the plate

dynamics when attempting to use phased array processidgriify the location of
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the acoustic sourceChapter 5.2 investigates ti@&B sensor displacements due to a

distributedforce created by an acoustic source.

4 .3 Inclusion of Conductive Polymer Sensors

In this study, an individual condue& polymer sensor consists of a
6.35¢6.35x1.59 mm layer of CB filled polyurethane fixed to the surface of the
aluminum plate discussed @hapter 4.2. An acoustic source produces a pressure
wave that forces the top of the conductive polymer sensor, comprélssirsgnsor
and producing internastrain. This strain produces a change in resistance in the
sensor, which can be measured whesn gbnsolis part of a voltage divider circuit.

An array of these sensors can then be used as a phased array to identify the location
of the acoustic source. Figure 4.16 below presents the array configuration

implemerted in this studywhichconsists of (9) conductive polymer sensors.
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Figure 4.16: CB sensor array configuration.

This study assumes that the pressure wave produced by the acoustic source
exerts a force in the-direction on the top of the conductive polymer sensor.
Reference [7] demonstratedthat the compression of viscoelastic materials
sandwiched between two elastic solids must be considered to accurately model the
transverse motion dhe composite systemin this case, th€Bfilled polyurethanas
sandwichedetween the force exerted by the acoustic pressure wave, and the motion
of the base aluminum platdzigure4.17 below demonstrates th&rce (F) acting on
the conductive polymer sensor, thesplacemen{wCB) of the top of the conductive

polymer sensor, and tti@isplacemen{wp) of the aluminum base plate.
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Figure 4.17: Distributed force acting on CB sensors and bae plate.
Referencd7] represented th8tiffnesof theviscoelastic materiadsa Spring

(kCB) in compression. The formula for a spring in compression is presented below:

_EA
Kee = Tt (43.7)

where Complex modlus of theCB filled polyurethane

E =
A= Area of the sensor in theyxplane
t= Thickness of the sensor in thdirection
The Complex Modulu¢E’) was determined experimentally and is described in
Chapter 3. Referend#] also included thélass(mCB) of the viscoelastic material in

t he model of the mat er iMads(tGB) of thescgnductisee .

polymer sensor was determined by the following equation:

_ I gAt

2= 7 (4.3.2)

where JCB= Densiy of theCBfilled polyurethane
The Density (JCB) of the CB filled polyurethane was determined
experimentally and is presented in Chapter 3. efresentation of théumped

parametemodel of theconductive polymer sensor is presented belofigure4.18.
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WeBn

Figure 4.18 Lumped parameter model of thenth CB sensor.
Recall equation(4.1.9.4) which presents th&quation of Motion(EOM) of

the assembleplate system:

M @+ Kl -

(nDOP nDOF)(nDOR1)  (NDOR nDOF)(NDOR1)  (nDOR1) (4.1.9.4)
Rewriting equation4.1.9.4)to include the additiondDOF from the masses
representing th€B sensors yields the followingquation of Motion(EOM) of the

Total System

] B+ o pd = el

(TDOF3 TDOF)(TDOF31)  (TDOF3TDOF)(TDOF31)  (TDOF31) (4.3.3

where TDOF = Total Degresof Freedom (DOF) in the system, includi
the nDOF of the plate model, and the 9 DOF represen
the CB sensors

Total Deflection Vector of the combined system
Total Mass Matrix of the combined system

Total Stiffness Matrix of the combined system
Total Input Force Vector of the combined system

D}

M.
K

{
M, ]
[K:]
&}

TheTotal Deflection VectofD,} is composed of the following stkectors
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e{p-} 0
{|D } :‘:(nDOIBI)L_I
LA L 4.3.
(roorer) 1 & CIT (4.3
I (1) y
where {D.} = Global Deflection Vector of the plate system definec

Section 4.1.8
{DCB} — CBDeflection Vector

The CB Deflection Veatr {DCB} is composed of the-directiondisplacement

DOF of the (9)CB sensor masses as follows:

_ T
@({B} - {WCB,l WCB,l T WCB,Q}

(1) (4.3.5
The Total Mass Matri{M+] is a linear combination of thelate Mass Matrix

[Mp] andCB Mass Matrix]MCHB], as follows:

-] = [iVI]+[Q/l]

TDOF3TDOF TDOF3TDOF TDOF-”‘TDOF (43@

ThePlate Mass MatriYMp] is given by the following, whereM] is theMass

Matrix in equation(4.1.9.4)

I ¥
M-l o] [o] (4.3.7

—é
(TDOFSTDOF) @
8 (93 nDOF) (929)

The CB Mass MatrixMCH] is givenby the following expression:

¢ o] [o] 2

anOF* nDOF) __ _(womrg 4

¢ F EMeg, 0 3 0O M

[QA ] g €0 m,, O 4 o
- € B2 ok

TDOF3TDOF g QGE?):LF) g 4 0O 6 0 33 (4.3.3

: a0 3 -0

e )Y )Ty
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Similarly, theTotal Stiffness MatrixKy] is a linear combination of thelate

StiffnesdMatrix [Kp] andCB StiffnessMatrix [KCB], as follows:

-] = [¢<]+[¢<]

(TDORTDOF)  (TDOFTDOF) TDOF3TDO|: (4-3-9

The Plate Stifness Matrix[Mp] is given by the following, whereM] is the

Mass Matrixin equation(4.1.9.4)

e [kl ol o

] — QnDOR nDOF)  (nDOR 9)
" é no] [o] u (4.3.19
(TDOF3 TDOF) g (o° nDOF) (©9) H

The CB Stiffness Matrix[KCB] is a linear combination of thé&tiffness

Matrices[KCB;] of the individualCB sensors, given by the following expression:

[5 o a kf"?] (4.3.1))

TDOF3 TDOF) (TDOF TDOF)

The Stiffness Matrice$KCB,] of the individualCB sensors are given by the

following expression:

op] =kee {0} {0

TDOFzTDOF TDOF31 l3TDOF (4'3'13

The vector i} in equation(4.3.12 is an indexing vector that contains an
entry corresponding teachDOF of the combined system. The value of each entry is

determined based on the following criteria:

é- 1 j=PlateDOFatCB, location
d(j)=1+1 j =CB, DOF

! (4.3.13)
to Everywherelse
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4.4 CoupledModel Forced ResponsBesults

To calculate the forced response tbe coupled modela 1 N force was
applied to each nod# the plate, excluding the plate nodes connecteddB sensor.
A 1 N force was also applied to dllB sensor nodes. He force applied at these
locations waonly appliedto thezdirectiontranslationaDOF. The force applied to
all x-direction and y-direction translationalDOF, and all rotational DOF was zero.
Figure 419 presentsa 2dimensional representation of the distributed force on the
plate. Note that whil&igure 419 only depicts the-y plane the force is distributed

over the entire-y planesurface.

I L,=0.3048 m |

Dlstrlbuted Unit lnput Force

L\l HH%HI i

Y | Sensors

L/
ANNAN

Figure 4.19: Force distribution on coupled model.
An equation similar to equatiqd.2.3.2)can be written for the coupled model

as follows:

e

(TDOFe1)

Wz[i\/']+[i<]°{|QT (4.4.1)

(TDOFTDOF)  (TDOFTDOF)=+ (TDOF1)

o o

For simplification, let theReceptancenatrix of the coupled systenH(), or

the relationship between ttiexternal Loads{Qr} and theDeflection Vector{D, } of

the coupled systenbe defined as follows:
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WZ[iVI]+[*(]

TDOF3 TDOF TDOF3 TDOF

] =2

TDOF3 TDOF

4.4.2)

g g
o ooy,

Plugging equatio4.4.2) into equation(4.4.1)yields the following:

Wl = [ﬁ | R 44.3

(TDOF1)  (TDOFTDOF)(TDOF31)

Figure4.20 andFigure4.21 present the magnitude and phase ofTtrensfer
Receptanceor the relationship between tbesplacement®f the plate to th&orces
applied to theCB sensors. Figure 4.22 and Figure 4.23 present the magnitude and
phase of thanput Receptancef the CB sensors These resultare similar to the
results presented iRigure4.11 and Figure 4.12 for the plateonly system. In both
cases, there are a high number of modes up to 1.2 kHz.

Transfer Receptance of Plate @ CB Sensor Array Locations (w/CB)
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Figure 4.20: Transfer receptance (magnitude) between the displacement of the plate due to an
input force on the CB sensor.
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Figure 4.21: Transfer receptance phasg between the displacement of the plate due to an input

force on theCB sersor.
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Figure 4.22: Input receptance (magnitude) of theCB sensor @ each sensor array location.
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Input Receptance of CB Sensor
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Figure 4.23: Input receptance (phase of the CB sensor @ each sensor array location.
Figure 4.24 presents a comparison of the plate displacement due to the 1 N
distributed vertical force, afB sensor location 1, for the plabaly case and the

plate CB sensor coupled system.

Displacement of Plate @ CB Sensor 1

10

10°
E 10?
[}
©
2
5 .
ch 10 — |

10-6 I

No CB
8 L™ w/CB
10 r
200 400 600 800 1000 1200 1400
Frequency (Hz)
Figure 4.24: Comparison of plate displacement aiCB sensor location 1 with and withoutCB
sensor.
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The results inFigure 4.24 indicate a similarity inthe Displacementesults
between the two casesThe CB sensor array processing experimental valahati
presented in Chapter 7, focuses on frequencies between 1kHz and 1 Rigdre

425 presents th®isplacementsf thetwo case®ver this frequency range.

Displacement of Plate @ CB Sensor 1
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Figure 4.25. Comparison of plate dispacement & CB sensor location with and without CB
sensor(900-1100Hz)

Figure 4.25 indicates thatupon close examinationhe adlition of the CB
sensorsreduces the natural frequencies of the system in the frequency oange
interest ©00-1100 HJ. This result is expected as thd sensors add mass to the
system, and adding mass to a system has tF
frequencies. Similar results are observed for the othelCB®)sensors, and are

presated below inFigure4.26 throughFigure4.33
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Displacement of Plate @ CB Sensor 2
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Figure 4.26. Comparison of plate dispgacement atCB sensor location 2vith and without CB
sensor(900-1100Hz)
o Displacement of Plate @ CB Sensor 3
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Figure 4.27: Comparison of plate dispacement atCB sensor location 3with and without CB
sensor(900-1100Hz)
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Displacement of Plate @ CB Sensor 4
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Figure 4.28: Comparison of plate displacement aCB sensor locatiord with and without CB
sensor (9001100H2).
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Figure 4.29: Comparison of plate displacement aCB sensor location5 with and without CB
sensor (9001100Hz).
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o Displacement of Plate @ CB Sensor 6
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Figure 4.30: Comparison of plate displacement aCB sensor location6 with and without CB
senso (900-1100H2).
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Figure 4.31: Comparison of plate displacement aCB sensor location7 with and without CB
sensor (9001100Hz).
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0 Displacement of Plate @ CB Sensor 8
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Figure 4.32 Comparison of plate displacement aCB sensor location8 with and without CB
sensor (9001100H2).
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Figure 4.33: Comparison of plate displacement aCB sensor location9 with and without CB
sensor (9001100Hz).

Equation(1.2.1)presents a relationshietween th&€Change in Resistivitgnd
the Strain experienced by th€B sensor. Thé&trainof the CB sersor is proportional

to the relativeDisplacementbetween theCB sensor and thelate. Figure 434
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throughFigure 442 present a compgon of the absolute displacements of @B
sensor and the plateor eachCB sensor location, over the frequency range of interest

(900-1100 Hz).
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10

10'2 A '

/\\—

E
(]
E 10'4 N
=

10°

Plate
— CB Sensor
10° ;
900 950 1000 1050 1100

Frequency (Hz)

Figure 4.34: Comparison betweenCB sensor 1 displacement and corresponding plate
displacement due to a 1 N distributed force (96Q100Hz).
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Figure 4.35. Comparison betweenCB sensor2 displacement and corresponding plate
displacement due to a 1 N disibuted force (900-1100Hz).
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0 Displacement @ CB Sensor Location 3
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Figure 4.36. Comparison betweenCB sensor3 displacement and corresponding plate
displacement due to a 1 N distributed force (96Q100Hz).
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Figure 4.37. Comparison betweenCB sensor4 displacement and corresponding plate
displacement due to a 1 N distributed force (96Q2100Hz).

122



0 Displacement @ CB Sensor Location 5
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Figure 4.38 Comparison betweenCB sensor5 displacement and corresponding plate
displacement due to a 1 N distributed fce (9001100Hz).
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Figure 4.39: Comparison betweenCB sensor6 displacement and corresponding plate
displacement due to a 1 N distributed force (962100Hz).
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0 Displacement @ CB Sensor Location 7
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Figure 4.40: Comparison betweenCB sensor7 displacement and corresponding plate
displacement due to a 1 N distributed force (96Q100Hz).
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Figure 4.41. Comparison betweenCB sensor8 displacement and corresponding plate
displacement due to a 1 N distributed force (96Q2100Hz).
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Displacement @ CB Sensor Location 9

10
1o? /A\ |
E
(]
E 10'4 N
=
10°
Plate
8 — CB Sensor
10 r
900 950 1000 1050 1100
Frequency (Hz)

Figure 4.42. Comparison betweenCB sensor9 displacement and corresponding plate
displacement due to a 1 N distributed force (96Q100Hz).

The resultsn Figure 434 throughFigure 442 indicatethatoverthe frequency
range of interesthe absolute displacements of the plate and the correspo@&ing
sensor are dominated by the motion of the plabe.other wordsthe CB sensors are
mostly mowng with the plate Figure 443 illustrates the relative motion between the
CB sensors and the platevhich is most directly related to the output of @B

Sensors
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Relative Displacement Between CB Sensor & Plate
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Figure 443 Relative displacement betweerCB sensors and plate due to a 1 N distributed force
(900-1100Hz).

While not directly evident inFigure 434 through Figure 442, Figure 443
illustrates thatthere is relative motion between tl&B sensors and the plate.
Acoustic source localization using an arrayG@B sensors relies on being able to
determine the input pressure force acting on each senBoe. following section
demonstrates how knowledge of thelative motionbetween theCB sensors and the

plate andabsolute motion of thplate, can be used to calcul#éte input force to the

system.

45 Calculation of Input Force

The aoustic source localization proseselies orbeing able to determine the
input pressure force on tlEB sensory array The following section details how the
input force can be determined by leveraging knowledge of the relative displacement

between th€B sensor and the plate, as weltls motion of the plate.
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Recall Figure 4.18, which illustratesthe lumped parameter model of th8 n
CBsensor. If thénput Force(F,,) is applied in the-directionto the top of the™ CB
sensor mass, anésuming harmonic motigrihe Equation of Motiondescribing the

lumped parameter systemhigure4.18is as follows:

F. =Kegn (WCB,n : Wplaten)' M/zrnCB,nWCB,n (4.5.1)

For simplicity, the relative displacement between@B:sensor and the plate

at the ' location is defied as follows:

I:)NCB,n = (WCB,n - Wplaten) (4_5_2)
Applying equation(4.5.2) to equation(4.5.1) and simplifying, yields the
following:

I:n = kCB,nD‘NCB,n - M/Z%B,n (DNCB,n +Wp|aten) (453)

Equation(4.5.3)indicates that if the following (4) quantities of the system are

known, thelnput Forceapplied to eaclCB sensor can be determined:

1. StiffnesgkCB,) of theCB sensor
2. Mass(mCB,) of theCB sensor
3. Relative motiorf @iCB) between th€B sensor and the plate

4. Absolute motiorfWpiae ) Of the plate

Recall that theStiffness(kCB,) and Mass (mCB,) are function of the material

properties of theCB sensor, and are presented in equa(48.1) and equation
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(4.3.2) Inthe experimental resultsgsented in Chapter theRelative Displacement
( 9CB,) between th&B sensor and the plate is measured bydBesensor, and the

Absolute platenotion(Wpiate,) Is measured by a Laser Dopplebkometer(LDV).

Applying equation4.5.3)to the resultdrom Chapter 4.4 yieldse following
calculation of thénput Forceapplied at each of the (2B sensor locations:

Input Force Applied to CB Sensors (Calculated)
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Figure 4.44: Calculation of the input force applied to theCB Sensors (1 N Distributed Force)

The results are in excellent agreemerihwine 1 N distributed force applied
over the entire plate area. Chapter 5.4 presents a demonstration of this method for

force identification when a more complicated source is applied.

4.6 Summary
Chapter 4 presents the results of an analytical fela@ment model of the

plateCB sensor systemThe results indicate that the addition of @ sensors to the
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plate system adds a small amount of mass to the system, and shifts the natural
frequencies slightly lower. Additionallyhé results indicate thaheére are no local
modes of theCB sensors, and the absolute motion of the plate is dominated by local

modes of the plate up to 150@ H

Furthermore, Chapter 4 successfully demonstrates analytically that if the
following (4) quantities of the system aredkn, the input force applied to eaClB

sensor, can be determined using Equaob.3)

1. StiffnesgkCB,) of theCB sensor
2. Mass(mCB,) of theCB sensor
3. Relative motiorf @iCB) between th€B sensor and the plate

4. Absolute motiotfWpiaee,) Of the plate

Chapter 5 expands upon these results, and calculates the input forc€€én the

sensors due to an acoustic source. Additionally, Chapter 5 uses this information to

identify the location of the acoustic source.
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ChaptAcrousdadel M

Using CB filled polyurethane sensors to measure the sound pressure from an
acoustic source is a novel concept. Typically, an array of microphones is used for
array processingndacoustic source localizationThe results of a demonstration of
acousic source localizatiomsing an array of ofthe-shelf condenser microphones as
the receivers, and a speaker as the sound source, was conducted for comparison
purposes and is presented in Chapter ®his chapter presents an analytical
interrogation of thdocalization procedure implemented in this study. Section 5.1
preents an acoustic source modebection 5.2 presents the results of exciting the
conductive polymer sensor model, presented in Chapter 4, by the acoustic source
model. Section 53 presend a methodf array processinthe responses of an array of
pressure measuremenmdsidentify thelocation of an acoustic source. FinaBgction
5.4 presentsa methodof using the responses of an array of conductive polymer

sensors to identify the acdigssource locatiomisingarray processing

5.1 AcousticSourceModel

There were two different sound sources used in the experimental acoustic
source localization demonstration. Chafi@resents the results of using array of
traditional condenser ierophone to identify the location of an electromechanical
speaker. Chaptérpresentshe results of using an array 6B sensors to identify the
location of an air hornReferencdg16] was used to develop the model of the aticu

source. For both experiments, treeousticsource was modeled as an omnidirectional
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point source. This assumption was validated experimentally for both cases, and the

results are presented in Sectio8. 5.

The following equabtn describes the prese seen by a receiver &ication

(Xn, Yn,» Zn), due to gooint sourceat location Xm, Ym, Zn) [16]:

_Q - 2[Ryl fc
’f)__ 4—/’\'%1\8 o (5.1.1)

8.

The quantityQn, in equation(5.1.1) defines the strength of the point soair

(92
The quantity‘Rnm represents the magnitude of the vector between the source at

location &v Ym, Zn) and the receiver at locatiom,( yn, z,), and is given by the

following equation:

C
- 2 2 2
‘an‘ - \/(Xn - Xm) + (yn - ym) + (Zn - Zm) (5.1.2)
In this thesisthe convention will be to define the location of the source based

on its azimuthal angld, elevation anglé , andradiusﬁ. The radiu#l\?T is defined

by the following equation:

‘l%—: \/(Xm)z +(¥n) +(2, ) (5.1.3)

The Gartesian coordinates of the sourog, §/m, Zn), can be determined from

the azimuthal angled, elevation angletd, and radius‘ﬁ[ by the following

relationships

X, =‘I§[cosqsinF (5.14)
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Y = ﬁSinqSinF (5.1.5)

Zn = "%’COSF (5.1.6)

The convention for the azimuthal anglend elevation angla is illustrated

in Figure5.1 andFigure5.2, respectively.

Figure 5.1: Acoustic source coordirate system convention for th@zimuthala ng | e d.

Figure 5.2: Acoustic source coordinate system convention for thelevatona n gl e 0.
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Table 51 presents the source locations used in the acoustic souatizdtion

validation experiments presented in Chaptand Chapter.

Table 51: Experimental source locations.

\I‘:{ d v
Chapter 6 0.2032m 0° 0°
(Condenser Micy 0.2032m 120° 60°
Chapter 7 0.2032m 0° 0°
(CB Sensor3 0.2032m 90° 45°

Models of the pressure distributioms the platéZB sensor system were
generated for each of the configurations listedale 51. All of the experimental
and model results werelcalated for a source frequency of 1050. Hxdditionally,

the results presented in this section assume a source st@ngthufity. Figure5.3

presentshe pressure distribution for tITué[zO.Z(BZn, &=0A, and 0=0A
y-direction
sy b g
S %
; 3
3 I
x x
| L,=0.3048 m ——
Figure 5.3: Modeled pressure distribution for a source at‘l\?-[ = 0.2032m, d = O0A,
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Figure5.3 indicates that the incident pressuretbaCB sensors is highest at

CB sensorlocation 5, and decreases outward from this location. This result is

o
expected based on the‘F!n/m‘ term in equation(5.1.1) Figure 54 illustrates the

temporal pressure response at each o€Beensor locations.

Modeled Acoustic Source Time Data
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Figure 5.4: Modeled pressure time data for a source a}R = 0.2032m, d = O0A, and (

Figure 54 illustrates the decrease in amplitude outward from the c&ier
sensor at location 5. The figure also illustrates that there is a time delay between
when the pressure wdvent from the source reaches tl&B sensors. This
observation is important because acoustic source localization leverages the time

delays experienced by an array of sensors to determine the location of the source.

Figure5.5 presats the pressure distribution for tﬁ:O.ZOSZm d=90°, and

0=45A Toeresglts are similar to the results for the previous case. The pressure
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o
distribution on the plat&B sensor system decreases by a factor‘qn*/away from

the source.
y-direction
§ I - [ _—?— °E°
g 3
»s -
s &
X Ha- oo !
' L,=0.3048 m
Figure 5.5: Modeled pressure distribution for a source atl\?-[ = 0.2032m, d = 90A, and

Figure5.6 illustrates the temporal pressure response at each @Blsensor
locations. The results indicate thhe pressure wavefront reaches @R sensors at
locations 3, 6, and 9 first. Then there is a time delay and pressure amplitude decrease

as the pressure wavefront reaches sensor locations 2, 5, and 8, followed by senor

o
locations 1, 4, and 7.Again, thisresult is expected due to the‘Fq“(n‘ factor in

equation(5.1.1)

135



Amplitude

Figure 5.6: Modeled pressure time data for a source aﬁ[ = 0.2032m, d

Modeled Acoustic Source Time Data

0.005 /AN _Z
o I\ =
2N\ \=
WY W\

Figure 57 and Figure 58 illustrate the pressure distribution and temporal

pressure response, respectively, for a source Iocatefeﬁ[ =0.2032m d=90°, and

u =

45A.
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Figure 5.7: Modeled pressure distribution for a source at‘li[ = 0.2032m, d = 120A, and

Modeled Acoustic Source Time Data
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Figure 5.8: Modeled pressure time data for a sorce at ‘I\:\’T = 0.2032m, d = 120A, and

The characteristics of the pressure data atGBesensor locations in these
figures is similar to theharacteristics observed in the previous two source location

cases. The model resulpsesented in this sectiomere used as the inpb the
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structural model developed in Chep#d. The acoustically excitestructuralmodel

results are presented below in Sectid 5.

5.2 Acoustic Source Localization Method (Pressure Sensor Array)

Traditional pressure sensors directly measure the surface pressure distribution
due to an acoustic soura@smodeled in Section 5.1The pressure signals measured
by anarray of pressure sensors corresponding toCiBesensor locations ifrigure
4.16, due to a single sourca locationn, can be modeled using equati¢f1.1)
Thesemodeled pressure signals can then be used in eq&t®aQ to calculate the
output power of the array processor, assuming a source at lonatidrnis process
can then beepeated foan array of assumed sources. The idea is that the maximum
output power of the array processor corresponds to when the assumedamaiice

mis the same as the actual source location

As discussedn Sectionl.3, an important consideration in array processing is
making sure that the spacing of the receivers in the array is large enough to avoid
spatial aliasing. Recall that eqaat(1.3.1Q relates the minimum separation distance
between receiversd) to the speed of sound in the acoustic medign gdnd the
frequency of the sourcé)(as follows:

<
2f

d= :L
2

(1.3.10)

Pluggingin the parameters of modeled and experimental setups to equation

(1.3.1Q yields the following minimum separation distance:
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346m/'s
) 2(105rgﬂz) = 16smm
The distance between each of the sensoFsgare4.16 is 28.575mm which
is less than the minimum required distance to avoid spatial aliasing. Having satisfied
the spatial sampling requirements, equat{@B.1Q can be calculated using the

modeled data from th@) distinct source locations detailedTiable 51. Figure 59

through Figure 514 below present the results of calculatiaguation(1.3.1Q for
assumed source Iocations‘ﬁzo.ZOSZm d=0°to 360° with 1° spacing a n dto 0 =0 A

90° with 1° spacing

Actual Source Location: ¢=0°, ¢ =10°
Predicted Source Location: ¢=0°, ¢ =0°
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0.84
0.82
-0.2 :
-0.2 -0.1 0 0.1 0.2
x (m)
Figure 5.9: Acoustic source localization of a source 4@[ = 0.2032m, d = O0A, and

array of modeled pressure sensor data.
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Actual Source Location: ¢=0°, ¢ =10°
Predicted Source Location: ¢=0°, ¢ =0°
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Figure 5.10: Acoustic source localization of a source a{tl\?w = 0.2032m, d = O0A,
an array of modeled pressure sensor data.
Actual Source Location: ¢=190°, ¢ = 45°
Predicted Source Location: @=90°, ¢ = 39° 1
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Figure 5.11: Acoustic source localization of a souwre at‘Fq = 0.2032m, d = 90A,

an array of modeled pressure sensor data.
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Actual Source Location: ¢=190°, ¢ = 45°
Predicted Source Location: @=90°, ¢ = 39°
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Figure 5.12: Acoustic source localization of a source a{d\?w = 0.2032m, d = 90A, and
an array of modeled pressure sensor data.
Actual Source Location: €= 120°, ¢ = 60°
Ogredicted Source Location: #=120°, ¢ = 50°
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Figure 5.13: Acoustic source localization of a source a{d\?w = 0.2032m, d = 120A, and

using an array of modeled pressure sensor data.
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Actual Source Location: ¢=120°, ¢ = 60°
Predicted Source Location: = 120°, ¢ = 50°
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Figure 5.14: Acoustic source localization of a source %ﬁ = 0.2032m, d = 120A,

using an array of modeled pressure sensor data.

Figure 59 through Figure 514 illustrate that the conventional array
processing technique cauccessfullyidentify the location of the modeled sound
source. The results indicate that the spatial filter of the array processor has a very
large main lobe, with insignifant side lobes. The main lobesolution appears to
decreaseas it is steered to locations approaching the plane of the receivers, as
evidenced by the decreasing accuracy of the array procestar elgvation anglé
approaches 90°. Consequently, the array processor is able to accurately identify the
correct azimuthal angle of the source, and identify the elevation angle to within 15%
of the actual angle. This resolution is sufficient to demonstrate the abilitye GiB

sensor array to identify the location of a sound source experimentally.
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The results of this sectioand Section 5.Tan be directly compared to the
experimental results in Chaptet®evaluate the validity of applying the conventional

array procesing technique for this particular experimental setup.

5.3 Forced Response dghe SystenDue to Acoustic Source

Recall that equatio(¥.4.3) provides a relationship between the displacements
of the plateCB sensor sysim due to a distributed force of 1N at all locations. This

eguation can be modified to account for an acoustic source as follows:

wh= bl )

(TDOF*1)  (TDOF:TDOF)(TDOF:1) (5.2.)
The vector{R} is the pressure force applied to each node of the stalictu
model. Each component of the pressure force ve{®} is determined by

multiplying the acoustic pressure at that corresponding location, given by equation

(5.1.1) by the area of a single 6.385x%1.59 mm element of the structural model.

An important component of equatidb.1.1)is the source strengt. The
source strenyt of the hornwas calculated using data from traditional condenser
microphores locaéedin the field The microphones were locatatithe same radius as

thehorn, but at different azimuthal and elevation angkesr the case where the horn

was located aﬁl\?T:O.ZOZBZm &=0A, and G=0A, mi ‘ﬁ[xOQQBZrm nes | oc

d=0A, and W:@.QOQZmaJ’:nOdA, and 0=0A each measured

| evel (SPL) of 123dB r e CRd<®nrsétaystem ishasrigidi mi ng t

surface, and there are minimal reflections in the room, these SPL measurements
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correspond to a source with a Q = 30. This Q factor was used for all subsequent

models of the horn source.

Figure 5.15 illustrates the force applied at eaCl8 sensor locatiordue to a
source at‘ﬁ[:O.ZOSZm d=0 A, a n dFigureQ64and Figure 5.17 presentthe
displacements of the plate a@B sensors, respectively, at tk# sensor locations

due to the modeled horn sourcé&igure 5.18 illustrates the relative displacement

between the plate ar@B sensors for this case.

x 10~ Modeled Force on CB Sensors
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0 0.5 1 1.5 2
Time (s) X 10-3
Figure 5.15: Modeled input force on theCB sensors due to an acoustic source ﬁ = 0.2032m, d
= 0A, and G = O0A.
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Displacement of Plate
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Figure 5.16: Modeled absolute plate displacement at th€B sensor locations due to an acoustic
sourceat‘ls[: 0.2032m, d = 0A, and G = O0A.
X 10'4 Displacement of CB Sensors
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Figure 5.17: Modeled absolute CB sensor displacement due to an acoustic source ‘i‘q =

0.2032m, d = 0A, and G = O0A.
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X 10'7 Relative Motion (CB Sensor & Plate)
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Figure 5.18 Modeled relative displacement between th€B sensors and the plate due to an
acousticsourceat‘F\i[: 0.2032m, d = O0A, and G =

Figure 5.16 and Figure 5.17 indicate that the absolute motion of t8B
sensors dominated by the motion of the plate. This eaten is in agreement with
the results presented in Chapter 4 for th flistributed force caseFigure 5.18
presents the relative displacement betweenGBesensors in the plate, whids
directly related tahe autput of theCB sensors. The results indicate tta signals
measured by th€B sensorsare not correlated with the applied pressure forces. This
result is due to the motion of the plate influencing the motion o€E®ieensors along

with the incidenpressure forces.

Similar results can be observed for the case where the source is Ioc}ﬁt}ed at

=0.2032m,d 9 0 A, a n dFigulies.49%llAstrates the force applied at eaCiB

sensor location due to the horn smur Figure 5.20 and Figure 5.21 present the
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displacements of the plate a@B sensors, respectively, at tkiB sensor locations
due to the modeled horspurce Figure 5.22 illustrates therelative displacement
between the plate ar@B sensors for this case.

%10~ Modeled Force on CB Sensors
15 i i

1

/AN ANIE
N\ \ =
Sl

Force (N)
o

\

15 05 1 15 2
Time (s) X 10-3
Figure 5.19: Modeled input force on theCB sensors due to an acoustic source P‘RT = 0.2032m, d
= 90A, and G = 45A.
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0 0.5 1 15 2

Time (s) x 10~
Figure 5.20: Modeled absolute plate displacement at th€B sensor locations due to an acoustic
sourceat‘ﬁz 0.2032m, d = 90A, and G4 = 45A.
X 10'4 Displacement of CB Sensors
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Figure 5.21: Modeled absoluteCB sensor displacement due to an acoustic source ‘ﬁ[ =
0.2032m, d = 90A, and G4 = 45A.
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X 10'7 Relative Motion (CB Sensor & Plate)
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Figure 5.22 Modeled relative displacement between th€B sensors and the plate due to an
acousicsourceat‘li[: 0.2032m, d = 90A, and G =

The consequence of these results is thabthput from theCB sensors alone
cannot be used to identify the location of an acoustic source. The following section
details how theCB sensors can be used, in conjunction with other information, to

successfully execute this task.

54 Acoustic Source Localization MethofCB Sensor Array)

Recall from Section 4.5 that acoustic source localization process relies on
being able to determinedhnput pressure force on tkiB sensory array.The input
pressure force on the model€® sensors can be calculated by plugging the results
from Section 5.3 int@equation(4.5.3) Figure5.23 andFigure5.24 present the input

pressure forces calculated for the @B source location cases presentedatle 51.
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%10~ Calculated Force on CB Sensors
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0 0.5 1 1.5 2
Time (s) « 10-3
Figure 5.23: Calculated input force on theCB sensors due to an acoustic source P‘RT =
0.2032m, d = O0A, and G = O0A.
x 10~ Calculated Force on CB Sensors
1.5 T r
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Figure 5.24: Calculated input force on theCB sensors due to an acoustic source Pﬁ =
0.2032m, d = 90A, and G = 45A.

The results show good agreement with the modeled sestiithe pressure
distributions presented iRigure5.4 andFigure5.6. The outpus from this equation

can then be used in equati¢h3.9) for an array of assumed source locations, to
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calculate the maximum output power of the array processor. The source locations are

assumed to be 4R/=0.2032md=0 A t o 360A with 1A spacing,

1° spacing Figure 525 throughFigure 528 illustrate theresults of array processing
the calculated pressure forces actinglmCB sensordor each of the (2B source

locations cases presentedliable 51.

Actual Source Location: 8=0°,¢=10°
Predicted Source Location: 6=0°, ¢ =0°

0.98
0.96
0.1
0.94
0.92
0.9

0.68

0.86
0.64
0.82

-0.2 :
-0.2 -0.1 0 0.1 0.2

X (m)
Figure 5.25:. Acoustic source localization of a source a{tl\?-[ = 0.2032m, =0°usingd A, and

an array of pressure force data.
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Actual Source Location: ¢=0°, ¢ =10°
Predicted Source Location: ¢=0°, ¢ =0°

0.98
0.96
0.2 0.94
E 0.92
N 01
0.9
0.88
0
02 0.86
0.84
0.82
x(m) 02 -0.2 y (m)
Figure 5.26: Acoustic source localization of a source a{tl\?w = 0.2032m, d = 0A,
an array of pressure force data
Actual Source Location: ¢=190°, ¢ = 45°
Predicted Source Location: @=90°, ¢ = 39° 1
0.2
0.95
0.1 0.9
0.85
"é‘“ 0 0.8
> 0.75
0.7
-0.1
0.65
0.6
-0.2 :
-0.2 -0.1 0 0.1 0.2
x (m)
Figure 5.27: Acoustic source localization of a source a{dﬁ = 0.2032m, d = 90A,

an array of pressure force data.
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Actual Source Location: ¢=190°, ¢ = 45°
Predicted Source Location: @=90°, ¢ = 39°

0.95
0.9
0.2
—_ 0.85
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N 0.1 0.8
0.75
0 0.7
-0.2
0.65
0.6
y (m) 02 02 x(m)
Figure 5.28: Acoustic source localization of a source %ﬁ =0.2032m, d = 90A, and

an array of pressure force data.

The results are similar to the results calculated in Section 5.2 for the array of
conventional pressure sensors. Consequently, with knowledge of the relative motion
( 9CB,) between theCB sensor and the plate, the absolute motiggé,) of the
plate, and the material properties of tk# sensor, there should be enough

information to identify the location of an acoustic source.

Chapter 7 presents the experimental results of usiragrag ofCB sensors to
identify the location of an acoustic sourdéxperimentally, the voltage measured by
the CB sensor can be used to estimate the strain o€&eensoy which is directly
related t o t h evCBrp)ddtveeen thalB semsort andotime platephe
absolute motion of the plate(Wyae,) Was determined using a Laser Doppler

Vibrometer.
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5.5 Summary

Chapter 5 successfully expands on the results frohap@r 4, and
demonstrates analytically that if the following (4) quantities of the system are known,
the input force applied to eadBB sensor, due to an acoustic source, can be

determined using Equatiqi.5.3)

5. StiffnesgkCB,) of the CB sensor
6. Mass(mCB) of theCB sensor
7. Relative motior{ @CB,) between th€B sensor and the plate

8. Absolute motiorwpiate ) Of the plate

Furthermore, this chapter demonstrates that if the input force oiCBhe
sensors is known, this information can be manipulated using array processing
techniques to ideify the location of the acoustic source. This process is applied to

experimental data in Chapter 7.
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Chapthaowsti c SouEcg@eebomahtzatio
(CondeMiscerro phonaeg

The purpose of this Chapter is to demonstrate thaistic source lodaation
can be successfully performed using the array processing technique described in
Chapter 1. In this demonstration, an electromagnetic speaker was used as the
acoustic source, and a condenser microphone was used as the receiver. The speaker
and reeivers were placed at the same locations used i@Bsensor acoustic source
localization experiment. In théB sensor experiment presented in Chapter 8CE®)
sensors comprised the receiver array. In the condenser microphone demonstration, a
single condenser microphone was utilized. To generate an array of results, (9)
separate experiments were conducted with the same speaker output. In each
experiment, the condenser microphone was moved to one of the (9) dif@Bent
sensor locations The followng sections detail the setup and results otctmenser

microphone acoustic source localizatexperiment.

6.1 Experimental Setup

The condenser microphone acoustic source localization experiment involved
using a condenser microphone to measure thdentipressure wasereated by an
electromagnetic speaker. This experiment was repeated a total of (9) times as the
condenser microphone was moved to each of the (9) locations GBteensors. In
each experiment, the following (4) signals were measamedecorded:

1 Condenser microphone output signal
1 Pilot signal of the electromagnetic speaker

1 Reference microphone signal (x2)
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The pilot signal was measured to provide a reference for the output signal
from the acoustic source, and was critical to genegatin array of pressure sensor
measurements from the (9) individual condenser microphone experiments. Further
details of the importance of the pilot signal are discussed in Section 6.2. The purpose
of the (2) reference microphones in the condenser nhormptest was to provide the
data used in Chapter 5 to validate the assumption of the type of source in the acoustic

model.

Figure 61 below presents a photo of the condenser microphone experimental

setup. Figure 62 presents a detailed system diagram of the experimental setup.

Condensor
Microphone

Reference Microphones
Figure 6.1: Photo of condenser microphone experiment setup.
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PC with — Pre-Amplifier [«
LabView

T

National Larson Davis
Instruments Model 2559
USB-6351 DAQ Microphones

Condenser
T Microphone

| Buffer Circuits [«
T & Plate
Sensors |
Signal
Conditioning [¢———
Electronics 4

Signal
Generator

Power Amplifier —

Figure 6.2: Condenser microphone experiment system diagram.

The peaker was driven by a 1050 Hz sine wave, which was generated by a
signal generator and amplified by a power amplifi€he Larson Davis Model 2559
reference microphones were powered and conditioned by a Larson Davis pre
amplifier. The circuit used to peer and condition the output signal from the

condenser microphone is illustrated belovFigure 62.
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_'I'—_ Non-Inverting Amplifier Circuit
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Figure 6.3: Condenser microphone signal conditioningelectronicscircuit diagram.

The signal conditionig of the condenser microphone signal consistednof a
op-amp buffer circuit to isolate the microphone from the rest of the electronic
components, a higpass filter to eliminate any DC offset signal, and a-imverting
amplifier opamp circuit to increasthe signaifto-noise ratio (SNR). Thealues of
the components illustrated igure 62 are presented below iFfable 61.

Table 6.1: Condenser microphae signal conditioning circuit component values.

ELECTRICAL
COMPONENT VALUE
+Vsupply 9V
-Vsupply 9V
Ruwic p E n
Guviic 975 nF
Rupr pm_Em
Gapr 468 nF
RAmp,l p T E n
RAmp,Z (O E m
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The pilot signal from the signal generator, the reference microphgnalsi
and the condenser microphone signal were recorded using a National Instruments
USB-6351 data acquisition system (DAQ). Additionalapp buffer circuits were
implemented at the input of the DAQ to prevent the (4) input signals from
overloading theDAQ. The (4) input signals were sampled at a rate of 20. kHz
Additionally, all of the recorded data was digitally bgyaks filtered between 900 Hz
and 1200 Hz The following section presents the results of the condenser microphone

acoustic source lodahtion experiment.

6.2 Results

Only one condenser microphone was used during this experiment. To create
an array of condenser microphone data, (9) separate experiments were conducted
referred to her ei. rburiagseach Aipthesuguy signatoe¢he Ar un s o

speakemwas the same, and the condenser microphone was moved to each of the (9)

CB sensor locationsFirst consider the case where the speaker was Ioca*%l at

0.2032m, d = Wbdlre6dpresentsitheaw pildtASignal datato the

speaker for the (9) different rufar this case
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Volts

Figure 6.4: Condenser Microphone experiment aw pilot signal for source at‘léi[ = 0.2032m, d

The phase delay evidentkiigure6.6 is an artifact of the recording window of

Raw Time Data
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Run 1
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Run 5
Run 6
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Run 8
Run 9

AN \
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Time (s)

0A.

each run.Figure 65 illustrates an example of this artifact.

Run 2 Run1l
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i VA

Source Signal
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Time (s)
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Window 2

r 4
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Time (8)
Figure 6.5: Pilot signal phase delay artifact based on data recording window.
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Figure 65 illustrates that even though the signals in Run 1 and RuarRadt
the same time, there is an artificial phase delay between the 20 second recorded
signals from the two runs due to when each recording window occuffed.the
experimental datathe artificial phase delay between Run€92and Run 1 can be

calculatel and removed from thgilot signaldata.

Pilot Phase Adjusted & Filtered Time Data

Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8
Run 9

Volts

3
5 5.0005 5.001 5.0015 5.002
Time (s)
Figure 6.6: Condenser microphone experiment ot phase adjusted & filtered pilot signalfor

sourceat‘ls{: 0.2032m, d .= 0A, and G = O0A.

Figure6.7 presents the raw condenser microphone data for the (9) runs. This
data can be directly compared to modeled results present&igume 54. A

comparison of the two figures indicates that the eaperimental data does not agree

with the model ed dat a. However, i f the ph
data are removed from the condenser microphone data, the experimental data agrees

with the modeled dataFigure 6.8 presents the experimental condenser microphone
results with the pilot phase delayds remov
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Raw Time Data
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Figure 6.7: Condenser microphone experimentaw CM data for source at“FE[ = 0.2032m, d = O0A
anddi =. 0A.
Pilot Phase Adjusted & Filtered Time Data
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>
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Figure 6.8: Condenser microphone experiment fjot phase adjusted & filtered CM datafor

sourceat‘l‘?-h 0.2032m, d .= 0A, and G = O0A

Figure 69 and Figure 610 present the results of array processing the pilot

signal phas@adjusted condenser microphone signals.
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Actual Source Location: ¢=0°, ¢ =10°
Predicted Source Location: #= 272°, ¢ = 14°

0.2
0.95
0.1
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-0.2 . 0.75
-0.2 -0.1 0 0.1 0.2
X (m)
Figure 6.9: Acoustic source localization of a source a*tli[ =02032m d = O0A, and
array of measured CM sensor data.
Actual Source Location: 6=0°, 4 =0°
Predicted Source Location: = 272°, ¢ = 14° 1
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Figure 6.10: Acoustic source localization of a source a{tl\?w = 0.2032m, d =

an array of measured CM sensor data.
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Comparisa of these results to the modeled resultEigure 513 andFigure

5.14 indicates good agreement between the modeled and experimental data for the

case where the speaker was Iedaﬂtﬂ = 0.2032m, d = O0OA, and

A similar procedure can be followed for the case where the speaker was

located at(fi[ = 0.2032m, d = FigReB A Figuee6Xb ( = 60A.

Raw Time Data

Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8
Run 9

Volts

5 5.0005 5.001 5.0015 5.002
Time (s)

Figure 6.11. Condenser microphone experimentaw pilot signal for source at‘Fq = 0.2032m,
120A, and @G = 60A.
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Figure 6.12 Condenser microphone experiment ot phase adjusted & filtered pilot signal for
sourceat‘ = 0.2032m, d =.120A, and G4 =
Raw Time Data
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Figure 6.13: Condenser microphone experiment raw CM datdor source at‘F\i[ = 0.2032m,
120A, and G = 60A.
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Pilot Phase Adjusted & Filtered Time Data
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Figure 6.14: Condenser microphone experiment pilot phase adjusted & filtered CM datdor
sourceat‘ﬁ[: 0.2032m, d =.120A, and G = 60A.

Actual Source Location: €= 120°, ¢ = 60°
Ogredicted Source Location: 0= 123°, ¢ = 42°

0.1

-0.2 :
-0.2 -0.1 0 0.1 0.2
x (m)
Figure 6.15: Acoustic source localization of a source a*tl\?-[ = 0.2032m, d = 120A, and

using an array of measured CM sensor data.
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Actual Source Location: ¢=120°, ¢ = 60°
Predicted Source Location: @=123°, ¢ = 42°
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Figure 6.16: Acoustic source localization of a source %ﬁ = 0.2032m, d = 120A,

using an array of measired CM sensor data.

The figures indicate that for this case, there is also an artificial phase delay in
the pilot signal data associated with the recording window from each run. However,
once this phase delay is removed from the condenggophone d&&, the tempai
results agree with the modeled results presentddgre 58. Similarly, the array
processing results presentedHigure 6.15 and Figure 6.16 agree reasonably well

with the modeled results presentedrigure 513 andFigure 514.

6.3 Summary

Chapter 6demonstrateshat acoustic source localizatioarcbe successfully
performed with an array of condenser microphones using the same array geometry as
the CB sensor experiment. Chapter 7 presents the experimental results of attempting

to use the array &€B sensors to perform the same acoustic sour@ization.
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Chapt:e Aco/ustic Sour ¢€arlboocral Bk act
Sensor s)

The purpose of this Chapter is to presentréseilts from using an array 6B
filled polyurethane sensors to identify the locationawf air horn Section 4.5
demonstrated thathe acoustic source localization process relies on being able to
determine the input pressure force on BB sensory array. Equatiof4.5.3)
indicates that if the following (4) quantities of the system are knowrintheé Force

applied to eaclCB sensor can be determined:

1. StiffnesgkCB,) of theCB sensor
2. Mass(mCB,) of theCB sensor
3. Relative motiorf @iCB) between th€B sensor and the plate

4. Absolute motiotfWpiaee,) Of the plate

In this experiment, th&tiffness(kCB,) and Mass(mCB,,) of the CB sensor
was calculated using equati¢$.3.1) and (4.3.2) TheAbsolute MotionWplate,) Of
the plate was measured using a Laser Doppler Vibrometer (LD\We Relative
motion ( gCB,) between theCB sensor and the plate was determined using the
output of theCB sensors.

Recall that(1.2.1) represents a linear approximation of the relationship
between thé&train (U, andChange in Resistivity BIR), of theCB sensor material.
The Relative motior{ @CB) between th&B sensor and the plate can be written in

terms of theStrain (U, and urdeformed thickness of th@B sensor Ip) asfollows:
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DWeg,, = dy +l, (7.1)

The change in resistance of @8 sensor can be measured by using a voltage

divider circuit, illustrated irFigure 71.

M
'l

Figure 7.1: CB sensor voltage divider circuit.

In Figure 71, CB, is the resistance of theéB sensorR, is the resistance of the
voltage divider resistorVCB,o is the baseline voltage measured acrossGBe
sensor Vg, is the baseline voltage measured across the voltage divider resistor, and
Vs is the supply voltage. As theéB sensor is compressed, the voltage acros€ihe
sensor become¥CB,. Analyzing the circuit inFigure 71, and calculating the
change in voltagep/ between the baseline voltage acrossGBesensor(VCB ),

and the voltage when th€B sensor is compressdW¥CB,), yields the following

equation:
CBCB,n - CBCB,n,O — DCBCB,n — WCB,n - VCB,n,O)(Rn/CBCB,n,O)
CBCB,n,o CBCB,n,o Vs (7'2)
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Notice that the lethandside of equatiorf7.2)is similar to the righhandside
of equation (1.2.1) Plugging equation(7.2) into equation(1.2.1) yields the

following:

(\/CB,n - VCB,n,O)(Rn /CBCB,n,o)

e@ . (7.3)

Pluggingequation(7.3), into equation(7.1), yields thefollowing relationship
between the voltage measured acrosCfAesensor, and the relative motion between

the CB sensor and the plate.

@(VCB,n - VCB,n,o)(Rn/CBCB,n,o)Io +

DWee, EYA 0 (7.4)

The following sections dail the experimental setup, the adbussource
selection procesgomparison of the experimental setup to the model presented in

Chapter 4, and an analysis of the measured data.

7.1 Experimental Setup

7.1.1Setup Details

A Laser DoppleVibrometer measd the motiorof the plate where thEB
sensor array was installed. The LDV could only measure the response of the plate at
one location at a time. Consequently, the experiment was repeated (9) times as the

LDV was directed to each of the (9) locatiorighe CB sensors. In each experiment,

referred to herein as a Aruno, the foll owi

1 CBsensor output signal (x9)
1 LDV output signal

1 Reference microphone signal (x2)
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The LDV output signal was measured in order to have gintformation to
solve equation(4.5.1) and determine the input pressure force acting on €i&h
sensor. Similar to the condenser microphone experiment, the purpose of the (2)
reference microphones in the condenserophone test was to provide the data used
in Chapter 5 to validate the assumption of the type of source in the acoustic model.
However, the primary purpose of the reference microphones inCihesensor
experiment was to act as a pseudo pilot signatiferair horn source since the air

horn does not have an electrical signal driving it.

Figure 72 throughFigure 75 present photos of th€B sensor experimental

setup. Figure 76 presents a detailed system diagram of the experimental setup.

CB Sensor Array

Air Horn

< \’,/9
Y
L

|

) .. Sl
-2 -5 WET =
22 Reference Microphones el

Figure 7.2: Photo of CB sensor experiment setup (View 1).
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Figure 7.4: Photo of CB sensor expenment setup (Vlew)B
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Larson Davis
Model 2559
Microphones

Laser Doppler
Vibrometer

Figure 7.6: CB sensor experiment system diagram.
The acoustic sourda theCB experiment was provided by an-aiorn driven

by a 1HP, 8 Gallon compressor. A photo of the compressor is presented below in
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Figure 77. Section 7.1.2 provides a background on the selection of-aorairs the

acoustic source.

Figure 7.7: Compressor used to drive the aikhorn.

The Larson Davis Model 2559 reference microphone&igure 76 were
powered and conditioned by a Larson Davis-gmlifier. The LDV was powered
and controlled bya Polytec Model OFV 3001 S Vibrometer Contralldfigure 78
andFigure 79 present the electrical circuits used to power and condition theéB9)
sensors. Table 71 presents the values of the electrical components that comprise

these various circuits.
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Figure 7.8: CB sensor voltage divider circuit.
= L’Szgpp[y t VSMPP].‘
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CB Sensor Circuit
I High-Pass Filter Circuit
= Non-Inverting Amplifier Circuit
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Figure 7.9: Individual CB sensor signal conditioning circuit diagram.
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Table 71: CB sensor signal condition element values.

ce | 4. Fl | mks | da14 |9 =0a|d -0a
Sensor | { EmQ j EmMQ jt&d j§ Emd j Emd j Em(
1 99.80 6.34 0.48 9.95 0.01 9.96
2 99.40 6.00 0.48 9.95 0.01 9.96
3 100.00 0.86 0.48 9.95 0.01 9.96
4 99.40 3.20 0.48 9.95 0.01 9.96
5 99.70 1.40 0.48 9.95 0.01 9.96
6 100.10 1.37 0.48 9.95 0.01 9.96
7 99.80 0.78 0.48 9.95 0.01 9.96
8 99.70 2.45 0.48 9.95 0.01 9.96
9 99.30 2.73 0.48 9.95 0.01 9.96

Figure 78 illustrates that each of théB sensors is part of a voltage divider
circuit. Each of tese voltage divider circuits ihen connected in parallel wit
voltage source to power the circuit. In this experiment, the power {GBlsensors

was provided by a +5V DC power supply.

Figure 79 illustrates the signal conditioning circuit applied to each of the
voltage dvider circuits inFigure 78. There are (9) of these signal conditioning
circuits, corresponding to each of the (B sensors. The signal conditioning circuit
consists of a higipass filter, nofinverting amplifier,and a buffer. Referendd]
showed that thehange involtage potential across theB sensor can besed to
estimatethe strain inthe sensor. Therefore, the purpose of the signal conditioning
circuit is to measte this signal The strain in theCB sensors due to the diorn
source was shown in Chapter 5 to be very small. Therefore, the change in voltage
potential between th€B sensor and ground will also be very small. Consequently, it

was necessary to amfglithe voltage signal measured between @ sensor and

ground by approximately 60dBo sufficiently increasei t s & | ev el above
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electrical noise. Signal amplification was provided by a nowerting opamp

circuit.

Prior to amplification of te signal, a higipass filter was applied to the
voltage signal toamove the DC bias signal caused thg voltage divider circuit
This step was necessary becaas®lifying the signal with th®C bias signal would
have exceeded the input voltage limifsttee NI data acquisition (DAQ) systenmA
buffer circuit was applied between the Aomerting amplifier and the DAQ to isolate

the sensor signals and also prevent dvading the DAQ inputs.

Equation(7.4) voltagemeasured across tkB sensor, and the relative motion
between theCB sensor and the plate. However, the signal measured by the DAQ
system contains the influence of the signal conditioning circuitry. This influence was
accounted for by disconnecting thHéB sensors from the signal conditioning
electronics, inputting a broadband voltage signal into the signal conditioning
electronics, and then measuring the output voltage using the DAQ. This
measurement provided a transfer function between the inputudpdt @f the signal
conditioning electronics, which was subsequently applied to all of the measured data

to determine the voltage at ti# sensors.

7.1.2 Selection of Acoustic Source

Initially, a 12 inch speaker was used as the acoustic source @Btksensor
experiment. The speaker was driven by a power amplifier and a 1 kHz sine wave

signal generator. The auspectra of th€&CB sensor outputs were monitored live as
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the amplifier signal was increased to determine a speaker output level sufficient to
induce a measurable output from OB sensors. Once a sufficient amplifier level
was determined, the experiment was repeated oversea@ihd period and the data
was recorded.Figure 7.10 presents a timé&equency plot of the conditioned output
voltage of a singleCB sensor due to the speaker source. The speaker source was
started 6 seconds into the 20 second experiment, and this is reflected in the data.

Source Assessment (CB Sensor - Speaker)
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Figure 7.10: Time-frequency plot of a singleCB sensor output voltage signal for a 1kHz speaker
source.

Due to the large amount of amplificatiaf the CB sensor signalghe high
output of the speakeand the unshielded nature of 88 sensoran additionakest
was conductedio confirm that the signal measured by @ sensor was due to the
pressue wave produced by the speaker and not any electromagnetic interference.
This experiment involved disconnecting the electrical leads fromCiBesensor,
exciting the system with a 1 kHz sine wave from the speaker, and measuring the

voltage signal from the disconnected leadsgure 711 presents a tim&equency
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plot of themeasured voltage signalThe signal was started 6 seconds into20e

second experiment.
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Figure 7.11: Time-frequency plot of a singleCB sensor output voltage signal for a 1kHz speaker
source, with the leads disconnected frorthe CB sensot

Figure 711 indicates that theoltage signal across th&B sensor was not due
to the incident pressure wave from the speaker, but due to electromagnetic
interference (EMI) from the speaker. In order to study the ability o€#eensor to
successfully measure the incident pressureewWenm an acoustic source, an air horn
was selected as the acoustic source. The air horn source was purely mechanical and
driven by anair compressor. Therefore, the voltage measured acro§BtBensor
could only be due to the incident pressure wawspced by the hornFigure 712
presents a timé&equency plot of th€B sensor voltage signal measured when excited
by an air horn source. The signal was started approximately 10 seconds into the 20

second experiment.
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Source Assessment (CB Sensor - Horn)
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Figure 7.12 Time-frequency plot of a singleCB sensor output voltage signal for a horn source.

Figure 712 indicates that th€€B sensorseems taresponds to the incident
pressure wave frorthe horn source. To verifjpat the measured voltage signal was
due to the incident pressure wave, the previous experiment was repeated and the leads
from theCB sensor were disconnecteBigure 713 presents a timéequency plot of
the measured voltage signahen the leads were disconnected from @esensor,

and the system was excited by an air horn source.
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Source Assessment (Open Wire - Horn)
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Figure 7.13: Time-frequency plot of a singleCB sensor output voltage signal for a horn source
with the leads disconnectedrom the CB sensor.

Figure 713 indicates that the disconnected leads do not measure a voltage
when the air horn source is excited. Therefdine,CB sensor cannot distinguish
between the actual speaker signal and electromagmétiderence noise from the
speaker. However, the horn can produce a pressure wave that is measureable by the

CB sensor, without introducing electromagnetic noise.

7.2 Results

7.2 1 Introduction

Chapter 5 demonstrated that array processing can only berrped with
knowledge of the input force acting on B sensors. Equatio@.5.3)demonstrates
that the input force can be calculated using the following information:

1. StiffnesgkCB,) of theCB sensor
2. Mass(mCB,) of theCB sensor

3. Relative motior{f @iCB) between th€B sensor and the plate
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4. Absolute motiotfWpiaee,) Of the plate

The StiffnesgkCB,) andMass(mCB,)) of theCB sensor was calculated using
equation(4.3.1) and (4.3.2) Several posprocessing steps were applied to the
measured data in order to obtain thesolute MotionWpae,) Of the plate from the
LDV data, and therRelative motion @CB,) between theCB sensor and the plate

from theCB sensor data.

The LDV could oy measure one location at a time. Therefore, (9) separate
Arunso wer e ¢ ondu csynehlonausndata bettveen BBsensogset t i me
and the plate at each of the B sensor locations. Recall that a similar procedure
was followed in the condeer microphone experiment, presented in Chapter 6. A
similar procedure to the one presented in Section 6.2 was followed here to create a
composite data set and remove the artificial phase caused by the (9) separate data
runs. In the horn experiment, hovee, there was no pilot signal available to use as a
reference to calculate the relative phase delay between the source for the (9) runs.
Thereforet he si gnal from Microphone 1 was wused
The phase delay between the Micropa 1 data from Run 1 and the remaining nine

runs was calculated, and applied to the Microphor@&BXensor, and LDV data.

After the runto-run phase delay was accounted for in the data, the effects of

the signal conditioning electronics, described int®a 7.1.1, were removed from the

CB sensor data. This step was required to ob¥&@B,, in equation(7.4). Next, a
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digital bandpass filter, with cubff frequencies of 900Hz and 1200Hz, was applied to

all of the data to remove e¢hinfluenceany outof-band noise. The band pass filter
introduces a phasgelay to the data. Consequently, it was important to apply the
same filter to all of the data so that the applied phase delay was consistent across all

of the data.

The next stp involved timentegrating the LDV data to obtain the
displacement of the plate. Finally, tléB sensor data was plugged into equation
(7.4), and theAbsolute Motion(Wpiae,) Of the plate andRelative motion( @CB))
between theCB sensor and the plate were plugged into equgddn3)to calculate

the input pressure force acting on @B sensors.

7.2.2 Comparison of Experimental Setup to Vibration Model

The following section presents a comparison of treasared data and the
model results from Chapter 5. To validate the accuracy of the model, the LDV was
used to measure the mode shapes of the plate in the experimentalF3gtup. 714

andFigure 715 present comparison of the modeled and measured mode shapes.
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Mode 1 (37 Hz) Mode 1 (34 Hz)

Mode2 (76 Hz) Mode 2 (75 Hz)

Mode 3 (76 Hz Mode 3 (86 Hz)
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Figure 7.14: Comparison of mode shaped-3.
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Mode 4 (113 Hz) Mode 4 (115 Hz)
H1H HHHH ‘
[T [T
Mode 5 (137 Hz) Mode 5 (156 Hz)
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Mode 6 (138 Hz) Mode 6 (171 Hz)

Figure 7.15: Comparison of mode shaped-6.
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Figure 714 indicates relatively good agreement between the modeled and
measired natural frequencies and mode shapes for the first 3 modes. However,
Figure 715 indicates that the measured mode shapes and natural frequencies begin to
deviate from the modeled results for higher modesamination of the platused in
the experiment indicated some local plastic deformation. It is probable that this
plastic deformation is affecting theatural response of the plat&urthermore, it is
possible that the 32x32 element resolution of the model is not enougkoluere
higher order modes. Therefore, the plate model may be artificially stiff at higher
frequencies.However, it does not mean that the amplitudes predicted by the model
are not representative of the actual systéihile not ideal, this result is acdaple
because the primary purpose of the model was to demonstrate the method used to

calculate the input force acting on tG8 sensors.

Consider the case when the horn was Iocat%ﬁ[aﬂ.2032m d=0°, and

0 = 0 Rigure7.16 presentshe measured displacements of the phatg ) at the
(9) CB sensor locationsFigure7.17 presentshe measured relative motion between

theCBs ensor s anwCB,forall (9 CBasdnsor Idcapons.
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x 10™ Displacement of Plate
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Figure 7.16. Measured absolute plate displacement at th€B sensor locations due to a horn
sourceat‘l\?wz 0.2032m, d = O0A, and G = O0A.
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Figure 7.17: Measured relative displacement between th€B sensors and the plate due to a horn
sourceat‘l‘?-h 0.2032m, d = O0A, and G = O0A.

The amplitudes of the results ligure 7.16 arethe same order of magnitude

as the modeled plate response presentefigure 5.16. The difference in phase
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betweenFigure 7.16 and Figure 5.16 is expected due to the model not accurately
representing the modal responskethe plate in the frequency range of the horn
source. Figure 7.17 indicates a largamplitudediscrepancy between the measured
results and the modeled results presentedrigure 518 This discrepancy is
significant due to the dependence efuation(4.5.3) the calculation of the input
force acting on th€B sensorspn this motion.

Force on CB Sensors
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Figure 7.18 Calculated input force on the CB sensors due to an acoustic souecat‘l\?T =

0.2032m, d = O0A, and G = O0A.
The results inFigure 7.18 do not agree with the results predicted in Section
5.4, and presented Figure5.23. The calculated input force using the experimental
data resembles scaled version of the relative motion betweerGBeensors and the
pl atwe€Bp)( Phe impact of this result on the array processing calculation is
presented in Section 7.2.Figure 719 and Figure 720 present a breakdown of the
forces contributing to the calculated input force in equat{drb.3) for the

experimental and modeled cases, respectively.
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6 Force Contributions
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Figure 7.19: Breakdown of measured reaction forces in th CB sensor due to applied pressure
force(“F\;[: 0.2032m, d = O0A, and G = O0A).
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Figure 7.20: Breakdown of modeled reaction forces in th&€B sensor due to applied pressure
force(‘§[= 0.2032m, d = 0A, and G = 0A).

The figures indicate that in the expeental case, the calculated input force
on theCB sensors is dominated by the spring foo€¢he CB sensor KCB* @uCB,,).
However, in the modeled case, the calculated input force is influenced almost equally

by the inertial force and spring force of thd sensor. Several takeaways can be
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made from this observation. First, it is possible Bt#tnes{kCB,) used in equation
(4.5.3)is too large, and does not accurately represent the compressional stiffness of
the CB sensor mateal. Furthermore, it is possible that equatiph4) is not

accurately calculating the relative motion between @i sensors and the plate

( 2CB).

Similar results were obtained for the case when the horn was Iocaltlgb at

=0.2032m d=90 A, a n d Figiire 425 pkesents the measured displacements of
the pate Wpiae,) at the (9) CB sensor locations.Figure 7.22 presents the measured
relative motion between theBs e ns or s a nwCBj forall (p) CEasensor ( o

locations.
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Figure 7.21: Measured absolute plate displacemerdt the CB sensor locations due to a horn
sourceat“F\;[: 0.2032m, d = 90A, and G4 = 45A.
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X 10'5 Relative Motion (CB Sensor & Plate)
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Figure 7.22: Measured relative displacement between th€B sensors and the plate due to a horn
sourceat‘Fq: 0.2032m, d = 90A, and G4 = 45A.

The amplitudes of the resultskiigure7.21 are an order of magnitude smaller
than the modeled plate response presentdtigare 5.20. The difference in phase
betweenFigure 7.21 and Figure 5.20 is expected due to the model not accurately
representing the modal response of the plate in the frequency range of the horn
source. Figure 7.22 indicates a largamplitude discrepancy between the measured
results and the modeled results presentedFigure 5.22. Once again, this
discrepancy is significant due to the dependence of equdt®:3) the calculation of
the input force acting on th€B sensors, on this motionFigure 7.23 presents the

results of plugging the measured data into equ&tidn3)
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Figure 7.23: Calculated input force on theCB sensors due to an acoustic source P‘RT =
0.2032m, d = 90A, and G = 45A.

The results inFigure 7.23 do not agree with the results predicted in Section
5.4, and presented Figure5.24. As in the previously described case, the calculated
input foree using the experimental data resembles a scaled version of the relative
motion between th€Bs ensor s a nwCB,t e impact oéthis(repult on
the array processing calculation is presented in Section F&8re 724 and Figure
7.25 present a breakdown of the forces contributing to the calculated input force in

equation(4.5.3) for the experimental and modeled cases, respectively.
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6 Force Contributions
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Figure 7.24: Breakdown of measured reaction forces in th€B sensor due to applied pressure
force(“li[: 0.2032m, d = 90A, and G = 45A).
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Figure 7.25. Breakdown of modeled reaction forces in th€€B sensor due to applied pressure
force(“li[: 0.2032m, d = 90A, and G = 45A).

The figures indicate that in the grimental case, the calculated input force
on theCB sensors is dominated by the spring force of@Besensor KCB* @quCB,,).

However, in the modeled case, the calculated input force is influenced almost equally
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by the inertial force and spring force thie CB sensor. This result is similar to the

result obtained in the case where the horn was Iocateﬁ =0.2032m d=0°, and

ua=0A. Section 7.2.3 presents the results

using the forces calculkd and presented Figure7.18 andFigure7.23.

7.2.3Array Processing Results

Recall from Section 4.5 that acoustic source localization process relies on
being able to determine the input pressure force el€Bisensory array. The input
pressure force on the model€® sensors can be calculated by plugging the results
from Section 5.3 into equatiqd.5.3) Figure7.18 andFigure7.23 present the input
pressure forces calculated, from the experimental data, for ti@gB(2)purce location
cases presented Table 51. As discussed in Section 7.2.2, these results are not in
good agreement Wi the pressure distributions presentedrigure 5.4 and Figure
5.6. The outputs from this equation can be used in equéti@m®) for anarray of

assumed source locations, to calculate the maximum output power of the array

processor. The source locations are assumed to @:&2032m d=0° to 360°

with 1A spacing, and .0FEdué 726 andRgord72ivi t h 1A
illustrate theresults of array processing the calculated pressure forces acting on the

CBsensors for each of the (@B source locations cases presentedable 51.
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Figure 7.26: Array processing results for a horn source located a#‘li{ = 0.2032m, d = O0A,
0°.

Figure 7.27: Array processing results for a horn source located a}F\Q‘[ = 0.2032m, d = 90A,
= 45°,
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